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Abstract

Theworldwide energy demand ggowing quickly with ananticipatedgrowthrateof 48%
from 2012 to 2040. Consequently, investnseim all forms of renewable energgeneration
systemdavebeen growingapidlydue togrowth rate and climate concerirscreased use ofean
renewable energgsources such as hydropower, wind, solar, geothermal, and bisreapscted
to noticeably alleiate many presentenvironmentalconcernsassociated witHossil fuel-based
energygeneration In recent yearsvind and solaenergiedavegainedthe mostattention among
all otherrenewablaesourcesAs a result,both havebecome the target eixtensie research and
development fordynamic performance optimization, cost reduction, and power reliability
assurance.

The performance oPhotovoltaic PV) systemss highly affectedby environmental and
ambientconditions such asradiance fluctuatiomandtemperaturewings Furthemore the initial
capitalcostfor establishing the Pihfrastructure isveryhigh. Therefore, iisessential that the PV
systems always harvdsie maximumenergypossible by operating #te moskfficient operating
point, i.e. Maximum Power Point (MPR} increase conversion efficienttyreach 100%ndthus
result in lowestost of captureeénergy

The dissertation is an effort ttevelop a new PV conversion systéon large scaldPV
grid-connected systems whighovides99.8% efficacy enhancementompared to conventional
systemsby balancing voltagemismatches between the PV modulétence, it analyzethe
theoreticalmodels for three selectdC/DC convertes. To accomplish this goal, this work first

introduces a new agéive maximum PVenergy extraction technique for PV gtidd systems.



Then, it supplementghe proposetechniquewith aglobal searclapproactio distinguishabsolute
maximumpower peakwithin multi-local pealsin case of partiallghaded PV moduleondtions.
Next, it proposes @ adaptiveMPP tracking (MPPTstrategy based othe concept of
model predictive contrdMPC) in conjunction with aewcurrent senselessapproacho reduce
the number of required sensors in the systdfmally, this workproposes a power balancing
technique for injection of balanced thyplease power into the grid usingCascaded HBridge
(CHB) convertetopology which brings together the entire systard results in the final proposed
PV power systemThe developedyrid cannected PV solar system is evaluabsthg simulations
under realistic dynamic ambieobnditions,partial shadingand fully shading conditions and the
obtained results confirm its effectiveness and merits comparted to conventional sydtems.
resultingPV system offergnhancedeliability by guaranteeing effectiveystem operation under

unbalanced phase voltagesmused bygevere partial shading.



Acknowledgements

First, praise be to Allatand then would like to expressny appreciation and thankful to
my advisor, Prof. Reza Ahmadi for his invaluable guidamaeng my research in the area of
power electronicsl also would like to thank him for his insights aswpervisiorthroughout my
journey asa Ph.D. student-urther,| also would like to thanrof. Busse, Prof. HuRrof. Allen,
ard the outside examin@&rof. Sutley who have agreedserveas members imy honorableand
reveredPh.D. committee. Thetime spent on my dissertatioaview and the valuable comments
and suggestionstrengthead my research and helped me to introduce such novel wevkuld
like to express my gratitude my mothersisters, wifdor theircontinuedenthusiasm and support
throughout my study abroad amdso my children for their patiencand encouragemesntin
addiion, special thanks to my friends who alwgy®sentnon discontinuedand sustainable
supportFinally, my acknowledgemend GECOL mid sector mager and tany indirectsponsor,

GECOLfor grantingme the opportunity to get my degree abroad



Dedication

To mydearmother, Fatima and to spirit of both my father, Mohamed and my brother Mohamed.



Contents

CRAPLET L.ttt enee bttt b et 1
N [ 011 {0 o [ Tox 1 o] o H PR TP PP PRPPPR PPN 1
00 R Y (o1 1AV (o] o TP P PP PPPP 1
1.2 Renewable ENergy TrendsS.........uuuuuiiiiiii i seeeis s e e e e e e e e e e e eeees 2
1.2.1 Geothermal Energy (Earth Heat)...............ooovvviiimeee e 3
1.2.2  HYdrOPOWET ENEIGY..ceeeeiiiiiiiiiiaeieieee it eee e 4
1.2.3  WINA ENEIGY.. oottt e e e e e e e e e e e nmmne e 4
1.2.4  BIiOMASS ENEIQY....ccccc it e e e e e e e emenas 5
I S T Yo - T =1 01T o )R 5

1.3 Photovoltaic Modules (PV):.......uiiiiiiiiiiieeeeeeeeeeeiee e eeeeeeeeeeeeeeeeieeee e e
1.3.1 PV Solar Cell StrUCIUIE..........uuuiiiiiiiiiiiiiieeeiiiiieieeeeeeeee e e e e e e e
1.3.2 Concepts of PV System Modeling............ooooiiiiiiimmneiiiiiiiee e 8
1.3.3 Characteristics of {V) and (RV) CUIVES..........ccoveiiiiiiiiiiiiicce s 11
1.3.4 Partial Shading of PV Modules...........ccoooiiiiiiiiiceeiei e 13

1.4 CONrIDULIONS ...t e e e 17
1.5 Overview Of DISSErtatiOn............ooiiioiiiiiiirrmn e eeesss e e eeas 18



CRAPLEE 2. ettt ne et 20
2. LITErature REVIEW.......ccoiiiiiiiiiiie e ieee et eeee e e e ettt e e e e e e e e s ammreeeeeeeeas 20
2.1 Traditional Maximum Power Harvesting Methods...............cccccciiiiccereeeeiiivnnnnns 20
2.1.1 Perturb and Observe (P&O).........ccooiiiiiiiiiiieeee e 21

2.1.2  Hill Climbing Method..............uuuiiiiiii e 21

2.1.3 Incremental Conductance (IncCorMEthod..............oooviiiiiiiiien 22

2.1.4 Estimated PerturPerturb (EPP) Methad..............ccoooiiiiiiiiee 22

2.1.5 Optimized P&O (OPO) Methad.............ceeiiiiiiiiiieeeiiiiiiiieeeeeeeeee e 23

2.1.6  Fuzzy Logic Control (FLC)........ooviiiiiiiiiei e 23

2.1.7 Artificial Neural Networks (ANN)........ccoooiiiiiiieeee e e 24

2.2 Some Approaches to Reduce the EffectattiBl Shading.................ccooovvrnneeen. 25

2.3 Current Sensorless MethOds............uuueeiiiiiiiieeeiiiiii e 28

2.4 Balancing PV GridTied System Using a CHB Inverter............ccccevvvevvieecnnnnee. 29

2 . 5Grid Power INJection Strategies.........ooooouiuiiiiiireersiiiiie e eeerer e eeees 31

2.6 Modulation Strategies of Multilevel CONVErters............ccocveeeeiiisiecceeveiiiicieeeenn, 32
CRAPLET 3.ttt ettt sttt nant et b et bttt ne s nan 34
3.1 Derive and evaluate three DC/DC converters performance...............ccceeveeen... 35
3.1.1  Flyback CONVEIMEL:.....ceiiiiiiiiieiiee e 35

3.1.2  SEPIC CONVEIL: ...ttt aneer e e e e e e e e e e e e eeeenneneees 37

iv



3.1.3  PoSitive BUCK BOOSt CONVEIEL:. .. ceeeeeeeeeee e eeemea e 40

3.2 The Proposed Adaptive Energy Harvesting Based on MPC.....................cc.. 43
3.3 Principles of the Introduced Global Search Strategy..........ccoeeevveeeerieecininnnnn. 52
3.4 Current Sensorless Model Based on Model Predictive Control...................... 58
3.5 Controllable Power Injection Model:.............ooouuuiiiiiiiorciiieeei e 65
3.5.1 Grid-Connected PV System Based on Classical DC/AC Inverters........... 67
3.5.2 The Mathematical Transformation frordg A X i-B  Axai.d............. 12
3.5.3 Conventional Space Vector Modulation..................cccccvvcccevveeeevvvinviiieeenn. 78
3.6 PV Solar GridConnected System Based on A CHB Converter............cc.......... 31
3.6.1 Balancing Voltage Mismatch in a PV Giicbnnected System.................... 82
3.6.2 Conventonal Fundamental Phase Shift Compensation............................ 83

CRAPLET 4 ... ettt ettt 96
4.1 Implementation Results of the Proposed ModelS.........ccooeeeiiiiiiccciiiiiiieenn 96
4.1.1 Simulation Results of the Dynamic Performance...........cccccccooiiieannnnnnnn.n. 97

4.1.2 Experimental Results of the Proposed MPPT method...............cccceeee. 101

4.1.3 Comparative Analysis of the Experimental Results..............ccccccceeeevnnee. 111

4.2 Simulation Results of the Proposed PV GFidd System............ccccceeeeeeeeieennns 125
4.2.1 PV Grid-Tied System Under Partial Shading............ccooeevviiiiicienieeeennns 125



4.2.2 Current Sensorless PV-Side...........ccooiiiiiiiiiien e 130

4.2.3 AC Waveforms of the PV Gridied System.............coovvvivvvvviiimmerreeeeeinnnnns 132

4.2.4 Simulation Results of Power Injection Model of PV Gfigd System......... 134

4.2.5 Simulation Results of a PV Grllied at Fully Shaded Scenatria................ 142
CRAPLEE 5.t ns 148
5.1 CONCIUSION. ...ttt r e 148
BIDHOGrapRy ... e 151

Vi



Table of Figures

Figure 1.1: The global renewable eneogyacity growth (2002017) .....cccevvveeeieeeeeeeniieeiieeenn. 2
Figure 1.2: World Energy Consumption by Source (22085).........cccccceeeeeeiiiiiiieeeiiiee e, 3
Figure 1.3: Wind turbine capacity globallgchannual additions 20017 ..........ccccceeeeeeeenn... 4
Figure 1.4: Examples of DIOmMass €Nergy........ccooviiiiiiiiiiieee e 5
Figure 1.5: Solar PV capacity and additions in top 10 counB@sr.............cccccceeeeiiiiiieennns 6
Figure 1.6: Solar PV global capacity and annual additions-20Q7 ...............cccceeeeeeeeiieeeunnns 6
Figure 1.7: The structure of the PV CeIL...........uueiiiiii e, 8
Figure 1.8: Equivalent circuit of the PV CelL............ooiiiiiii e, 8

Figure 1.9: The-V characteristic of BP365 for a certain insolation level and temperature.9
Figure 1.10: Dynamic resistance at the chosen operating.point.............cccovveeeeeeeeeeeeen. 10
Figure 1.11:4V and RV curves characteristics in terms of solar irradiance ahang........... 11

Figure 1.12:4V and RV curves characteristics in terms of ambient temperature change12

Figure 1.13: Global and local MPP on a poweltage (PV) curve............cccccovvvvvvvvvvieemnenn.. 13
Figure 1.14: Bypass and blocking diodes in photovoltaic arrays..............cccceevceevevennnnnns 14
Figure 1.15: Additional power peaks ofVRcurve due to partial shading............................ 15
Figure 2.1: Classification of MPPT Methods.........cccoooiiiiiiiiiecciicieeeeen e 25
Figure 2.2: Classification of global MPPT search methods............ccooooiiiieecicicceeee . 28
Figure 2.3: Classification of multilevel modulation...............coooiiiieeeiiiii s 33
Figure 3.1: Flyback converter schematic connected to PV panel..............cccveenenn. 35
Figure 3.2: Flyback converter when the switch is ON, and diode is.QFF........................ 36
Figure 3.3: Flyback converter when the switch is OFF, and diode is.ON........................ 36

vii



Figure 3.4: SEPIC converter circuit schematic connected to PV.panel................coceeee. 38

Figure 3.5: SEPIC converter, when the switch is ON, and diode is.QFFE......................... 38
Figure 3.6: SEPIC converter, when the switch is OFF, and diode is.QN......................... 39
Figure 3.7: Positive buck boost circuit schematic connected to PV module.................... 40

Figure 3.8: The converter when both switches are ON, and both diodes ate.QFF.......... 41

Figure 3.9: The converter when the switches are ORFdetes are ON...............ccceeeeren 41
Figure 3.10: Moving horizon optimiZation...............oiiiiiiiiceeeieeee e ereeeer e e 44
Figure 3.11: The introduced MPC scheme for the proposed P\¢@gnmigected ystem............ 45
Figure 3.12: Block diagram of the proposed model predictive based maximum power peak tracking
S}V (=] 1 1 PSP 49
Figure 3.13: A string oPV modules under various insolation and temperatures.............. 53
Figure 3.14: The proposed global search flowchart..............cccoeer e, 54
Figure 3.15: Two differentcenarios of partial shading incidences on thé ¢urve................ 57
Figure 3.16: Currents in continuous conduction mode during two switching.states........ 59
Figure 3.17: Converter currents when switchgsSsare ON and B D; are turned OFFE....... 60
Figure 3.18: Converter currents when switchgsSsare OFF and ) D, are turned ON........ 60
Figure 3.19: Block diagram for current sensorless madel.............ccovvveeeeeiiiiiieeiiiiiiinnn, 63
Figure 3.20: The block diagram of a gddnnected PV solar system..................oovvvvieeeee.... 66
Figure 3.21: Grid connected PV solar system using traditional DC/AC inverter.............. 67
Figure 3.22: They- d equivalent CirCUILS...........o.coiiiiiiiiiiree e 69
Figure 3.23: The voltages if)- d COOrdiNAtOL............uvviiiiiiiiiiieeeee e 73
Figure 3.24: Grid connected PV solar system controlled by MPPT and grid powéiomjaodels



Figure 326: Space vector modulation prinCiplesS.......cccoeeeeeeiiiiiieeeie e 79
Figure 3.27: The generated three phase voltage using the SVM technique................... 80

Figure 328: Schematic representation of introduced sdeeel CHB-based grid connected PV

1) YZ=T (=] ST PP P PP PRI PPPP 81
Figure 3.29: New comprehensive structure of a PV-goighected solar system................. 83
Figure 3.30: Balared phasor diagram in normal operatiQn..............cccooovveeeeevvvvinninneenennn. 85
Figure 3.31: The voltage phasor diagram (one shaded cell at phase.C)................cceec... 86
Figure 3.32: Phasors gjeams implementing phase shift compensation........................... 87

Figure 3.33: Proposed scheme configuration of agpithected PV solar system utilizing CHB

Figure 3.34: The PV gridonnected system schematic while experiencing severe partial shading
.......................................................................................................................................... 93
Figure 3.35: Complete PLECS schematic of PV-gjed system connected through CHB..94
Figure 4.1: Step response of the three DC/DC converters to step change of duty cycle @t MPP
Figure 4.2: Response of SEPIC to a step changetpfcgale in the four power regions and MPP
.......................................................................................................................................... 98
Figure 4.3: Response of a positive bidost to a step change of duty cycle in fiv® Pegions
.......................................................................................................................................... 99
Figure 4.4: Response of flyback to a step change of duty cycle within-fiweeBions............ 99
Figure 4.5: The opeloop frequency response of the three selected converters at. MRPR100
Figure 4.6: The experimental setup of the standalone proposed system...................... 101
Figure 4.7: The prototype of power and control stages of the PV standgkiam.............. 102

iX



Figure 4.7: Startup of the proposed approach-0hdBIrve............ccccceeeieiiiieccceiiiicieee s 103

Figure 4.9: Startup performance of PV voltage, current and hadveswer via proposed approach

Figure 4.11: Step response when temperature variesfrom3@% and 50h e.n.106 o
Figure 4.12The response to gradual temperature increasesZtom t5@ t h % ..0108

Figure 4.13: Opetag time extended when temperatures gradually change from t6025

Figure 4.14: PV voltage, current and extracted power while irradiance gradually chang&®

Figure 4.15: The startup performance of the proposed method compared with the P&O method

Figure 4.18: PV voltage and harvested DC power using the perturb and observe techhidue
Figure 4.19: PV voltage and hasted DC power by incremental conductance techniquel16

Figure 4.20: PV voltage and extracted DC power by the optimized perturb and observe technique

Figure 4.22: PV input voltage and extracted DC power by the fuzzy logic comtnoigee.. 120

X



Figure 4.23: Tracking efficacy of the proposed technique versus optimized P&O over change in
L0001 01T = L U= PSPPI 121

Figure 4.24: Traking efficacy of new technique versus fuzzy logic control over change in
L0001 01T = L U= PSPPI 122

Figure 4.25: PV voltage, current and harvested power of five common techniques and proposed
10111 oo AT SP PP PP PPPFPPPPPPP 123

Figure 4.26: Successful global search in the case of two partial shading scenarios.....125

Figure 4.27: PV characteristics of the proposed techugig under partial shading conditiod26

Figure 4.28: PV voltage, current and Vdink of the proposed techniques under partial shading

Figure 4.29: PV characteristics of the proposed techniques under numerous partial shading
(o0 0o 1170} 0 PP PPPPPRR 128

Figure 4.30: PV voltage, current and Vdink of the proposed techniques under pasdtzding

W2 et eea ettt et e et emee e et e te et e et et e te et enna e teere et e teeteeteereennnnneaneas 131
Figure 4.33: Grid voltage and inverter phase A voltage waveforms................ccoceeee.. 132
Figure 4.34: The output of the inverter three phase line to line voltage......................... 133

Figure 4.35: Output power (injected active and reactive) when power factor step changes from 1
L0 10 0 PSPPI 134
Figure 4.36: Grid voltage and injected current when power factor step changes from.1.850.8

Xi



Figure 4.37: Converter output current and Vdc link viarra when the power factor step changes
FTOM L 10 0.8, e e e e e e e e e s amme e e e 136

Figure 4.38: Output power factor and injected active and reactive power when power factor step
changes from 1.0 10 0.5 ..o e e e e ann e 137

Figure 4.39: Converter output current, DC link voltage and the injected active and reactive power

........................................................................................................................................ 138
Figure 4.40: The grid phase voltages and injectezbtphase current.................cccovvvvveeen. 139
Figure 4.41: The grid voltage and injected of phase.A..........cccoooiiiiiiceccicicie e 140

Figure 4.42: Active power waveform when Vdc link voltagepschange from 350 V to 360 V

........................................................................................................................................ 142
Figure 4.41: CHB output line to line voltage (pahading, fully shaded, post shading)......143
Figure 4.45: Line to line voltages waveforms rebalancing.............cccccovvieeeeeiiieeennne, 144
Figure 4.46: Three phase voltage when CHB cells are under full shading.................... 145
Figure 4.47: Three phase voltages of the utility grid..............ccooiiiiieeeiiiiiii e 146

Xii



List of Tables

Table 3.1 Five Operating points on theM curve of PV module.............cccevvvviiviiicnneeennnn 42
Table 32: Parameters of Proposal PV Gilited System.........cccooeevvieiiiiiiiiceeiieeeeeeeeeeeeee, 77
Table 33: Simulation Results When a PV Gi@bnnected System Is Under Normal Operation
.......................................................................................................................................... 91
Table 34: Simulation Results When a PV Gi@bnnected System Is Under RulShaded
(©70] 0 [1110] o IS S PR P PP PP PPPPPPPPPRI 92

Table 35: Simulation Results of a PV Gridonnected System Though a Cascaddgridge.. 92

Table 36: Parameters ad PV System Connected to a Cascaddgridge Converter............ 95
Table 4.1: Lookup table of rules base of Positive BBORSt................cccooviiiiiieeenn 119
Table 4.2: Details of The Experimental RESUIS............ccooiiiiiiieee e, 124

Table 4.3: Simulation Results at Steady State Performance Using Classical Inverter..147

Table 4.4: Simulation Results at Steady State Performance Using CHB...................... 147

Xiii



Chapter 1

1. Introduction

1.1 Motivation

World energy demand igrowing tremendouslyGlobal energy demangimpedby 2.1% in
2017-twice the 2016 rate[1]. As aresult, carbon dioxide emissions also rose by 1.4% despite
havingheld steady for almost three yeprsor to 20171]. Consequently, the environmental issues
associated wittuse of fossil fued have also exacerbad Acid rain and global warmingare
examplesthat threaten boththe earth and humanityExhaustion oflimited fossil fuel reserves
escalating impacts of climatehange increasedpower consumptiondue to population and
industrial growthandoil politics pricing aredire challenges thdtaveresulted in the push toward

clean andenewable energyesources$?].

Recentlycollected data indicates that switching gradually to renewable energy resources and
decentralimmg power generatiolmasbecome a major goal @il the developedanda number of
emergingcountriesaround the world3]. However,the cost ofelectric power generated from
renewable energy resources mstable to compete with fos$ilel-basedelectricty generation

in order tobe considered a serious alternatigeconventionalpower plants. Consequently,
1



developing highly efficient renewable energy systems that offer a competitive price advantage
overconventional generation systems is the main goads®arch and development efforts toward

next generatiophotovoltaic(PV) systemg4].

1.2 Renavable Energylrends

Figure 1.1 illustratesthe global renewable energy capagtgwthfrom 2007 to 20175].
This figureindicates that significantportion of renewable energy generation is stidised on
hydropower butthere has been a steady growthanmd andsolar generatiowith a slight rise in
biomassenergy. In 2017, the cumulative additiclasworldwide renewable energyeneration
reachedl78 GW while the same figurevas 138GW by the end o2013. Hence, theenewale
energygrowth rate waaround29% inthe period of four yeard.e, 10 GW peryear. Moreoverit
can also be clearly seen that the total renewgdaderatiorcapacity more than doulnén a period

of ten yearghanks to capacity additions in wind aralas energy[5].

Gigawatts

World Total .

2,195 Gigawatts
2,000 - T i"l
1,500 - _-. -

_ : |
1’00 EEEE . B -

500
2007 2008 2009 2010 20112012 2013 2014 2015 2016 2017
O Wwind @ Solar O Biomass @ Ocean, Geothermal

Figure 11: The global renewable energy capacity growth (2B0X7)[5]

Figure 12 showsthe history and projection of all traditional and nontraditional power
resources. The renewable energy record performance forms the bedrock of thegifouih

expectation.Therefore, the forecasted renewable energy curve illustrates that generated power
2



from renewable energy will exceed 60% by 208} The projection also indicates that the world
will no longer count on fossil fughs a conventional resourdéhe anticipated renewable energy
growth will graduallyincreag to reach 920GW by 202%hereas the total expected power under
theaccderating casenightincreaseo more thanl,150 GW by2022[6]. Thus, according tthe
U.S. Energy Information Administration(eig), the electrtal powergenerated from renewable
resourcewvill see a stron@xpansiorrate of 43%in 2022, aratethatwasonly 12%from 2016 to

2017[6].

Quadrillion British Thermal Units BTU

2018 Petroleum
250 |

& Liquids

History Projection
200 Natural gas

Coal
150

/_, / Renewable:
100

50 / Nuclear
0

1995 2005 2015 2025 2035 2045 Years

Figure 12: World EnergyConsumption bysource(19902045)[6]

In generalas stated byia most generated powavill come from PV solar systenasd
will present thehighestcapacity additions for the next five yeatarting from 2019 to 2024
mainly inChina and Indi7]. The following subsections introduce the various types of available

renewable energy and their tradeoffs.

1.2.1 Geothermal Energy (Earth Heat)

Geothermal energy arnessed éMm heat continuously generated time earth ands used
daily to heat wateandbuildings in addition to generating electricity by using hot steam to power
turbines[8]. In 2015, the total electric power generated from geothermal energy in 22 countries
around the world waapproximately76 billion kWh[9]. In 2017, Indonesia led the world by

generating 39% of the total wortéhpacityandTurkeycamein secondwith 34%[8-10].
3



1.2.2 Hydropower Energy

Hydropower availability is limited to countries that hawers flowand waterfallsin addition,
establishinghydropower plantss restrained bynatural rainfallresourcesgeographic topology
andwater tfow rate andtherebyit will necessitatereatingdamsto control the flowratethrough
thehydroturbinesto generatelectricity on demandespitethe restrictions Figure 11 shows
thatthe globalcapacity of hydropwer ranis first among all other renewable energy resources. In
2017, total global hydropower capacgiyghtly increased to almodt,114 GW[11]. Therefore, it

is expected to keep increased but with very slow[ddtp

1.2.3 Wind Energy

Wind energy is a free, unlimitednd clean source of energat can be harvestesh a
large scaleFigure 13 illustratesa period of ten years of the global wind turbine capacity and

annual additionshatindicate upwaradyrowth

Gigawatts 840

800
700
World Total
600 539 Gigawatts 539

487
500
400 370
319 -

300 283 [£38

198 ﬁg ZE
159 -
0.4
IZE -

2007 2008 2009 2010 2011 2013 2013 2014 2015 2016 2017201822

OPrevious Yeds Capacity @ Annual Additions @ Total Cumulative Project

Figure 13: Wind turbine capacity globally and annaalditions20072017[5]

However,promising locatios for wind turbinefarms ardimited to rural areasr offshore
sites An intensive and longerm site survey studys required to evaluatéhe feasibility of
founding a wind farm in terms of wind continuity and speed variation raddthough the

advantages oWind energyare more apparent thdahe disadvantages, wind farmme with
4



severaldrawback including high initial construction cost, low reliabilityhigh maintenane, and
noise. Noticeably, hydropower and wind turbines are bothabundantenergy resourceshut

availablity and feasibity limit themfrom widespreadise[5] [12].
1.2.4 Biomass Energy

Biomass obiopowerenergy isarenewableenergy resourcéds Figure 14 illustrates,examples
of biomassanclude all organic physical material such as agriculture crops, amaraire plants
etc. Theematerials absorb solar energy and store thaform of chemicalenergy. This is a

naturalprocess called photosynthesis.

| Garbage

Examples of U
Wood biomass Crops
)
&8,
@19°
(4

Landfill Alcohol
gas fuels

Figure 14: Examples of biomass enerf3]

Biomass energy is normally extracted by either direct burn or indirectly by converting the
material to fuelcalled liquid biofuelswhich are then burnetb release the potential energy as

heat. The heatsually powers steam turbines to generate electfitsly
1.2.5 Solar Energy

Solar energy is available wherever the sun shi@essidering the advantages solar
energy solar isthe most favorable and promising source of enamgypng all othesustainable
energy resourcei thepastdecadegheenergygeneragd from solar power is growing noticeably

thanks to the use of PSystemsPV solar systems requitenited maintenance, especially when
5



no power storage iscluded Currently the PVsolarindustry is withessing huge technological
improvemens and rapiddevelopment. China ithe largest manufactureof PV systems and the
world leaderin PV generatiorcapacity. Chinavas the first countryo exceed100GW of total

global cumulative PV capacif{4]. Figure 15 shows thdéop tencounties in PV solar generation

in 2017and the annual expected additi¢bl

Gigawatts
+53.1 Annual
l:IAddmonal
120 |
Previous
Yeaits
100 Capacity
80 ——
60 | |
+10.6 +7 1.7
[ :
o B ==
20 +0.4 491
T B RS e s e
0 [ 1 [ 1
China l;’t“tted Japan Germany lItaly India L_Jnited France Australia Spain
Kindom

Figure 15: Solar PV capacity and additions in top dfuntries, 20175]

A drawback ofolarenergy is that the sun is only available duringdag hence, solar energy

has to bestoral for later usewhich add an extra cost

Gigawatts
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700
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O_Eﬁr—\!_\
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Figure 16: Solar PV global capacity and annual additions 2Q0T7[5]

PV solar systems generate aburigacst-effective, inexhaustible, clean powelowever, two
6



major defects hindetheir development the manufacturingcost and the low photovoltaic
conversion efficiencyMost PV modules havefficiendes aslow as 9% to 18%. Today, the
modulesavailable in themarketreach efficienes of 22.5%. Therefore, improving technologies
implementedo control PV systemandraising the efficiency by extracting the maximum available
power is crucial fothefuture of PV industrial competitiofzigure 1.6 showthe annubadditions

of PV solar power systems. At least 98 GW DC power was added worldwide byT2@lglobal
PV solar capacity increased by 33% and the world total hits 40Z3kVBBy 2022 will exceed

758GW and by 2025 will surpass 969GY%].

1.3 Photovoltaic Modules (PV):

Edmund Becquerel first discovered the PV effect in 1839 using copper oxide in an

electrolyte.ln 1954, the PV conversion was revealed by Bell Telephone amelement found

in sand(silicon) createl an electronic charge when exposed to sunlfgtty module or panelis

made up of several individual cells with positive and negative polarity forlageh[16]. The

first generation of solar cellsvere made from silicon,while the secondgeneration was
manufacturedrom a thin-film of vapordepositedon thesilicon layer on a carrier, e,qglass
Currently they are made from thin films comprising coppemdium and selenium.PV
manufacturing codimits quick growth and widespreade Therefore, amxisting challenge ia
tradeoff between cogseduction and technological developmeltis absolutely true that the
technology leads tan obviousefficiency improvementput it will temporarily increasehe PV

mo d u tostd s

1.3.1 PV Solar Cell Structure

The PV cell isnadeof essentially two layers of silicon;IRyerand Nlayer The boundary
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between themactsasadiode. Thus, only electrons can move friiraN to Rlayer, when sunlight
(photong strikes the surface othe solar cell. The photons contain particles of energy that are
absorbed by the top layavhich istheN-layeras shown irrigurel.7. The energy causelectrons

to becomeenergized and thereleased frona covalent bond. Thiproduce free electrons that
start moving fronthe N to Playerand leave behind laole that can accept other electrons. The
holes drift towardthe P-layer material side and likewise electrons move towtdre N-layer.
Therefore,an electrical field acrosshe P-N junction will be induced and sunlight can easily

separate the electrons and hptgenerating electricitjl6-19].
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Figure 17: Thestructureof the PVcell [20]

1.3.2 Conceptof PV System Modeling

A common model o& PV cell isshown inFigurel.8. Basedon the operating point che
I-V curve, the real PV cell behaves as eithgoltage source aa current source as illustrated in

Figurel.

Ideal Cell

a. Equivalent model of an ideal and practical PV cell b. Equivalent model of PV cell assaltagesource.

Figure 18: Equivalent circuit of the PV cell
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In Figurel.8 (a), I pv IsthePV current source anR, represents parallel resistance whose

influence is sronger in the current source region of operation, Bntepresents series resistance

whose impact is influential when the PV cell operates in the voltage source regioR, The

resistance is the sum of seskestructural resistances of each PV cell.

4 PP

CurrentSource Region

oltage-Sourcq
Region

Po erl /

\|

}RegiO]: l\
I

PV Current
~

0 5 10 15 20 25
PV Voltage

Figure 19: The FV characteristic of BP365 for a certain insolation level and temperature.

Equation (11) defines a PV cell that is shown Fgure 1.8 (@) andrepresents the' V
characteristic of a real PV panel. The real PV panel is madedeveralconnected PV celland
for complete observatiomg,quation(1.1) considers the characteristics at the terminals of each PV

panel andequires the inclusion of additional parameters

, e av,+Ri, 8 ov, i,
iy =1 1 oEXP ™ ——" Rly 61 g2 =" (1.1)
e ¢ va =+ a8 R

Where|pv and |0 are the PV and saturation curremtsspectivelyof the array.
v,,: PV input voltage.

i,,: PV input current.

V;: Thermal voltagey,= N.KT/ c.

N, : Number of cells connected in series.



k: Boltzmann constank =1.38065032% 16° J K.
q: Electron chargeq=1.602176463 10°C.
T: Temperaturef the p- n junctionin Kelvin.
a: ldealityconstant of the diode

Further, as shownn Figure 1.8 (b), linear approximation is needed since th¥ |
characteristics foa photovoltaic cellarenonlinear.In the meantimethe ratio of the voltage on a
photovoltaic cell to the current flamg through the PV cell varies with either the voltage or current.
Therefore, thechange rate in voltage to the change rate in curseitientified as the dynamic
resistance and is simply obtained from the slopééfcurve.

Figure 19 showsrealistic linearization at a chosen operating point and is a valid
approximation of the PV cell for a small signal design analysis at the vioinityat point. When
the PV module is connected to a DC/DC converter, the dynamic behavior of the system will depend

on the operating point diie PV module.

3
4
35 |2
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29~
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O 1.5 Vi V2
> x/
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Figure 110: Dynamic resistance at the chosen operating point

As areallt, the convertors must be designed to operate at the MPP in addition to several

adjacent operating point¢,,i s Theveninds voltage source and
10



and dynamic resistance is denoted B, of the PV module inFigure 1.8 (b), which can be

obtained byEquation(1.3),
Voo = Vo, Ryl (1.2)

Hence; (1.3)

&q: I_lvpv T’lhveq
1.3.3 Characteristicsf (I-V) and (RV) Curves

The output othe PV paneis highly dependerdn ambientind environmental factarshe

voltage and current of PV cells are varied nonlinearly with changes in ambient temperature and

irradiance.
70 4
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2 // GOOWImZ\ 3 2 600W/m?
S 30 T\ 2 L
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20 /y """ 1
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0 0 5 10 15 20 25

0 5 10 15 20 25
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(8). The RV characteristics curves of BP 365 PV modi (b). The }V characteristics curves of BP 365 PV modi
for various level®f irradiance and constant temperature for various levels of irradiance and constant temperatu

Figure 111: I-V and RV curves characteristics in terms of solar irradiance change

As a result, tbB amount of power generated by the PV panel is a function of many
parameters, most notably, local solar radiation, panel temperature, and panel voltage. The power
voltage (PV) and (FV) characteristic of a BP365 solar panel for different insolation |easdls
temperatures is illustrateith Figure 111 and Figure 1.12 Typically, the power converter is

responsible for regulating the panel voltage to achieve the maximum output power by using a

11



maximum power point tracking (MPPT) algorithm. Figutl1l illustrates the P\cell under
various levels of irradiance while the ambient temperature is kept constantal BB©perating
point shifts slightly, causinga small voltageo dropat the PV terminals. The change in irradiance
canis affected by wind speed @ranoccur gradually or suddenly the case of cloudy day

Figure 112 shows the effect of temperature variations on MPP location andhsoMPP
locationshiftsat different levels of temperature while the irradiance is set to 1006.WWypically,
the PV voltagadrops when the temperature keeps increasing. The variations on the irradiance and
temperature require a power convegnd arobust MPPT technique to professionally address all
unexpected challenges and resulan accurate MPHEigure 112 shows clearly that finding the
MPP might be very challengg and tricky when temperature variatgooccursince MPPmoves
horizontally rathethanvertically within the PV curve; however, in comparison, radiation step
change seems to be mamanageableard experimentally accessibhen the MPP moves

vertically.
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Figure 112: 1-V and RV curves characteristics in terms of ambient temperature change
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In conclusion, according to irradiation and temperature changes, the output voltage can
vary widely. Ata constant temperaturéhe output power is increased once the irradiation is
increased. Al constant irradiatiorthe relationshipeversesThus,the output power increasd
the temperature decreasdhe output voltage of the PV module should be radled at an
appropriate level to obtain maximum power from the PV moddRPTs are methods commonly
known as reatime optimization approachesheycan identify themaximum power gint (MPP)
of a PV module throughout the\Pcurve where power deliverysiat the highest possibléevel.

These techniques are used to maximize the@uredoower in various conditions of ambient

temperature and solar irradiariegels

1.3.4 PartialShadingof PV Modules
Partial shading is a common mismatch phenomeaocounteed by the photovoltaic

modulesthatleads toa significantpower reduction. The partial shading occurs whaomber of

PV cells oracoupleof modules inastring are partially or entirely covered.

----- 100% irradiance
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,'"“.
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€ 30t v
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..............
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Figure 113: Global and loal MPP ona powervoltage (PV) curve.

Theobscurationdlock the sunlight from hitting a single PV surface or larger PV arrays as

aresult of shading movement during dayli¢gdi-25]. Meanwhile, under neaniformirradiation
13



conditions, the R/ characteristichave only one global peak or global maximum power point
(GMPP) whereas the & curve will contain multiple local maximum power points (LMPP)
depenthg on the number of shaded modulEgyure 113 shows PV curves with different levels

of partial shadingDuring partial shading, the-W curve characteristics become more complex
because of multiple peakisatoccurwhile modules under various irradian@s presenDue to

the powermismatch, modules in treame string generate different voltages while conducting the
same curren26-30].

In fact, to avoid damages due to module reverse bias, each module in a string must have a
bypass diodeThe characteristics and dayuration of bypass diodesere analyzedpreviously
[31-35]. The bypass diode is connected parallethie terminal ofeachpane| as is theblocking
diode which is connected iaseries at the positive terminafl every string to avoid damaging the

PV modules due to a negative current that flows thraagiinshaded cell.
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Figure 114: Bypass and blocking diodes in photovoltaic arrays

Additionally, under partial shading conditionfiet PV module voltages decrease and become
negative asresult of irradiance reduction. Consequently, the PV will be turned dffddyypass
diodesresultingin multiple peakshatappeain the RV curve as shown irFigure 113 andFigure

1.15[23-26, 30, 36, 37]Figure 114 illustrates bypass and blockimjodesconnectingto PV
14



panelsandthe directionof current flow before and during partial shading. Therefore, using only
maximum power tracking methods widlad to the wrong power peatausingsignificant loss of
energy. For example, in a partial shading condition of 20 PV modules with 15 unshaded modules
at standard test conditions (STC) and 5 shaded modules under 48pa\nventional MPPT
technique wald lead to an energy loss of 25% due to tracking a local peak.

During the daylight, PV panels may encounter different partial shading scenario
Therefore, specific methods are required to take the strings operation point to the precise GMPP.
In generalfwo important setof approachesxist: ahardwarebased method that changes the PV
array configurations dynamically to increase the output poavel asoftwarebasedmethodthat
sweep the operation voltage over a wide rantjgough the PV curve to findthe GMPP using

differentglobal searchechniques.
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Figure 115: Additional powermpeaks orP-V curve due to partial shading.

The MPPT with globakearch can simply scan the PV curve and storedleer peak
information whilesweeping and distinguishing the GMPP correctly to impose the balancing of the

output power at DC/DC power stage terminals.
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In conclusion, partial shadirgpparentlyhasinevitableor unavoidableonsequencea$at
impactthe PV solar systegproduction Either hardwarschems or softwarebased methatan
successfullydentify the global peakdowever, softwardasednethods are widely implemented

due tohigherreliability andlower costs
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1.4 Contributiors

This dissertation introduces threephasegrid-conrected PV solar systerthat can
guarantee generation of balant¢kbreephasevoltages and currents in caseetther MPPvoltage
mismatch of PV arrays or partial shading conditidite proposed PV system is designsthga
cascaded-bridge (CHB) multilevel inverter topology for the grid interface. Theputs to the
CHBO6s poweDC/DE powér sonvartered from PV modulesA litany of important
contributionsenabls the design of the propas®V system as follows

1. At the CHB invertercontrol level, a new control scheme roposed that cagenerate
balanced voltages and curreetgen when the voltageof power cells are unequal due to
intrinsic mismatckes or unequal insolatio of PV modulesthat result in unequal MPP
voltages.The proposed metllouses the concept @indamentaphaseshift compensation
(FPSC)to balance the inverter voltages by modifying the phase angles efrboed
inverter voltages. Also, at this leya@power injection control algorithm is implemented to
freely control thelow of active and reactive power.

2. At the MPPT level, a newadaptive MPPT strategy based ttve model predictive control
(MPC) approach is proposeghich provides excellent power tracking performaintease
of ambient and environment fluctuatioff$ie proposed MPPT method is also enhanced by
developing a new global power trackiogpability that can identify th®IPPT even in the
case of partial shading of PV modules.

3. At the DC/DC converter control leveh new sensorless current control techaicuproposed

thatallows forestimatingthe input current (and thus power) of D€/DC converter without
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the need fom current sensorThis would reducéhe cost and complexity of the entire system

which is designed using seveBAC/DC power convertes.

1.5 Overview of Dissertation

The remaining chapters of this dissertatawe organized as followsChapter2 presentstte
findings from the literature review of the existing conventional maximum power point tracking
techniques. This chapter also revieglsbal search methods and current sensorless techniques. It
also provides a review of techniques for balancing of three phase voltagea @siBgonverter.

In Chapter3, the first section finds the transfer functions of thnegortantDC/DC converters.

The derivedransferfunctionsareused to analyze the dynamic performance of each converter.
Next, it explains themodel predictive control theoretically and the procedure for developing a
specific model that can be effectively used MPPT based on MP.( hen, theproposedylobal
search strategy is explaineghich alleviates the consequences of partial shading conditions and
successfully redusghe effect of power losses by extracting maximawailablepower.Then this
sectionintroduces the design dlfie proposedurrent sensorless moddlhe following section
details the employepgower injection modelandtheir application to the CHB convertdfinally,

this chapteties togethethe discussed elemerdbthe system and proposes the voltage balancing
technique for high level of control ofthe CHB for balanced power operations.

In Chapter4, the proposed systems and approaches are verified using experimental results as
well as simulationsThefirst section verifies the dynamic performance of ¢ip&C/DC converters
andpresents thebtainedresults Then, the experimental resultstbénew harvesting strategy as

well asacomparison betwedheproposed technique and the most common methods are displayed
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and discussed. The obtained outcomeshefproposed new control scheme that desesribe
dynamic performance are also included and analyzed.
Finally, in Chaptel5, the dissertation provida conclusion to summarizdl contributions and

outcomes
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Chapter 2

2. Literature Review

This chapter mrsentsa brief overviewof previous approachdlhat soughto addresshe
challengeghatrestrainthe power harvesting of PV solar systems under various ambient changes
including partial shading conditions. It also provides finding of current sensaoriedsl in
addition to previous research of grid power injection methods and phase shift compensation using

acascaded Hbridge converter to balance three phase waveforms.

2.1 TraditionalMaximumPower Harvesting Methods

Severalmaximum power point tracking (MPH) techniques have been proposed to search and
continuously maintain the maximum power pointgeneralMPPT techniques monitor the output

of PV solar systemand impose a controlling command to extract the maximum available power
from daylight regardles of ambient environment changePerturb andobserve (P&O), hill
climbing, andincrementalconductancgIncCond) are the most commonly used techniques for
low-cost applications and simplicitill these MPPT methods consider the charactesistiche

P-V curve to determine the MPR recent years, numerous methods have been explored to track
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theMPP. These include an optimized and developed version of traditional MPPT mgBet3

, such a®ptimizedperturband observg OPO),estimatedoerturb-perturb(EPP),or adaptiveP&O.
New advancendartificial intelligence techniquebased approaels alsoexist, whichprovide
high leves of efficient performance and accurasych asuzzylogic control (FLC) andartificial
neuralnetworks(ANN). Furthermore, hybrid strategies haalsobeen introduced to improve the
performance of the traditional methdmsntegratingmethods, such as combiniRgO with ANN

and fuzzy logic with IncCondgl44]. The idea behind the proposed methadt balancecost,
complexity,andaccuracy.The authors try to classify a number of the proposed methods in the
literature based on factors such as ease of implementation, effectivenessneargence speed
[45]. Consequently, they are subject to incrddsscking time which maycause extra power loss
due to significant delayor complexityandpossibly increased costdext, four widelyrecognized
MPPT algorithms andthersophisticated/iPPTversiorsare studied and compared in this chapter.

The next sections offerlaief description of eacprevious workstrategy.

2.1.1 Perturb and Observe (P&O)

This technique is one of the simplasdmostwell-knownamongMPPT algorithmsn the
literature[46-49]. P&O works by perturbding the input voltageepeatedly by fixed steggn a
given direction andhenobsening the resuling change in power. The®&O is going todecide
to change direction of the voltage step emcdropin power is detectedd small step sizevill
reduce the oscillation around the maximum power pointbilitresult in slow tracking speed,

while a big step size results in fast tracking but with high oscillations.

2.1.2 Hill Climbing Method
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Hill climbing is the most commonly used technique to achievaximum power This
methodis similarto the P&O technique except the perturbation isheduty cycle instead of the
voltage.In the work of[50], the method adirs the duty cycle of thBC/DC power electronic
converters in the directiothat results in an increase in the genergbedver. Anotheway the
publicationsuse the hill climbing technique is locate GMPRifteranalying the solar irradiance

pattern[51].

2.1.3 Incremental Conductance (IncCond) Method

IncrementalconductanceMIPPT technique or IncCond was proposed to eliminate PV
voltage oscillation. The theory of IncCond refers to the fact that the slope oMlta®e is equal
to zero at the MPP, and it is negative on the right side of MPP, positive on the left. A Pl controller
is usually used itncCondto regulate and guide the calculated slope to zero by altering the input
voltage of the selected DC/DC convertdherefore, the purpose behirttle incremental
conductance MPPT methdglto diminishanyresultingoscilation in the output powdb2] [49].
The maximum power is then trackedd attainedby comparing the incrementabrductance
! / gV instantahebus conductance I/V. Once the system reaches the MPP, the operation is

preserved

2.1.4 Estimated Pertud®erturb (EPP) Method

This method is introduceid [53] to improve the tracking speed and dynamic response to
the ambient environmental conditions. This methosinglar tothe P&O methodxcept that it
implemerts one estimate process for every two perturb processes while searching for MPP. The

details and a block diagram representation of this method can beifg&3d.
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2.1.5 Optimized P&O (OPO) Method

This method is introduced [54]. In theconventional P&O methqdhe perturbation step
size has a fixedalue however, inoptimized P&O,an average of different samples of the PV
power is used to dynamically alter the size of perturbation steps. The idea behind altering the step
size is to redce the oscillations around the MBRJ improve the performancetbkeconventional
P&O method More details andhe block diagram representation of this method is published
[54].

2.1.6 Fuzzy Logic Control (FLC)

The structure of fuzzy logic is composefithree processes: fuzzification, lookup table of
rules base, and dazzification [55]. The numerical input variables are converted based on a
membership function to fuzzy variablenown aslinguistic variabls. A membership function
might be inthe form of triangular, trapezoidal, or Gaussiand he symmetryor asymmetryof
the membership functiotlepend®n the importance of the fuzzy level

Therule basetablecontains fuzzy levels such as NB (negative big), NS (negative small),
ZE (zero), PS (positive small), and PB (positive big). ifiddal levels might be added to
emphasize the desired level of accuracygh as\M (negative mediumdr PM (positive medium)
[56]. More importanty, linguistic variables are assigned on rule base $ddz@ieed on the chosen
DC/DC converter sothat different convertes will have different rule base Further, nost
conventionafuzzylevels usedor tracking MPP consist of two inputs and one output. The output
might be voltage reference, current reference, or duty dyalezy logiccontroller basedPPT
techniques are alsavailablein [57]. Compared to the conventional methods, they improve the
tracking performance undegariation of ambienatmospheric conditions. Howevestablishing
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the proper fuzzy rulesainly dependon trial and errgrthereforejt is greatly affected by thieest

of t he us e in@s8] bamkiyzzlogicand a éual MPPT controllarere implemented

One of MPPT controllers traskhe sun over the azimuth axis and elevation axis angleshieve
maximum solar radiationlhe othercontrolsDC/DC buck converterusingMPPT algorithm and
appliesa new FLGbased P&Qechniqueand voltage control approathcontinueharvesting the
maximumavalable power.In [59], an adaptive P&O algorithm is presentbdt makes use of

fuzzy logic control to change the operating point according to changes measured in power and
voltage.Other gevious researcfound in[60] usesa single phase multilevel cascadeebkdge

inverter with fully fuzzylogic.

2.1.7 Atrtificial Neural Networks (ANN)

Artificial neural networks (ANN) have also been utilized in the MPPT methods to find the
optimum voltage poin{61]. Extensive training is requirednd the training uses enormous
amounts of real collected datavarious possible temperature and irradiance condifitresANN
structue gererally builds from three layers: input, hidden, and output layers. The data will include
panelsopen circuit voltageand short circuit current. The output is usually one or several reference
signal(s)such asa duty cycleor voltagereference The accurey of ANN depends on the
algorithms used by the hidden layer and how well tara networkis trained.The links that
connecbetweereach singl@odecontain theveights. To accurately identify the MPP, the weights
are carefully determined through aimiiag process, whereby the PV array is tested over months
or years and the patterns between the input(s) and output(s) of the neural network are recorded.
Since mosbf thePV arrays have different characteristics, a neural netwastbe trainedor a

specific array The characteristics of a PV array also change with time, implying that the neural
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networkmustbe periodically trained to guarantee accurate MAR&above mentionednethods
areknown as heuristic techniqueand their operation can be sumimad as disturbing the PV
system, observing the effeaind then taking the appropriate action. The drawback of using ANN
for MPPT is that the network weights must be properly tuned using a large amount of training
data In [62], a genetic algorithm tnaed a radial basis function neural netwelbased model to

carry out the maximum power point tracking for geimhnected PV power generation control
systems. The hidden layer of the neural network isagHnized by the genetic algoritimased

radial bags function growing algorithm. The trainedNN model basedMPP model is then
employed to predict the maximum power points of a PV array using measured environmental data.
In [63], Figure2.1 shows a classificatiotiagram of various MPPT techniquidstare used in PV

harvesing technique$64-66].
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Figure 21: Classification of MPPT methods

2.2 SomeApproachego Reducethe Effect of Partial Shading

Partial shading is a nonhomogeneous sun insolatmaithe RV curve ofthe PV solar
system exhibits multiple peaks. Certainly, the partial shading decreases the overall operational
efficiency of the PV solasystem due to output power reduction All traditional MPPT techniques

are designed to maximize the harvested power at ambient weather <hamngadiance and
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temperature. However, the available MPPTs may fail to distinguish between multiple peaks while
the PV system experiergpartial shading conditions. If the initial point of MPP is not located
close to the GMPP, the conventional MPPT will track one of the local peaks, LMPP. Thus, most
of the classical MPPT approaches need to jump out of the currentavi@ explore the entire
search space frequently to ensure harvestinguh power as possible amatevent any power
lossdue to partial shading.

In recent years, martgchniques have been proposed for MPPT under partial sHaéing
29, 6782]. Two methods are basically used to decrease shading sidesedfdatr hardwaréased
or softwarebased. Thehardwarebased method needs extra measurements amdlifferent
configuration[68, 69, 82] It may include dynamic reconfiguration, distributed architecturanor
equalizer. The dynamic reconfiguration of PV modules is designed based on the shading patterns.
It may add more measuremeritsr examplejn [19], a global search is designed based on two
strateges however, the second strategynmre expensivesince it necessitatesn additional
current sensor at each bypass diddathermore[23] introduces anathematical formulation for
the optimal reconfiguration of PV arrayi$ formulates the reconfiguration problem as a mixed
integerquadratic programming issue and seardioeshe optimal solution using a branch and
bound algorithm. 1H83], the plancompriseswo compensations for modules and strings. Each
module is connected in parallel with a curreampensating converteand each string is
connected ira series with a voltageompensating converter.

In distributed architecture, each panel is individuabnnected taa single controller
assignedor each module. These hardwdrased methods can resolve the problem, since-the P

characteristic of a module (with just one bypass diode) always has a single peak. These methods,
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however, are expensive and regunanymore devicesomparedo softwarebased algorithms

On the other hand, the equalizer is effectively implemented to guathetssame voltage
generated in case of partial shading. For exampl0], thetwo-switch voltage equalizer uses
an LLC resonant inverter and voltage multiplilowever,the aforementioned techniques are
clearly complicated and expensive. Therefore, the softhased methods ameore cost effective
and are based on algorithms that can track the GMPP via developing sophisticated control
algorithms. For instancehé artificial neural networkechnique has been used for global search
but it depends on the accuracy of given datatfaming. All differentconditionsneed tobe
included, and ANN must be retrained if the PV strings will likely be extended. The particle swarm
optimization or PSO approachas alsdeen efficiently used in [7]. Howevehe method contains
many parametrs and the implementation is very complicated commerciaily84], the authas
use a modified particle velocHyased particle swarm optimization technique for global maximum
power point trackingof PV arrays under partial shading conditiohskewise, grey wolf
optimization technigue, chaotic search modified firefiéasl geneti@algorithnsare applied in PV
partially shaded applicationk [79], theMPPT algorithm based on colony of firefliesas also
appliedfor PV arrayaunder partial shade

The trackingprocedure consists of positiog (locating) the fireflies in the possible
solution spaceand based on the PV power output, the flies mowiefmedregions However,
these techniques share the complexity and similagfiesolutionary computation3heyfurther
encountes sudden ad random fluctuationsvhich result in poor dynamic performante[28], a
two stage MPPT control method is proposed to realize a relatively simple control gysteam

track the real maximum power point ewamder noruniform insolation conditions.
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Moreover, [27] presents maximum power trapezium wh#re P-V plane contains all
possible GMPPs for any partial shading. The global MPPT algorithm is proposed by using the
maximum power trapezium and information about the minimum voltage difference between
adjacentocal peaksAnotherapproach is based on hill claiming. It measures PV current to map
out the solar irradiance pattefhthenselects suitable points for tranki the local points. Next, it
applies hill claiming in these points and tracks all the local points. Finallgomparingthe

acquired local points, it selects the global maximum point.

Global MPPT Search
Methods

Hardware P-V Curve

Methods Modified MPPT v Metaheuristics

Figure 22: Classification of globaMPPT search methods

Figure 22 classifiesthe methodsinto four groupsthat can typicallylimit partial shading
consequences. Essentiallpicro convertersor moduleintegrated converterss the simplest
approach talistinguishGMPP independentlgn everysinglemodule whentherewill be only one
maxima. However, this approach is too expensgpecially in huge P¥ystemsThe approach

alsorequires individualcontrol, makingremote control complicated.

2.3 Current Sensorless Methods

A lot of researcihasbeenproposedo achievahecurrent sensorless modased on several
concepts antechniquesThe current sensorlessodeintends tosubstitutefor the existing current
sensoby creating the samaurrent sensaneasurements with an acceptable comprobeseeen
accuracy and cost effectivess Certainly, most of introduced models aused inthe area of

maximum power point trackindn fact, arrent sensararetypically bulky, expensiveandthe
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highest point ofailurein reliability and accuracyAdditionally, the cosis considerable when PV
solarsystems contaihuge number oPV arrays, and each MPP trackal needasingle current
sensor Therefore,[86] introducesan effective approacbf sensorless current mode avoid
includingacurrent sensor. The pppachuses an obserwrased model as a surrogate to the current
signal. However, aseenin [87] and[88], both approachesxploitthe ripples of capacitor current

to estimate the currenin [89], the researclusesa transcendent@V cell relations and single
voltage sensor to determine the maximum power pti©0], the planuses power estimation
based on the switching information of a hysteresis voltage regubtmeover,the current
sensorlesss used for voltage control of RC/DC converter in discontinuous conduction mode
usingthecharge balace principle and current error compensation §lh Finally, [92] presents
aflyback converter with current sensorless mode. The converter current analysis and resistive load
observer model are obt&d and evaluated to eliminate the current sensor using model predictive

control.

2.4 Balancing PV GridTied System $inga CHB Inverter

Three classical topologies of multilevel convestetere introduced in industry. Flying
capacitorneutral point clampeftiode clamped), and cascadedbHdge inverter have been
presented istudieg93-101]. A cascadedH-bridge converteror CHB, is built from a number of
cells that are mainlginglephasanverters connected mseaies[102-104]. CHB topologyis more
suitable fora PV gridtied system. It offers a uniquaption in whicheach CHB cell has a PV
sourcei.e., theyfunction independentlyl his topology reduces the voltage streeseach switch
due to multiple levelandany faultyswitchcan be effectively tolerated and successfully addressed

without turning off theentiresysten{85]. CHB also shasimprovementn qualityandefficiency,
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andhasbecome an ideal in large scale PV applicat{@d$]. Nevertheless, CHB can increase the
number of voltage levels and reduimal harmonic distortionTHD). To date, almost all the
research performed on multilevel or multicell coneesapplicationss concentrated on internal
fault tolerance due tthe large number of semiconductors poweritches[106-117]. Therefore,
reliability hasbecomea very important criteon since any faulty poweeells in the cascaded-H
bridge converter wilpromoteinstability and potential power loss{112, 118]

Indeed, CHB multilevel converter topology presents several advardagag abnormal
conditionsin PV systens including internal faults severe partial shadingnd temperature
inhomogeneitySuch conditioncouldlead to the entire PV distributggneration system to quit
unexpectedhas a result ofenerating unbalanced three phase waveforms. Intfecgrays can
be assembld on anumber of levelsisinga CHB converter The CHBcanrecover the quality of
line to line output voltage waveformsven duringunequal generation of phase voltages.
Consequently, CHB convertecan impose system balancing stratedteat increase the number
of line to line voltage levels with a smaller number of one phase utilized Tlh#sstrategies are
achievable since the cascaded multicell converter is constructed baaseéras connection of
multiple cells[93, 119]

Earlier research tried to compensttethe unbalanced three phase voltages due to a fault
by changing the output phase shift angles to newcaleilated angles based on the number of
faulty levels. In[108], the authors successfubyoid switches states i.e., no longer available due
to the faulty cell using the redundant of state$85], the authors introduced a new compensation
technique that can locate the inverter and load neutral points and then use the optimum angles and

modulation indexes in order to ta@in the maximum balanced load voltag@aother approach
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skips one or more damaged power cells through additional switches to bypass the faulty cell and
control the phase shift angle in the carrier signals in the power circuit and thenesthaif
moduldion strategy in addition to adjusting the reference signals of the pulsemthlation to

the modulator to increase the output voltage and maintain the generation of balanced abltages

the load sid¢114].

2.5 Grid Power Injection Strategies

Grids contain numerous reactive powssources Synchronous generators, overexcited
synchronous motors and flexibC transmission systems (FACTS) are the most common
controllable reactive power sourcesthie [IEEE 1547 published on 2003, injected reactive power
by PV systems in low voltage grids was prohibif@80-122]. However, in2014 new IEEE
standard regulationgetermine strategies to supply reactive power for gpdwer quality
enhancement using PV giied systemd123]. Further, it alloved ancillary services to be
provided by the PV gridonnected systems to support the utility grid stabflitybasic active
power delivery.

In different literature, many reactive power control strategieafBV connected t@a
singlephase inverter have been propog#d4, 125] A 1-kW singlephase grieconnected syste
in a low-voltage ridethrough related to reactive current injection and voltage support through
reactive power controlvasintroduced in[126]. In [121], the resarch presents a decentralized
control scheme for controlling active and reactive power of P\ftig@lAC-stacked PV inverter
architecture using single member phase compensation. The decentralized control scheme allows
for a fully distributed architecture, both terms of active and reactive power control amd

physical implementation of a PV system. Moreo{E27] proposes a decentralized nonlinear auto
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adaptive controller for reducingystem losses by the optimal management of the reactive power
supplied by the inverters of PV units. The control design is based on an optimization procedure
involving the sensitivity theory in conjunction with the Lyapunov function to provide control laws
acting as references of the PV inverter local controMe?V inverter will operate in a decoupled
manner to provide the reactive power imposed by the control law and to transfer the active power
produced by PV modules. Furthermore,[128], a compesation strategy combining reactive
power compensation with a novel modulation method is proposed to extend the operating range in

terms of module mismatcfl29]

2.6 Modulation Strategies of Multilevel Converters

Figure 23 shows the classification of multilevel modulation techniq{Ekd, 130]
However, the space vector modulationr SVM, is efficiently used whether in classical or
multilevel threephase voltage source inverters. The switching frequency criteria can further
subdivide multilevel modulations into three classes: fundamental, maet high switching
frequency

The fundarental switchingisal so known as a fAselective h
Aprogr ammedo nmomddu ltalte ommpt i mi zati on computation
computer. The result of the calculation is a set of switching angles in function of théatimodu
index m, to be stored in memory (ROM, EPROM) of the PWM controller. However, as the output
frequency decreases number of pulses also must decrease in order to keep switching frequency
low. In space vector control (SVC), voltage reference anchgeevalue will not be equal, creating
an errorthat remains uncompensateaxhd the error maddecreasess the number of leved

increase$131]. Figure 23 alsoshows zonerearest to one of the vertices defined by the medians.
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Figure 23: Classification of multilevel modulation

These medians of all grid triarey create hexagonal mesh centered in each vertex and
determine the sets of points closest to each generable VEutoefore, the aim of the modulation
is to choose among all the generable vectors the one that minimizes the error. If the reference
vectoris rotating at a constant angular speed, the output voltage will have a symmetrical staircase
waveform and switches will commutate at the fundamental (low) frequency. The adopted and
selected strategy in this dissertatiorgpgcevector modulation (SVM).SVM implementation
starts by detecting the reference vector in whioh sector is located by using the voltage
magnitude and angkndthen determiimg the three nearest voltage space vectors. Afterttiat,
SVM strategycalculates the switching time dion of voltage space vectors, and finally salect
the optimized switching sequence., exactly matching the vector in three phases.

Based on thditerature review providednh this chapter, the desirable propertedfsthe
MPPT andthe possibility of artial shading incidents necessitate an efficient and inexpensive
techniquein which all challenges can be effectively addressed ubigh quality underlying

algorithms for standalone PV systeor PV gridtied systems
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Chapter 3

In this chapter, the mla¢matical models of thrd®C/DC convertersarederivedand then
the dynamic performands evaluaté as well Following, a brief theory introduces the principles
of model predictive control (MPC). Next isthe implementation steps MPC strategy on the
proposed maximum power point trackimgethod. Then the chapter describgbobal search
techniqusduringpartial shadingAfter that the chapteclarifiestheintroducedlowchart to detect
the global power peak while the modulegperiencemismatch scenar# The algorithm can
successfully address and show the necessity of global search in MPPT coattdititm,Chapter
3 introduces anew current sensorlesnodd to replacethe existingcurrent sensor. This chapter
also presenta balance control stratgy for acascadedH-bridge (CHB) multilevelinverter with
threephase connecting tine grid side andPV arraysconnected tdC/DC converter from the
other side Furthermorethe strategy of phase shift compensation is wendg with balanced
modelthrough a new control topology o€HB converter to overcomienbalances irthree phase
voltageand addresthe voltage generation mismaitthe to severe shadingoreover the strategy
appliesa reactive power injection control model whrelsult in the desiredopver factor and freely

controlthe injected reactive power.
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3.1 Deriveand &aluatethreeDC/DC convertergerformance

The proposed system h&C/DC power converter that will be responsible for extracting the
maximum power from PV stringhus studyinglynamc performancdecomes necessary and so
important. Three select&C/DC power converters will be evaluated in terms of transient behavior
and will include dynamic performance analysis. The convertersaaag/zed in continuous
conduction mode during two sehing states where the switches are either turned ON or TaFF.
perform the analysis, first the transfer function of each converter is obtained arappiefive

operating point that represents each regiorMrcharacteristic curve as shownfigure 1.9.

3.1.1 Flyback Converter:

Flybackis one of DC/DC convertetthatis widely used in different power electronics applications.

It is used in AC/DC conversion as well. This converter is galvanically isolating thefioputhe
outputs. Flyback is consideredbuckboost converter, but its inductor was divided to form a
transformer. Therefore, additional added feature includes multiple voltage ratio and insolation.

Figure 31 illustrates flyback circuit schematic

Figure 31: Flyback converter schematic connected to PV panel

First, in mode (1), in case of switch is ON and diode is OFF, and form Kirchhoff Voltage law
(KVL):
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V= Lmd—Ltm v, (3.1)
dv, V.-V,
-C S G i- (32)

Figure 32: Flyback converter when the switch is ON, and diode is OFF

In mode (2), in case of switch is OFF and diode is ON, and by using KVL:

di,
V=== =y, (3.3)
" dt
dve. V- V%
ICm = in = = (3.4)
dt R,
r, n:1 'o_,N +
R L . } o v,
Veq+ c, :Eiiqn - é. s
I :
N\ J
Figure 33: Flyback converter when the switch is OFF, and diode is ON
Flyback duty cycle (D) and voltage transfer ratio is given by:
nV.
D= K
v, +V, (3.5)

Thus, by averaging bletmodes equations and linearizing them, the equations can be rewritten:
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m

di
L d—Ltm:qun {1 B)nv, (3.6)

dVC,n —_ Veq - \/in D|
in dt - &q L (37)
The equations3(6) and @.7) in state space form are given as following:
di 1 1
bn —
—=—DV, —(1 B)nV.
dt I-m Gin I—m( ) o (38)

-2 —Di (3.9)

e 0 D é,ch'*'nVo

€ L . L & 0
A= 6 m B=¢ C=g

é D 1 e 1. T

& ~ e -

e G, R,G, 6 C,

The state space transfer function model is found by using the folldarimgila:

H(s)=C(SI-A" E (3.10)

Therefore, flyback transfer functi@howsthe effect of duty cycle on input voltagegiven by

V. (9 -1 L,R,S-DR,V. -nDR,V
H(s)= 5(5) LR.CE+ ng+qu 5 (3.11)

3.1.2 SEPIC Converter:

Figure 34 shows one oDC/DC converters known aSingle-Ended Primarylnductor Converter
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or (SEPIC). ThiDC/DC converter is very common and typically used in special applications

whereoutput voltage is significantly higher than the input voltage.

Figure 34: SEPICconverter circuit schematic connected to PV panel

I n mode (1), in case of switch is ON
_dig
o=hoo
di
LZ_Lth Cp
o M M M

. dv,
I :Cp dtp =g
o | (b0 b N .
qu” . 1 I | %T' y
| T
o Y

Figure 35: SEPIC converter, when the switch is ON, and diode is OFF

Il n mode (2), the switch is OFF, and
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di ode
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leiLl =V. M. V (3.16)

L di, _ v, (3.17)
dt
N, Veu Vo (3.18)
in L
at R, R,
c M _ . (3.19)
p L
dt 1

J

— "
a —> S
G
-

Figure 36: SEPIC converter, when the switch is OFF, aiatle is ON

SEPIC duty cycle and voltage transfer ratio are given by:

D=—2 (3.20)

Hence, the averaging equations in both modes and after linearizing can be written as following:

i
L—5=V, {1 D)V, (+ D, (3.21)
di,
L, dt2 =DV, {1 B)V, (3.22)
di V., V
C,—w=21 1 3.23
dt &q &q L ( )



= j.d (1 D) (3.24)

Therefore,state space matrixes A, B, and matrix C can be written in this form:

e 1 1-D
6 0 0 — —( ) .
¢ L L oV, +V,
e > N
&0 0 0 LB ¢ L % 000
4 evVv. +V y

A:g 2 ,B:é c, c=¢€ 1 00
S T e KRR
é Cin I1qcm g-h_z -||_1 %) 0 0 1
e 7
e:(l'D) _R 0 0 8 Cp
8Cp Cp

3.1.3 Positive Buck Boost Converter:

This converter is also known as Rimverting DC/DC converter, anit combine the features of
two converters, buck arboost. Thus, the converter has the capability transition from buck to

boost and vice vers&igure 37 shows the structure tifie Positive Buck-Boost converter.

i,ipv L i )
—> e —> =] +
\/
=
C.=0— l &, 5% 4 v,
. J

Figure 37: Positive buck boost ciuit schematic connected to PV module

In case of two switches are ON and the two diodes are OFF, the equations according to
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Kirchhoffds voltage | aw ar e:

LA _y, (3.25)
dt in
c Moo VeV 5 (3.26)
dt R,
Re (Ip iL L \
o > -— |+

eq

L
T

\_ ' Y,

Figure 38: The converter when both switches are ON, and both diodes are OFF

However, when switches are both OFF and both diodes are ON the questions are:

di
L—Lt= vV
=V (3.27)
dy. V_ -V
C Cn —_eq in
"t R, (3.28)
(Ip i L |\

V.,

eq

R, o o
“'v —> - > —»1 4
L . |

Figure 39: The converter when the switches are OFF, and diodes are ON

The voltage transfer ratio and duty cyclepositive buck boost converter is given by:

D=—o2 (3.29)

Next, after averaging and linearizing the questions are as shown:
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di,

LE=DVm {1 B)V, (3.30)
c dv. V-V, Di
aral R, L (3.31)

Therefore,state space matrixes A, B, and matrix C can be written in this form:

o 2 &V, +V,

: L é &l 0
A=é . B=é L ,C=¢

é_ R 1 . é _ I 8) 1

8 (:'n I:%CI(:m 8 C:in

Also, the state space transfer function model can be found by using formula (3.10):

_VQn(S) _ Rqu(VQn+V0) _&qlLD
H(s)= b(s) - LG.R &+ LstR B (3.32)

The dynamic performance of the three power conveigestidied and stimulatinglyerified in
five regions illustrated ikigure 13. The analysis can be achieved by selecting one operating point

within each regionTable 31 gives characteristics details for each operation point that reflects the

principle of each regn.

Table 31: Five Operating points on theM curve of PV module

Operating| Operating| Operating| Operating| Operating
Operating Points
Point point point point point
Characteristics
[1] [2] [3] [4] [5]
PV voltage [V] 10.013 15.51 17.6 18.5 20.5
Dynami c Reg -776 -19.652 -4.35 -2.78 -0.99
PV Power [W] 39.9 60.8 65.0 63.8 45.1
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The results otach converter are provided and discussé&thapterd. The response is accurately
described the dynamic behavior of the thdesignated converterand therefore positiieuck

boostis chosen to utilize the new adaptive energy harvesting and P¥eagtidystem.

3.2 The Proposed Adaptive Energy Harvesting BasellBQ

This section introduces a reliable and efficient control strategy for PV applicdtidast,
designing and developiran efficient MPPT method is reasonalfeterms of cost effectiveess
andefficiency compared to improvingthersystem components. For instance, DC/DC converter
havean efficiency rangebetween 9-98% [132] while 15-25% is theefficiency of the common
PV module which thereforeis a target of manufactuing innovation andtracking techniques
developmenfl33]. Theaim of this section is to significantly improve the MPPT dynatracking
performance fothePV systemdo reach the highest available povigrtintroducing a new adaptive
maximum power harvesting techniqgue based on model predictive cantit@ichieve efficacy
target of100%. The proposedechniqueassuregurther tracking accuracy, fast convergence, less
fluctuation, constant DC voltage linlkand a reduction ircomplexity which leads tofaster
responsgand improves the tracking efficacy.

The method implements #@nite setof model predictive contrel which are suitedto
optimize operation control anahclude a feature of predicting future behavior of tR¥ system.
Severakampling steps in the time horizon illustratedrigure 3.10 are used to predict the future
behavioralong withthesystem model. The steps will be selected based on a set of possitié con
actuation The algorithmdecides on the optimal next control actuation based on references and
predictednext valuesthat minimize a desired cost functiowhile two predicted states are

computed, one is sent to the process and the other is rejasted &n cost function evaluation.
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Note, theintroducedscheme is designed to predict the system behavior one stept@lieaokext

sampling interval(k +1). However, other applications may use more stepsthe predicte

abilitiesdepend on the application and performance requiresnent
The optimization problem is solved at every sample f{ki€l), anda new sequence of

optimal actuation is obtainedhe system statese periodically predictedy using a new set of

measured dat¥,, (k) and V,, ,, (k) in the discrete modelOnce the horizon is shifted by one

step furtheranother optimizatiowill beused.Figure 310 shows aorizonwith length of3 (N =
3). The horizonconsiderghe minimization ofthe costfunction. It keeps movingorward while
the k sampleincrease$134]. An openloop optimal control scheme makes use of the optimum
openloop initial decision at each stagedthenincorporates feedback in the observation of the

obtained actuadtate[135].

Figure 310: Moving horizon optimizatioi92]

The MPC scheme shown Figure 311 determines the optimal actuatitwy using the
system modl in an open loopand uses the feedback measurements to adjust the system

accordingly. Thus, MPC amounts to an opaop-optimal feedback control methodologyhe
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predicted system control response is used to determine the optimal next switching state by
minimizing a cost functiorthat consides the two future states and the reference signal received
from MPPT. The discrete time model of the control variables used for prediction can be presented
as a statspace model. The optimization problem is solve@\ary sample timeand a new
sequence of optimal actuation is obtained by usimgnaset of measured data. The general scheme

of MPC for power electronics converters is illustrate&igure 311.

Both measured values in the block diagram are used idigheete model to provide two
possible variables. On the other hand, the MPPT block generates the reference vexatuates
thecost function by comparing the tvpmssible values with the referenéenally, anappropriate
switching states selectedand applied to th@ositive buckboostconverterto enforce the PV
modules to generate the maximum DC powére primary use of model predictive control here
is to track the system towatbe maximum power point and then stabilize the operating point
arourd MPP, therefore the controlled outputs should follow a reference trajectory as closely as

possible.

DC/DC Converter  DC/AC Converter  Utility Grid

(ESENG

Online Optimization of the Cost Function
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The Discrete time model
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Converter

Figure 311 The introduced MPC scheme for the proposed P\t@rithected system.
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If the propsed PV grid connected system implements mbdskd predictive control
principle, itwill eliminatethe Pl controller as well. The integral action of Pl tends to increase the
oscillatory or rolling behavior of the PV and can neither predict the futureserirthe system nor
decrease rise time. However, it only assists in minimizing the steady stateFegtoe 311
illustrates the principle of introduced model predictive block diagram scheme of the proposed
maximum power harvesting system. As depictbd,proposed new maximum energy harvesting
is implemented to the DC/DC conversion stage andaigesdictionmodel of selectedonvertes
to find the reference power and then apply cost function uth@esubject of minimization. The
introduced model onlyses two voltage sensors, PV input voltage and DC link voltage sensor.
The scheme will predict the error afpredicted sample time. Based on optimization of the cost
functiong, the switching sequenaeill be generatedThe schemeontrolsa positivebudk-boost
converter to harvegihhe maximum DC power that would be available at any time in each connected
PV module. Therefore, the algorithmhserveshe changes and then talappropriate and highly
efficient action Figure 312 demonstrates the topologf/the PV grid connected system witie
proposed model predictive contsthemebased energy extracting algorithmhich executes in
multiple stages Thefollowing steps clearly describe the procedure

First, at any given samphg time k during thenormd operation, the convertes

commandedo draw the maximum possible power whitereasng or decreasg the PV voltage
V., (k) based on the switching stat@vo possible values for the future PV voltagg(k+1) at

sanple timek +1 are continuouslgeneratedby the proposed approachhus, n the first step, the

algorithm calculates the twoossible PV voltage values,

46



V5 (k+1) v (K 4T Fa(K) (3.33)
C:dc_link pv( k)

<

] T.(1- D) . T SR § V(K
Vo (k+1)%° 2 (K) L (k) s € = 3.34
P ( ) P ( ) Cdc_link ° ( ) Cdc_link ngC_Iink( k) de ”“k( @ ( )

Second,the algorithm computesthe power thais expected to bedrawn from the PV
modules based on the PV voltage found in (steghBt basically has two predicted values. The

power can also be shifted to either of the two possible values:™(k+1) or P, 5°(k+1)

Frequently, ateach sampling time, the algorithm necessitates the knowledge of tke P
characteristic around the current measurement of/fhek) besidesv,, ., (k) to predict the
generateghower. The digital observer shownkigure 312 modek the PV modules in a form of
Thevenin equivalent circuit as depictedGhapter (1)Figure 1.8 (b) The elements of the circuit
in Figure 1.8 (b) are the equivalent voltayg](k) and equivalent resistandBeq( k) of the PV

module, and both are functions of th&/Rharacteristic of the PV module dspictedin chapter
1. They arealsosubject to local estimation by the digital observer. The estimator equatoas ar

follows:

R, (K) = M M I (3.35)

Vea(K) =V (K) R § 1 ¥ (3.36)

WhereV, (k- 1) and |, (k- 1) are the values of the PV module voltage and current from the

previoussampling time.
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Estimating the equalent resistance and voltage of the PV module, the two possible values

for the generated power the next sampling time can be easily predicted from
P (k+1) 2 (k B 1355k 1) (3.37)
where

Vq(k)' vaS:1(k -H')

1,7 (k+1) =2 3.3
and likewise, the?,,” (k+1)is given by:
Po0(k+1) 24,°%(k B 13°%(k 9 (3.29)

where

_ V. (K)- V70 (k 4
1,50 (k+1) = ( )& (k)( ) (340

After the algorithm calculates the two predicted p@nvecomputeghechange in power

Dpvsi{o,l}(k -H.) Epvsﬂ(k 1).,_ |:>p\75{:‘}(k ]) (341

p

The approach checks wther global search conditions are nifeso, it will start searching atfne
global peak Ctherwise, it will continue implementing the new adaptive harvesting power point
and search on the uniqgue maximum power point.

Thenthe algorithmverifiesthe changén the predictegpbower, which can have three
different scenaria In the first scenariowhen the change in power is greater than @gemeed on

the sign), the operating poirghouldcontinueclimbing up tavardthe maximum peak
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Figure 312 Block diagram of the proposed model predictive basagdimum power peak trackirgystem
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DP Y4 (k 4) o (3.42)

pv
Pu(K)" =P (K & 3 & (3. 43)
The algorithmos relfeafemciqmvi/emqualepvl(N) added tmpositive e

adaptive factor.

The adaptivdactor is a scal¢ b), aweighted factor that will badded to accelerate the
performance response as needed. The valué & frequentlyupdatedbased on the predicted

power, andit will reduceto improve the performanaace the algorithm detects that the operating

point is around the desired MPP.
b=| B, (k 4 (3. 44)

The second scenarishich occus if the change in power is less than zero, means the
targeted MPPhas been passed so the algorithm should force the operating point to move

backvard

DR, ¥ (k 4) e (3. 45)
P, (K" =P, (K & B (3. 46)

Therefore, the generated eeénce power will equava(k) added to a negative adaptive

coefficient. The last case, when the change in pavegual to zerpindicates that the operating

point is exactly at the MB®vhichcan be confirmed if the change in thedioted voltage is equal
to zero Thus,the reference power is equal&g(k) :
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DPVSi{O']}(k -H.) 8 (3.47)

p

Here the change in predicted input voltageheckedwithin thetwo switching states

v, 4 (k 4) e (3.48)

P (k)= P, (K) (3.49)

Third, nowthe two casesf the expectedpowerareapplied in thecost function At each

sampling timethe cost function is repeatedly evaluabgdcompaing it to the reference values

The optimization problens then addressed agaioy using a new set of measurVgL(k) and
V,. ik (K) to generate new sequence of optimal actuatipnconsidering the design constraints.

Finally, the selected optimal actuatie{lO,J} is applied to the converter.

The implementedform of the cost functiorhere is gi {0]} which is subjectto
minimization andcan be formulated as follows

min g>°4 :‘vasf'o'}(k 4 P k)\ (3.50)

pv

Finally, to increasehe powerdeliveryin each step, the anticipated pow@,gv{szﬂ (k+1)

or P,!%%(k+1) that will increasethe value ofg in Equation 850), will be selected as the

desirable trajectory for the next step. Esample in the case ofg{S:]} > g{”} , the algorithm

choosego generate/,,>™ (k+1) in the next sampling timand as resulthe PV voltage wilbe

shifted tonVS:l(k+1) via the switchingsequence. The generated sequence is interiorly adjusting

the converter duty cycle to reach the desiraftiget) value of the PV voltageThe optimal
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solution is reached hiyne objective optimization approachhe proposed system has been tested
and the results were verified witthermaximum power point trackinggchniquesnentionedn
Chapter2. The comparison between thigtainableesults inChapterd is to confirm the robustness
and excellent performana# the new harvesting strategy in terms of fast convergence, tracking

accuracyand efficacy.

3.3 Principlesof theIntroducedGlobal SearchStrategy

This section focuses on global seamufthod in thecase of single or multiple PV modules
operaing under partially shaded conditioméen theP-V characteristiceurve exhibits multiple
local maxinaand one globgbeak.In such casg locating theglobal peakequires an intelligent
technique sincénding the global peakecomedricky due to the presence of multiple maxima.

One of the goals of this dissertation is to increase the captured power effectiestyore,
new P-V characteristic sweepingrategybasedpower is introduced and executed to distinguish
the global peak under partial shading conditidriee introducedapproactcaninstantlyrespond
to recoverthe maximum power available from thpFesentedPV systemandsustan it at higtest
maximumoutput power delivery.

This section presentan example o# stringthathas tenPV modulesfour of which are
partially shadedThe simulation results of this section are presented and discussed in Chapter 4.
Moreover, he proposed partial shadisgenario@aretime-variantto examine the intelligence and
robustnessf the introduced global seartéchniqueThree different partial shading scenarios are
appled, andthe algorithmwill frequently implementhe global searcho updae the global peak

since it assumes that shadingimse-variant
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Figure 313: A string of PV modulesindervarious insolation and temperatsire

Figure 313 illustrates several &' curves for a string under miscellaneous levels of
irradiance and temperatur€igure 3.14 shows a global search flowchart othe proposed
techniquebased power. The metharhn successfully track PV systemnder partial shading
conditions andharness thenaximum available power.

Thenewimportant feature of the introduced appro&hperturbing the power. Therefore,
any variation in voltage or current due to changes in illumination or temperature can be easily
addressedThe other addedeature i.e., themain programis designed to call the global search
subroutine if one of the two different critersfulfilled.

In the first stepthealgorithm notices sudden change in the irradiance level due to partial
shading that leads to a significant powerpdamdchangeshe recent operating poisb that itho
longer is the maximum power peakSecond,an interruptionis scheduled. In such casehe
algorithm assumes that the global peak is located in-heulrve planeand it is randomly varied

due to thevariation of ambient weather charsg&hus, heintroducedmain program contains an
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interrupton that calls theglobal search subroutinprogram periodically to addressany

approachingariatiors and maintairthe maximum power peak.

1- Define all the variables
2- Define reset function
3- Build function calculates Req
4- Build function calculates Veq
5- Build function for calculating DP
6- Build function for Switching status

‘ counter A = counter A1 | ‘ counter A = counter A ¢ |

1- Initiate all counters i

2- Initiate Ve Prae Prir
3- Disable global search (sweeping) "
4 Set number of curve segments Calculate global search step size

T el
(1) = p ™ o o
R (=R (0 Noof segments counters

Read voltage measuremefts
Vpv & Vdc_link

v

Receive current value frol
Current sensorless modd

v

Calculate Input Powe

&
| B

If P >Pyopa peaStored)?

Update global maximum power pojnt
Pyobai peak(Stored) = P,

counter B = counter B 1

Is counter B> No# of segments’

Significant power
drop| B>>Prew

or the interrupt
is active (enabled

Continue implementing the ne
PV harvesting strategy basedte—
model predictive control

Delay sweeping counter= Delay sweeping courite

VP

P,"'= Pyoa pea(Stored)
Counter A= 0
Reset function| Counter B= 0

Delay sweeping counter= 100

Pyiobal pea(Stored)=0

Disable The proposed #

MPPT technique
(K -R (K]

!

Call global search tracker
subroutine

Is defer sweeping
counter =0 ?

min g=

Figure 314 The proposedlobal search flowchart

If one of the aforementioned conditions is met, the algorithm checldethg sweeping

counterbefore it performsthe global searcihe telay sweeping countevasadded toemphasize
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the systera stability andensurebetterperformanceconsistencylt can postpone any necessary
global search to allow some tinfer the system to stabilize between eadanand prevents
instability or voltage swing) As aresult, itprevents unnecessary fluctuation at the output tued
counterstabilization value is basically chosen uarquired delayThe time delay between each
scan can balsochosen based on the expected ambient cha@ye® the delay counter lisset
the algorihm will disable the new MPPT harvesting strategy and call the global search subroutine.
For the gcond stepthe subroutine checks the change in paweit is greater than zero,
the counter Awill be incremented by 1 and the reference powersatgpOtherwise,counter A
will be decremented by 1 and the reference power will step ddamce,counter A controls the
perturbation direction. If the change in power is still positive (greater than gee@opwer step
will continueclimbing up toachievethe nextpowerpeak Otherwise, counter A widecrease by
one which means new peak wagustreached and the scanning direction should flip down until

the change in power becosyositive.The reference powa&guationis given by:

varef (k) =P min _‘_a'_\ va B va

P ?No# of segments

éounter A (3_51)

where P, ™ is the maximum possible power at normal conditions, Epvd‘“ is a minimum

sweeping stapointand the operator has the option to change it based on minimum desired power.
The number of segemts indicates thathé RV characteristics curve is divided into specific
number of segmen{zones). Tie techniques set tocontinually beginfrom minimum reference

wof = min . . : o . .
power P = P, ™. In this algorithm, thecanniig start point is desigmkto launchthe searching

from 25% of thetotal output powerP,, and stop at the final segmentemite thesweeping can

effectively go over the entire-¥ plane and scan only within an operablefined range.For
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example if the mininum acceptable power delivery from the PV system is 500W, then the
sweepingstartpoint P,™" =500W could be the maximum available global pdzkewise, the

lowerthevalue ofsweepingstartpoints themoreadditional scanning area atwhe will be added.
The power step is carefully computedargiven formula and it gives the minimum possible
displacement between the two successive peaks to ensure that no peak imefseliring

global tracking.

DR, M % > P (K) # (352

To call the global search subroutine evenafepecificvariation in power,lHerecent measured

powercanbe multipied by factor 4.

On the hird gep thealgorithm checksvhether thevarEf is greater tha Pyiobal_peaStored),

if s0, the Ryobal_peawill be updated

varef > I:)global_ peak ( Stored) (353)

Thereforeduring this process, d higher peak is observeid will be verified with the laststored
peak andhe larger value will be store®therwis, counter Bwill be incremented by 1 artthe
algorithm will checkif it is greater than the number of segmetftso,the global searchill stop
searcing and the lasPgiobal_peakiS the new global pealotherwisgthe algorithmcontinues on the
right-sideandrepeas step 1land so on. The algorithm usgeost function talecideon generating
theswitch pulses through global search

This method isdesignatedo overcomeunexpected changes in insolation whbka PV
system experiensepartial shading catitions. Otherwise the operating point is going to be

tracked to the nearelstcal power peakypthe proposed MPPT methdeéigure 3.1Xdisplaystwo
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different scenarios opartial shadingand shows thelobal search tracking the global peiak

multiple RV characteristics curves.
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Figure 315: Two different scenarios gfartial shading incidenseonthe P-V curve

In conclusio, theglobal searcistrategyis essential whilenieoccurrence of partial shading
(nonruniform insolation) is designed to alleviate the influencearhplicatedpower reductioa
As aresult, it also astas amonitorto improvethe PV system performanand increase the power
production Before global sarch is activethe introduced PV systeoaontinually perforrsthe new
maximum power tracking methdshsed model predictive control (MPPTQncepower dropor
change in powefa) lessthan a certaiamountor interruptionbecomesn activethe PV system
is going toswitch to global searchf either condition comes first, the global search will be
launched and the other will iberminatedand ignoredo impose system stabilityhe interruption
is regularly scheduled and accordingly soon ast is enaled, the main program will stop
implementing the new PV harvesting algorithm and call the global seabcbutine. Th global
search trackinghen startssearching and distinguisty the location of GMPP amonthe local
maximumpower peaksSince the pagtrnof shading changes randomly throughout the daylight,

the algorithm regularly repeats the global search to detect the accurate pyloleal peak In
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Chapter4, Figures4.28 and 4.30 confirm that the proposed global seasthategysuccessfully
obseresand effectivelyrecoves the maximum power possible. The introduced new maximum
power point method works together along with global search to maintain injecting maximum

powerthat isavailable to the grid.

3.4 Current Sensorless Mod@asedon Model PredictiveControl

Oneobstaclghatlimits the growth of PV systems is the high cost of infrastrucamd as
aresult, the generated power is more emgivethantraditional sourcesThis section proposes a
new PV current sensorless mode&l redue the overallcost of installed PV systesmwhile
maintainng a high-performancamprovementto trackingthe maximum power harvestinghe
introduced arrent sensorless is a mathematical control model based on model predictive control
It is introduced on the propedPV grid connected system to substitfibe the existing current
sensor of positiveuckboostconverter.This section andhe resultsin Chapter 4verify that the
introduced modetan effectively eliminatdhe PV current sensor, and therefthe goal of
redwcingt he over al dostiPachiesapls aswetid s

Moreover the discrete model of positiveuckboostconverter is analyzedsing model
predictive controto predict thePV current without the need for an expensive current seviste
reducingthe number of measured signaBonsequently, only two voltage sensors are used that
employ both the inpuPV voltage and DC link voltage throughpredictive modehlnd apower
injectionmodel.Figure 316 offersmore details abouhe behavior oDC/DC conveter currents

with respect tdhe switching sequende continuousconduction mode.
Figure 3.16states thaiD2 (k) is fed byiL(k) when both swiftsees are

However, while theFFwitdhhes i arda magnétiredcineihla r ig@
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i, (k) into iy (K)and iy (). Further,ig i (K)discharges intol, (K) when both

switches(salleendi ONodt h di (Dk®)s ar e AOFFO

Sw
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o

Idc_link

0 >
DT t

Figure 316: Currents in continuous conduction mode during two switching states

Also, the idC_“nk (k) switches the direction becauséthe chargeand discharge of DC

link capacitor based on the switching states.
Furthermore,hiepositivebuck-boostconverter is analyzed in continuous conduction mode

during two switching state® obtain allthe currerd node equationthat preciselydescribe the

mathematicatelatiorshipbetween the P¥hputcurrenti,, (t) and both measured voltag¥s, (t)

and Vdc_”nk (t) throughthetwo existing sensor@ccordingly,Figure 3.17 analyze the DC/DC

converterin continuous conduction mode durifigst switchingstatesi.e.,when S, & are ON
and D, D are turned OFF

First, when the switches are turned ON&S>=1), the node equations are given by:
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() =1, () +.0) (354)

idc_link (t) =i, (t ) (3.55)

I (K)
—(TI—1-o o — +
? idc_link (k)

v, (K) C.n::lic.n (k)% Q=N VAN ('

J

Figure 317: Converte currents when switches,& are ON and B D, are turned OFF

Wherel, (t) is the magnetizing inductor curren'@ih (t) is the current of PV input capacitand

output current, (t) of theDC/DC converter

Secondwhen the switches are turned OFR&S,=0), currents node equations are obtained by:
I (t) =1, (t) (356
iL(t)zidcilink (t) 'i'o(t) (357)

According toFigure 317 andFigure 318 and the two modes equations, the PV input current

ipv ('[) equation thats based on switching statean be written in this form

o (t)=ic, (t) +.0), and since (t) =iy t) +.)

Figure 318 Converter currents when switcheg S are OFF and D D; are turned ON
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Thereforethe ipv (t) equatiorthatcan precisely represent the PV curiarttvo different switching

stateds given by

i, (K)
o——TTN —e —

+ — ° *——e +
| m P (6)
va ( k) Cin — i iQn (k) ® pum— Cdcflink Vdcflink ( k)

J

Figure 3.B: Converter currents when switches S1, S2 are OFF and D1, D2 are turned ON

b (t) =i, () £S)8.(t) gz (t) (S)8cim(t) 1o(t) (358)

likewise,the equations of,, (t) , based on the switching stateeas followvs:

when S=1
i (1) =i, (1) €5 Bfa m(t) Toft) gick) T ml) i &) (359
when S=0

i () =i ) S ©)fu mt) ift) gi &) (3.60)

The average,, (t) as function of measured voltag¥s, (t) and Ve ink (t) is given by:

Likewise,when S=1

. dV v dvdc link
oy (t) =C,, d: _E:dc_ link d_t

i (t) (361)

when S=0
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- (t)=c T (362
IPV() n dt

From the power injection modptesentedn next section, the curremy (t) can be simply found
by calculaing the injected active power and Di@k voltage received from the DC link sensor.

Thereforeio(t) equation is given hy

i (t) :\% (363

At asteady statedzquation(3.61) indiscrete timecan be written by usinthe Forward(Standard)
Euler method fodiscretizatiorto solve first order first degree differential equasiarnth a given

initial valueof both measurementg,, andV,

c_link *

H c;m = = 0,
i, (k)= = g\/pf*’“}(k 1) V(K 8.+
e - (3.69)
C c_link 2 =1 0, IP k
JLI dT_sl - 8\/"‘3—“”"%” (k+1) 'Vdc_link( k) 8Vdcj?i§k()k) ‘

whereV,, (k) andV,, (k) are the recent measurements of PV voltage and DC link voltage

respectively at the current sample tinf&). However, V,,(k+1) and V, (k) are the

predictive voltages d@henext sampling time(k +1) andboth areobtained fronthediscrete time

model ofa positive buck-boost converter in twawitchingmodesin the continuous conduction
mode FromEquation(3.64), it is clearthat the PV input current is @ictly related to the PV input
voltage and DC link voltage. This equatioeiectivelyapplied in the proposed current sensorless

model to eliminate the current sendéurther & a steady state, the,
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areapproximately equakspecially ifthe sampling time is too small antleedin PV gridtied
systems,the DC link voltage must becontrolled to maintaircompletelyfixed. Hence when

switches aréoth ON the predicted voltags given by:

.

& *
va(k+1)S=l i/v( k) Ts é P (k)

+ @7 (3.65)
P Cdc Ilnk A dc Ilnk D

DC/DC /

- . Current Sensorless Approach
Ra(K)
ol Vo (k)™ A () a9
o Vallo)™ ¥, (9 g
= Vo(ke™ (g 280 g e Ra(d § Val¥
[ —— " P17 Cui Cocin §Ve (K Vo § ;
C > g |
de_link i ( ) C—Q/ ( )9(0,1) v (k) Z%C" link Ve (k 1)5_\'{04 V. - (@ g ‘k) I‘
N v T, &' v T & lin dc Tink\ V‘dj ‘ k( k) i
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Figure 319 Block diagram for current sensorless model

Where T, is the sampling period of the MPC microprocessut D is thaluty cycle of apostive

buck-boostconverter:

D :h _ Vdc_link(k)

Ts va( k) + Vdc_ Iink( k)

(3.66)

Therefore, for simplification, the predictat, (k+1)>" can be rewritten in terms o, (k)
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-
] TSP (K
V()7 (1) 2 ‘?V“"ES (367)

dc_link g pv
e

Next, the predicted,, (k+1)>™ when the switches are turned OFF:

] T.(1- D) . AR LA SAC)
Vo (k+1)%° 2y () 2§ (k) —+s € Ta = 3.68
P ( ) ° ( ) Cc_iink P ( ) Cc_iink gvdc_ Iink( k) de_ “"k( @ 29
It also can be written in this form:
] T.(1- D) . AR EACEE >
Vo, (k)™ 2y () L (k) k=& ) 3.69
P ( ) P ( ) dc_link i ( ) Cdc_link gvdc_link( k) D ( )

Theblock diagramn Figure 3.19 presenta schemef currentsensorlesbasedmodelpredictive

control Both V,,(k+1)*" and V,,(k+1)* are substituted ifFigure 3.64 along with recent
measurements of , (t), andV,_ . (t) to developa predictive model for the P\side current

determinesi,, (t) . Thus,Figure3.64is used as an observer modeltfoe PV current to eliminate

the currensensorThis sectiorelaborats thatthe behavioroAv ol t ageds vari abl e c
atthenext sampling timgk + 1) by deriveddiscretetime set equationsThe predicted PV voltage

for the positivédbuck-boost converteis given byFigure3.67when the switches are ON aRdjure

3.68 when the switches are OFM addition the output current feihto the grid is variable @h
controlledby thepower injection model. Hence, an effective calculatian findthe output current

from active poweiasspecifiedin Figure3.94 which can simply provide better monitoring on the

injected current using an obsentEsed approach, withbneed forcurrenti, (t) measurement
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To conclude|t is clearthat the proposed predictive model is waatlalyzed and designed

It uses only the already existing sensor¥g{t) andV,, . (t) for the PV input voltage and DC

link voltage respectively The relatioship between PV current and output current is giuen
Equation (3.64) andillustrated in Figure 3.19. Moreover, in terms of engineering traoi,
showing small ripples in transiergsponse will maka difference in performancét is a feasible
option and worth it to cut down on equipment castherthan hawe the current sensoilhe
proposed system has been validatggerimentally andnalytically using PLECS simulation
Currentsensorless modébr MPPT implementationesultsare provided irfChapterd asshownin
Figures4.31and4.32 The obtained resultglisplaya similarcurrent signal taclassical senser
whereasraditional MPPT methodachieve the maximum power via directreent measurement
The proposed schematic avoids the drawbacks of traditional currentssghserretaining MPPT
capability. The availablenicrocontrolles-based approach alloves easy implementatioaf such
model and tuning of the MPPT algorittsnn resporse to the environmental conditions. The

proposed capartially decrease the cost of expensive PV solar pdaerestingsystems

3.5 Controllable Power InjectioNlodel:

The active power is the actual power used to provide useful work while the reastimaupholds

the grid voltage against failure dueit@reagsin powerdemand. Therefore, the reactive power
reserve is availableithin the grid to support the AC voltage basd preven voltage collapse
underincreagsin load conditions or faults distobance.One ofthe DC power sources is the PV
panelsvhereonly active power ieinggeneratedConsequently, no reactive power is associated
with PV modules. The maximum active power can be extracted and \mriedntrolling the

DC/DC convertersHoweve, reactive power cannot be absorbed or injetstd¢de stanealone PV
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systems In the meantime, the reactive poweraisinique concept of AC poweand thusthe
DC/AC inverters carffectivelyinject the reactive power into the grid. order to inject ractive
power intoa utility grid, theinjected AC current must be in phase shift with grid voltage based on
the desired power factor. When the PV module is directly connected to the inverteraxime d

current is used to control the active powltereadive power is controlled by-gxis current.

DC
PV Supplier

Active ‘Power

= MPPT GS &

DC/ DC DC Voltage

= Control

Active lPower

= Power
DC/AC Control

Active & ¢Reactive Power

@

Figure 320 The block diagram ad grid-connected PV solar system

This is a common structure known as single stage conveFsgume 320 present&power
flow diagramthat shows tlat thegenerated DC power flows from PV arraysaaBC power
supplier throughouDC/DC. Once reachedthe DC/AC converteés reactive poweoccursalong
with active power and bothreinjectedinto the grid Therefore, controlhg both converters will
be imperative to develogn efficient model ofa PV grid-connectedgystem andconsequently, it
wi || i mprove the PV systembds per &nountoieactve and r
powerin the utility grid is based orthe operation requiremenendthe location of the reactive
power reserves as well as the voltage drop due to overloddorgover,voltage stability is the

ability of an electrical power system to preserve a satisfactory voltage at all grid buses thieether
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systemis under normal operating conditionsitas beersubjected to transient environments. An
inadequate reactive power resource $gadpartial or full system collapsélence the reservef
reactive power is a critical indicator of voltage stiéypilevel in orderto avoid voltage collapse

and, consequentlgll the control centersver the worlchave installed reactive powetonitors.
3.5.1 Grid-ConnectedPV System Based on Classical DC/AC Inverters:

The generated DC power by PV solar arrays flowsugha DC/DC positivebuckboost
converter The proposed system is built fraafPV stringthatincludes ten modules connected to a
DC/AC positive buckboostconvertey andthe total power capacity definélse number of PV
modules and hothey connecto eah otherFurther, heDC/DCconverter is connected to DC/AC

classical inverter througlicapacitor demonstrated as Md.

. . NS
B @JqJ@ i n L \Y/
>

J
:(:ln JK} — Ve
J% JK} JK& T AT v,

’ S J
DC/DC DC/AC AC Utility

L-Filter
Converter Inverter Grid

Figure 321 Grid connected PV solar system using traditional DC/ACrireve

Here, heproposed power control modslresponsible for directing tHeC/AC inverterto
injectthe ACpower intothegrid throughouthe L-filter. Note: The L-filter is part of the proposed
system Figure 321 shows the power stage of the proposegd st em wi t hout t he ¢«
schemeThe advantage ohtroducing thepower injectionmodel is notimited to increasng the
decentralized generation share in distribution giadsnprove the voltage regulatidnut alsocan

contributeto power facto correction. Both arapparentlymajor factorghatcontribut to system
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stability enhancement. Tlipand d components of the injectgawercontrol areused to control

the active and reactive powtrat ae fed into the gridbased orthe desiredpower factor.The

desired voltage vector ig- d rotatingreference frame i¥,, generated by power injection

model According tothe power factor, th@eneratd current will bein phase shift with the utility

grid voltage The magnitude o¥,, depends also on the commandéd ., and inverter gairk,,

The power injection control contains three majoick$o

1. Powerinjectionmodel

2. Thestationary reference framge- ¢ transformation

3. Space vector modulatiofsVM) technique.

The threephaseequatiors can be avoidetdy using q- d stationary reference franeguatiors.

The following mathematical formulgivesthe relationship between ttieree phase voltages and

thevoltagesn q- d stationary reference frame:

20 20

: & £
Vref Space. Vector: Vq +JVd %é/an Vk-)ir-we ] 3 \/cr;"e 3 (370)
¢

WhereV,,, V,,, andV.

an? cn?

are three phase voltagesd V., is the reference voltage vector

rotaing atanangular speed ofy= 2 xf

Figure 322 illustrates q- d rotatingreference frame circuits that represettis q- d
equivalentcircuit of a three phasi two dimensionsThe g- d values of the input voltages to
the g- d equivalentcircuits in the synchronousreferenceframe are found based on the

synchronouseferencdrame w= 1 (synchronouspee.
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Figure 322 The g- d equivalentircuits

In the steady state condition, the derivative temibe q- d equivalent circuitare equal

to zerowhethelinductors orcapacitorare botreliminated Since the modulation strategy is SVM,

the irverter gain is given by

JVoi + VS
k., N Tds (3.71)

Thus, for different modulati@such as sine wave modulation, € link voltage is divided by

2. Thevoltage equatioP\/s can be found by:

= \/ Vq2 -+Vd2 iﬁnv \/dc_ link (372)

VS

Therefore, an analytical expression model derives for caIcuIHgiraaguqufrom the following

l, _ lgsinf
| ,cosf

=tanf  targcos(p f) (3.73)

—d
! q

Steady statequations:

2

de + qu :( Ignv)2 (\/dc_ Iink) (374)
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Vd = rald _WeLeJ q (375)

V=l wl ), W (3.76)
l, = 4 tangcos'(p f) (3.77)

Where:

V, & |,: Voltage and current reference frame at g axis.
V,& |,: Voltage and current ference frame at d axis.

rid , . rid _
V,”™ : The grid voltagehereV,”™ =120V.

Vie_ink - TheDC link voltage isthe output othe DC/DC converter.

.- Grid resistor at phase A 0 aasamrdedo bethe samatevery phase
L,: The grid inductance at phaSeA 0 a n d toebe theusamee @t every phase
w,: Grid angular frequency.

k., : DC/AC inverter gain
Power factoiis aratio thatprovides the phase angle between the injected current and utility grid

voltage.The pwer injection model islerived mathematicigl to generatea reference value of

rotatingreference fram¢/,, . TheV, andV, controlsthe invertethrough SVM modetonverge

according to the providel,,, and will also shift the injected current into the grid by phase angle

thesame as the commanded power fagbof .
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Therefore, the generated reference vector depends on the commanded power factor, DC link
voltage, and inverter gainwhich is based on the difference between DC link voltage and its

reference.

(ral d - WJ‘J q)2 ‘(I'L q -Hé Ia dV -E]rid )2 4( %)26/ dc Iin)2 (378)
The equation

A2 E ]2 o (LY F) (v Y

(379
2
= (kinv)2 (Vdc_ Iink)
The equation
razldz_z'al (! dM/'E' a +M£— i q2 r+L2 q2 Q'“—a ql'mé a dlz‘ié qggd
(3.80)

VVeZLazl d2 + 2 ’44-4 y c?rid -(V éﬂid )2 (:k in\)2 (V dc Iinl)2

By substituting'd sincel, = than( cos'p f ) the equation can be written in this form:

N 2 N
razglqtan(coslp f) g-2| wl, g ta(1 codp f.) (R R g
+2r,l Wk & 4 qtan( cos'p f.) gely s omo; ng-tab coyp f ) i g.. (381

+2mL V" & iqtan( cos' p f) g(wqg'id )2 (& V)Z(Vdc_li h)z

n

Now by rewriting the equation in terms df,

r.2l qztanz(coslp f)+ 2l L, ta(n cosp f.) +ud § 7o
+r A7) atan( cos’p f.) wt § 7 taﬁ( co f ) ....... (382
w2rl Vo 2wl v o tan( cosp £) (V) (k) (Vg i)
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Finally, the equation can be rearrangsa functionof |,. Therefore, the curremtis found from

thefollowing mathematical formuta

&’ tanz(coslp f)+ 2wl ta(1 cosp f.) 274 NG O 3 T tén cdp f).
-wiL tan?(cos'p )@l 7 + @V MLy P tah codpf) 1g .. (3.83)

rid \2 2
(ng d) B (Knv)2 (\/dg Iink) 23]
Then, aftersolving Equation(3.83) mathematicallyand find iy, plug inthe value inEquations

(3.79, (3.79, and 8.77) to get the commanded,, .

3.5.2 TheMathematicalTransformatiorfromg-d Ax i-5 A»i 4J

The g axis is the reference, thtise transformationfrom rotating reference framg- dto the
stationary reference frame- £ will have a different formula andt canbe written based on
Figure3.23.

V, =V,cos(g, +J (384
V, =V,sin(g, +} (3.85)

FromFigure 323, c0sg,andsing, can be found by using the phasor diagram, therefore

cosg, h (3.86)
VS
. V
sing, =% (3.87)
\V/

S

The mathematical expanding formula faws(g, + § andsin(g, + § are given by:
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(3.89

cos(g,+ J =cos, gcos Fsin, gn

+ J =sin ,gos feos, sin (3.89)

sin(g,

b - axis

Figure 323: Thevoltages inq- d coordinator

Thus,a - #ransformation equations will be calculated as shown, sipcexis is the

reference axis:
V, 0o
inf ouV cos f ¥, sin (3.90

><e—cosf ge—
X X

0
V—dcosf 'qu sin f -V, cos (3.91)

V, :X%Visinf- W

Hence, the transformation whep- axis is the referencexis
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(3.92)

The followingis the transformationequationfrom line to natural voltages to rotating reference

frame

&, 826
S\/ 43§cosf cof £ )g cob +) &

sinf  -sin(  -)g sk f)+§n
b

n

Theline to natural §hasg voltages of the utility grid are described thy following equations:

= ﬁvs coswt
Vi = V2V, cowt =
Vcn = \/_V Cowt %

In the proposed system the desired volt\aaegmztorquref or V4 is generatedby the reactive power

model andbased on the reference values of power faétomerter gainand DC link voltage

referenceThe injected real and reactive powergna d domain is given by:

eP g3&v, V, d, (393)
83 uzev 'Vq gd .

or the equations can be written in this form wheredheuxis is the reference axis

P= g(vd iy Vi) (3.94)

Q= g(\/d iy Vyiq) (3.95)
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Nonethelessyhenthe d - axisis chosen as the reference then the power equation can be rewritten

in this form:

Controllable Power Injection

Vdc_llnk '
5 2 H
Vq V +V :(Knv) ( dc_ Ilnk) gain - E Vref
I PP S S
] i lgs = ot i Power
— grid ... —Os = R 5 [ PP N
Vq - ralq Wl V"q h las an'(p) é Factor

q .

DC/DC | v DCIAC M S
Convertef Inverter L-Filter ACGU.tc'jmy

L I
4 1 (k
H Vdc link ( k) pV() ----- > Pp‘,ref (k) Cost
= o~ | . | P\ > 08l i
5 ootV (k+1) | Adaptive MPPT Function SW -+
: Vv v(k) g $=0 based MPC oo Evaluation :
Pt | RSV, (k1) P (k+1f°0]

AMPPT-CSMPC Model

Figure 324: Grid connected PV solar system controlled by MPPT and grid power injection models

P =§(\/q VAR (3.96)
2

Q=3(v,i, Vi) (397)
2 qd dq .

A complete schematic for proposed control is showigare 324 that gives aletailedtopology

for theunique systemAs depictedthe proposed system is presenting ,, cortrol, and

therefore, ittaneasilybe set tareference value withiadesigned range.
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Indeed, he DC link capacitor is needed duentturalvoltage fluctuation of th®V solar
energy systems. Further, the capacitor will stabilizetBdink voltageagainst sudden voltage

swingingandserve agfilter thateliminaesthe output voltage ripple#t alsoenhancethe V,

c_link
to remain constant in case afinstantaneous voltagip or torecover the peak demand without
causing voltagelrops below the minimum required to enswecontinuougpower delivery DC
link capacitomprevens any unexpectethilure due to voltage collapse.

Stationary reference frame transforms the AC quantities into synchronously rejating
framewhich rotaiesat the grid frequencyAfter the transformation, thg- d components of the
injected grid current contrethe reactive poweiGenerally, in order to transfer power frothe
PV sidein one directionto theutility grid side the magnitude othe DC link voltage must be
higher than themplitudeof the AC voltage As aresult, thehigherthe DC link voltage,the less
electrial currentthatis neededo transfer the same amountpafwer. Furthermoreincreasing th
DC link voltage will leado reducing théC currentacrosshe DC/DC converter side andhence
will lower the converter component ratingoltage sourceinverter (VSl)is the selected three

phase invertedt has featureof controllablevoltageamplitude, phasand frequencyThe inverter

canutilize threestated.e.,0, +V,. ;, or -V, ;, and thetotal possibleswitchingpatternis 2% It

includes(000, 001, 010, 011,100, 101, 110, 1ahdthe inverter can be driven to eight states
Both (000) andX11)are calledwo null vectors Eitherall the bottom switches are turned ON or

the top switches areirned ON Both of themdo not generate voltage, but they will be used to

control the amplideof the generatedoltage vectoNS. The other six statesre mainly applied
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to form the stationary vectors in theg - ¢ complex planeand they are known as swoltage

vectors

Before: [1111]
After: [10.8050.1]

P ) Gaint Vdc,_ref
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Figure 325: The PLECS schmatic of PV grid-connected solar system

model built and evaluated the PLECSsoftwaregenerates a couple ekcellent

The

results and verifies the designed model accuracy. FigeBal8monstrates the entire PV gtidd
systemcontrolled by early intrduced PVpower extragon technique alongvith global search,
the current sensorless modaindfinally the power injection controscheme The solar pansl

shown in the PLECS schematic #£€200GT.

Table 32: Parameters dProposalPV Grid-Tied System

SystemM odel Parameters
Average switching frequency f =100kHz
Sampling time TS =108
DC link capacitor Vie_iink = 350V
Resistor R=0.2V
Inducior L =50mH
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3.5.3 ConventionalSpace Vector Modulation

The spacevector modulation or SVM, was selected to utilize thproposedsystem and
generatethe requiredswitching pulses sequencelt is more appropriate for reducing the total
hamonic distortion(THD), an outstandingusage ofthe DC voltage link and hasan excellent
minimization ofswitching losse§108, 136]

Space vector demonstrates three phase waveforms as a single rotatingThedtuee

phase voltage¥,,. are associated totatingreference frame/ “ and thestationaryreference

vectorV, ;f (Reference Voltage Vectpri.e., generatediia power injection modehsshown in

Equation 3.98. The tip of the space vectors, when joined together fotexagon which is
depictedgraphically in Figure 3.26. The hexagoal containssix sectors revolvingover 360
degreesand each sector is 60 degrees. Thus, sinusoidal waarcycle exhibitseveryonespinof

the hexagon

.2p 2p

R A (398)

cn

WhereV, * |V, are voltage ina- ¢ transformation formand V.., Vi, V., are phasgvoltages

n?
generated at inverter termisand areequivalento the generated- d reference voltagé=rom
Figure3.26 in each stepthe SVM algorithm findshe three nearest voltage vectovs,”, qu“l,

anqudX+2 ) to the reference vector and switches between the three identified voltage vectors during

one switching period,. The T, T,, and T, areamount of time spent at each vectohich are
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computedby Equation(3.99) [129]. The SVM strategyfirst finds the nearest vectors and then

calculats the magnitude. Aftethat, it detecs the sectorand findsthe sector angle. Nexit

computes the limitation of magnitude.ater, it calculatethe relative vector3,, T,, andT,. The
algorithm containgll the possible switching states of the invev[t@; S $]. Finally, the SVM

algorithm decides on the sequence of switching between the thitagesvectors and chooses an
appropriate switching state for generating each voltage vector among the redundant states that lead

to the same vector.

& oS Vq
2 q q 1 Jé
e X X+ X Uz *
o Va toytE g-E G@Tsw 3V, (3.99)
4 > e
S 1 1 1 éro H é TSW

Sector3

7~.(000), 111)
SNV v
Sector4 Sector 6 /

7 Sector5

v, A
(001) (101)

(a). Switchingstate vectors divo-level converter (b). Switchingstate vectors of thrdevel converter
in hexagonal coordinate system. in hexagonal coordinate system

Figure 326: Spacevectormodulationprinciples
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Figure 3.26 illustratesthe three phase waveforms generabgdusing the space vector
modulationand shows each portion of generated waveforms based on eachldexaotive state
vectors or ace vectorsarel to 6while 7 and 8 are zero state vectors. Tegnitude of each of

the six activerectors is equal t¥,.. The switchingrequencycan be minimized by using tizero

state vectorg000) or (111) since they aredundant vectors/,, (reference vectgrotaesatthe

speed of the fundamental frequency of the inverter output valeagéved from PLL while the

space vectors are stationaltyrotates once for one cycle of the fundamental frequency

Figure 327: The generated three phase voltage ugie@VM technique

Forgenerating a given voltage waveform, the inverter moves from one séaiether and
it circles for one cycle of the fundamentedquency.Figure 3.27 depictshow each stationary
vecta clearly corresponds to &undamentalangular position. The reference voltage follows a
circular trajectory in #inear modulation range and the output is sinusoidal.

In conclusion, he duty ofthe proposed model it control theinject powerindirectly by

setting the desirable power factdhe model controls thghase shifangleof the injected current
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with respect to the grid voltage. Thspace vector modulation will generate switching states

corresponding to the generatefierencevoltagei.e.,in aform of rotating reference fram\a/

3.6 PV Solar Grid-Connectedsystem Based oA CHB Converter

Voltage fluctuating is the most common incident in PV solar systems due to natural
variatiors in irradiance levels and ambient temperatudiowever, fluctuatinsin irradianceis a
more frequent variation than in the temperature because of natural eratoral phenomena.
Moreover, t could get worsdf it reaches the level dully shadedFigure 3.28orovidesa block
diagram summazing the connection and control levels as weltrespower flow direction othe

PV grid connected system usiagascaded Hbridge inverter.

PV
Strings T
DC/DC S PP >> S Low Level
g g (MPPT & GS)

Converter r Sl BS

Balancing Level
CHB

I M
F |§
IN

vome | NS \t\b*\

Multilevel

Converter l ] L_l '1 I J] L_] | L_\lﬁ_l \I' High Level
4

X

l r
b3

~

Power Injection

Figure 328 Schematic representation of introduced sdeerl CHB-based grid conneaePV inverter

In general, partial shading or dappled shading can be addressed efficieatyldbal
search approads long as the PV panels are only partiltiyted to direct exposuref sunlight
Fully shagkdor completely shaded modules are chaieg phenomengevere and acute shading

will lead to shutting the whole PV systedown whenthe systenprimarily uses a traditional
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DC/AC inverter. Neither central inveers nor microinverters canbe effective in fully or
completed shaded moduldslicro-power inverteris basically attached ornthe back of each
individual module,but a centraDC/DC converteris connected to stringof modulesIf a multi-
stringor one string beconsentirely shaded, theomplexity will increas and caralso caus¢he
whole PV grid-tied systento malfunctionandlose synchronizatiorsinceit no longer meeatthe
grid requirementit will quit immediatelyandturn OFFor continueto supply local islanded loads.
A cascaded Hbridge converteror CHB, is an interesting alterniae topology for high
power drives, due tits good quality output signalsigherresolution lower harmonic distortion
and uniguanessin terms ofeachcell utilizing theDC source individually. Therefore, using the
CHB converter seegpractical, feasiblandavery effective solution for such incidex@ndit may
efficiently mitigatetheconsequence&inder severe partial shading conditioie phase voltages
changeAs aresult, the Ddink voltages of each CHB cdilecomeainbalanced and three phase

voltage amplitude$or each phasare unequah addition to line to line voltages
3.6.1 Balancing VoltagdMismatchin aPV Grid-Connected System

The fully shadedells of the CHB converter can potentially lead ¢axpensive downtime
and great losses on the congurside With afundamentaphaseshift compensatiortheoperation
canbe extended antbntinuepower deliveryby utilizing theunshadedells Thus,thenextsection
appliesfundamental phase shift compensatibat effectivelybalanceghe line to linevoltage
under severe shadiraithough phase to neutral voltages are unedueaaim isto increasethe
reliability of the systemby first extenthg the operation usingundamental phase shift
compensatiorto rebalane theline to line three phase voltageeven thoughhe phase voltages

still have unequal amplitud&henthrough the introduced topologihe DC link voltage will be
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raised up tdncrease the phase voltagasdreturn to thesameamplitude asunderpre-shading
conditions. It is true tht thebalancedwill beachieved througthe phase shifangle modification
however the power injection cannot be fulfilled lessthe PV system voltage is higher than the

utility grid voltage Figure 3.29rovides details afhe PV gridtied system connectetirbughan

H-bridge multilevel inverter.
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Figure 329 New comprehensive structure afPV grid-connecedsolar system

3.6.2 ConventionaFundamental Phase Shift Compensation

In [114], the conventionalundamental phasghift compensation strategy was proposed and

discussed ifi85]. Hence, in balanced normal operasamd preshading conditiojthe line to line

voltagesarespecifiedin this form
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VARV (3100

Theline to linevoltagesV,, , Vi, and V., equationscan bewritten asa function d phase shift

angles
V2=V, N 2V codf ) (3.107)
Vol =V,2 N2 2V,V.codf ) (3102
V.2 =V2 N7 2vVcodf . ) (3103
fo+ L +Jf 360 (3104

Wheref,, f,. andf, areline to lineangles between the phase voltayes V,, and V.. The

method modifies the linground voltages to generate equal and balanced line to line voltages.
Therefore, irthe case of one or multi cells of CHB encounter severe shadliogesinglephase,
the phase angles can result in balanced line to line voltagesalculated by solving thmextset

of givenequations:

V24V 2VV,codf,,) WOV 24V, cof £ (3.105)
V2 +V2 2V Vcodf,. ) W2 OVE 2WV,cof £, (3.106)
fab_ + gc i + CI i 360 (3107)

This mathematical modemposes balan@d line to line voltags although phase voltages

V.., V., andV,, havedifferent. The system can effectively prevent power delivery interruption

84



onlytothelocal islandedoadssince itno longercancontinue supplying power intbeutility grid

as long adhe line to line voltage§ amplitudebecoms a reduced amount of the psbading

voltage.The condition ofpowerinjectionfails despite the balancinpatwasachievedsincethe

voltage amplitudes less than the utility grid voltages Therefore,the PV grid tied system

implemens new topology to avoidhe discontinuedjrid power injectionandto always maintain

the grid synchronization requirement®he severe shadingh some cases ia nonpermanent

incidentthat will clearduring the earttd s

n at u r. Bherefarepthistrategy can solve the

incidenttemporarily duringhe full shadingOnce the shadings cleared, normal operationill

resume.
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Figure 330: Balanced phasor diagrammormal operation

Figure 330 showsaphasor diagram of balanced line to line voltagesnormal operation

caseWhenthe system experiencesmpleteshadingandconsequently the phase voltages become
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unequal andinbalancegline to line voltage will occur as long asv, , v, V. and thereforethe

.2 .2 .2
line to line voltage become unequal and unbalanced as\Wgll, V,. .V, .

Figure 331 showsa phasor diagramvhen anumberof CHB cells arefully shacd By
assuming onlpnecell lost sun exposure duefidl shading in phas@ B @and similarlytwo cells
arecompletelyshaded in phas@Co, noneare shadeth phasefi A. 8y usingEquations 8.105,

(3.106, and 8.107) the rebalaniag line to line voltagess achieved.

L) VC

F K Vee ‘X

P o A F e e ca

: \m ~~~~~~~ PN 120N
- 1 v, (T .
Voc! 120 p—a—a—a—wV, 126 a = a— a—mwV,

. b, 120 /. bc b 1000/ T

Y~ e Tl T
bz _,—"‘ b2 ‘‘‘‘‘
V4 * R / """"

», b V,, ){ by .. Va

Vb Vb

Figure 331 Thevoltagephasor diagranfoneshadectell at phaseC)
Eachunshadedellof p h a sAé@ s aifiBdd mes ats8W andthe DC link voltageis 174V. In

p h a € etwofunshadedaellsgenerate 58V anthe DC link voltagetotalis 116V. After solving

the set of equations the essential phase shift compensation angles for this eas

f.. = f. 430.5and7,, =99 . According toFigure 3.32an adjustmerwas madeo the phase
anglesf,, , f,, andf, , andthe amplitudes of the lin®-line voltages are all made equal as

displayed inChapter4, Figure 4.44whereV,, =V, &V, 290 Veven though the amplitudes of

the phase voltage\éa, Vb andVC . arestill unequal.
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As aresult, each of the modified phase angles are no longer egu#hasiormal operation

case wherf,, = f. = _f X20. Additionally, this confirms the possibility of continuing power

delivery andhe PV system can still suppAC loads locally.

Two of the newphase shift angles increased higher than thesipaeling.The unshaded
phag voItages(Va and Vb) haveshiftedby morethan10.5 valuesto increase théne voltage of

theeffaced linesv,, andV_, toresult in equaline to line voltages

(a) Mismatch line to line voltages (b) Equal and balanced line to line voltages

Figure 332 Phasors diagrams implementing phase shift compensation

3.6.3 New Scheme of PV GriConnected Syste@onnected hroughCHB

The previous sectiostudiedanddescribedheprinciples ofimplementinghe fundamental
phase shift compensation technigsea unique methodlhis sectiormanageshe operatiorf the
PV systento maintain power spply into the grid by boosting the DC link voltagadconvergng
it atthe reference DC link voltage

The introducedmethodpresentsa new topology so that the voltage amplitwde be

boostedo preshading amplituden addition torecoveing the voltag symmetryAs aresult, the
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new topologyunified the DC link voltagéalance and increas¢he CHB output voltages via
boosting the DC link voltage based positineck-boostvoltage transfer ratio.

Before thatwhile the PV gridtied system supplies lodaads, it uses fundamental phase shift
compensation as goal obntinuingthe power deliverylt highly increagsthe reliability of PV

grid connectegystems
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Figure 333 Proposed scheme configurationafyid-connected ¥ solar system utilizing CHB
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Figure 3.33 elaborates tpeoposed griecconnected PV system connectedtascaded H
bridge converterln the introduced system, the refereﬁéfg_"nk voltageis fully controlled and

easily enforces the DC link voltage at eacl{phase)converter to convergat the commanded
voltage throughout the sevesbading This forcesthe unshaded cells to generate output voltage
the same asthe presshading stageDC link voltage previously.The unique principlesand
procedurs are summarized in the following steps:

First, the system successfully hangtgte maximum power befor@couple of the CHB
cells startto experience completshadingand unequal generation occurs duefulb shading
panels The global search trids recover but it suddenly faibue to zerd?V input power andt
cannote | i mi nate the consequences of |l osing the

Secondpnceacouple ofCHB cells are turned off due to acute shading, the phases become
unbalancegdand asaresult the thre line to line voltagés amplitudeare notequaland become
asymmetrical

Third, a quick treatment actionill calculate the RMS value for each phase based on the

received DC link voltagevia alreadynstalled DC link sensors

Va

a a2 a3
-P\/dc_ link Vdc_ link

grms = % g‘/dc_ link
oy =%§Vdc_ ik Noc i Ve ink (3.18)
chrmS = %%Vdc_ ik Ve Iink(2 A\’ Iink(S i
The RMS phase voltages are applie&qguations (3.105), (3.106), and (3.107) to compute
the new phase shifangles?,,, £, ./ that will result in balanced line to line voltag&hen

calculate the equivalent DIk voltageby using the following equation:
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new
— 2vab

c_link — T

Finally, the DC link voltagereferenceis now higher than the newomputedV,

V, (3.109)

c_link -
Through the effective feedbadhke PI controller isdesignedo frequently updatehe generated
gainin order tokeepthe unified DC link voltagéncreasing graduallgnd exactlyconvergng at
the DC linkreferencevoltage.The DC link voltage musemainfixed in the PV grietied systems
and greater than the grid voltaige power trangerring assurance

Thesystemis designed tmvercomeoccurrences dDC link voltage mismatckwhich will
result in unequal line to line voltagd$he DC/DC convertes see that the required DC link voltage
is still thesame as prshading conditions althighone ofC H B 0 s is areatlylmissetiecause
of the full shading The balanced model along withe power injection model cags out the
DC/DC converterandstartboosing the DC link voltagdo reach higher line to line voltages and
fulfil| power injetion conditions Therefore,based orthis shadingscenario the rating ofthe
DC/DC converter must be consideredretdesign stepand calculatedarefullysothe capability
of the convertecanbeincreasd to beable to adjust the voltag&he total larmonic distortion
(THD), which measures thearmonic contents of waveform is going to incregskne to line
voltageand can reacB.03% in the line to line waveforme., synthesizedy the effected phase.
In this casghase Gs the effected and has@shaded cedl

Forexampled t 0 s theresatghmee fully working (unshaded) celbf acascaded H
bridgein phase A, phase,Bnd only oneshaded celin phase CFor each operating cell in phase

C, theV,,., of thePV inputside voltageis 26.3 VI 2 modules Thus, thetotal input voltage at MPP

for each unshaded CH&ll is equal tdb62.6 V andthe DC link voltage sideat each cell is 5§ .
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ref
c_link

Thetotal of three unshaded ceftsr each phase 74 V. Now, upon the commars V,
which equad to 174V, thei n v e rswitehingndl control the DC link voltage to maintain at
174V. Therefore, theluty cycle for eaclpositive buck-boost convertercan be computed as

follows:

The voltage transfer ratio is specifieg

Vie ink ( k) = va( k) ) (3.110)

where D(k) is the desired duty cycte achieve thénquired voltage boosting arlde phase

AAand 0 Btlreeladiwe eperating cellsnshaded cel)s

$.527

D(k)CaIC — 174/3@e” )
52+174/3Cell )

Thephas Céi has t wo act (oneshadegcelimra eachmegll increasties

voltage from 52V at the PV input side to 87V at the DC link:side

D(k)CaIc - 174/ 2Ce|| ) —0.626
52+ 174/ 2Cell )

Table 33: Simulation Results WheaPV Grid-Connected Systeiis UnderNormal Operation

Vdc_linkl‘z‘3 VLgrms VLers VLLmaX THD%
Phase 58VI 3 123055/
Phase 58 Vi 3 123.055V 21313V 348V 10.27%
Phase 58 VI 3 123.055V
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Table 34: SimulationResults Whem PV Grid-Connected Systeils UnderFully Shaded Conditions

Ve ik Vig ' Vi "™ vy ™ THD% /phase
Phase 58 VI 3 123V 10.16%
Phase 58 VI 3 123V 205.09v 290V 11.34%
Phase 58 VI 2 82V 17.62%

Table 35: Simulation Results ai PV Grid-Connected System ThouglCascaded HBridge

Pre-Shading Conditions

Severe Shading Conditions

Line to Line to
Total DC link New
Cascadeq PV DC link line PV MPP Total DC | line Balancing
DC at each Duty
H-Bridge | MPP (Pre voltages| Voltage link voltage and
link cell cycles
cells Voltage | shading) (shading) (shading)| (FPSC) Boosting
voltage (shading) %
Vmax
Cell (1) 52.0 58.09 52.4 58.5 52.75
Phase
Cell (2) 52.2 58.17 | 174.41| 348.06 52.2 58.3 174.43 290 52.76 | 348.112
A
Cell (3) 52.4 58.15 52.2 58.2 52.71
Cell (1) 52.2 58.12 52.0 58.4 52.898
Phase
Cell (2) 52.4 58.16 | 174.42| 348.22 52.4 58.1 174.3 290 | 52.579| 348.08
B
Cell (3) 520 58.14 52.2 58.12 52.68
58.18 52.613
Cell (1) 52.2 58.13 52.4
87.12 62.44
Phase 116.33
174.45| 348.13 58.15 290 52.69 | 348.24
C Cell (2) 52.0 58.10 52.2 17415
87.03 62.5
Cell (3) 52.4 58.22 0 0 0
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*The values arearied based otheoperatioml conditions whethemormalor transientwhile the

PV gridtied systenis underfull shadingcircumstances.

ThreePhase Compensation and Balancing
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Figure 334 The PV gridconnected system schematic while experemsevere partial siding

The new topology can first bring the PV system to the balancing conditions and reach equal
line to line voltage and then gradually step up the DC link voltage to the reference DC link

voltage. Figure3.34 displays the PV gridonnected system undeomplete shading The
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fundamentalphase shift compensaticffectively ebalance theline to line voltages before

boosting the DC link voltagandincreasng the voltage amplitudé re-accomplish grid power

injection

Figure 335. Complete PLECS schatic of PV gridtied system connected through CHB

Figure 3.35 demonstratethe schemeof PV grid-connected system utilized l&yPLECS
simulation toolLater, the proposed system swgradually booting the DC link voltageandthe
power injection is resumed by powering the rest of the unshaded Calce thePV system
generateshree phaseoltages with a maximumpeakhigherthan the peak of the grid voltage
powerdeliveryinto the utility grid will startbut the amount of injected powerlessdue tothe

loss of fully shaded modules
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In conclusion, severe shading is the worst scenario of PVtigddsystems due tthe
incidence ofunbalancing and unequhlhe to line voltagesvhich can lead to power delivery
interruption. The special feature ofa cacaded Hbridge converter is that each ceWorks
independently. Theew controkanrebalance the thrgghase line to line without tuimg the entire
PV system offand continue supplyng and injecting power intahe AC utility grid. The
fundamentaphase kift compensatiommodel is implemented to bring the line to line voltage
eqgualize the line to line voltagand avoid thd®V gridtied system from being kiad out before
the DC/DC positivebuckboost stars boosting andincrease the DC link voltage to the
commandedC referencevoltagethe same ashe preshadedconditions Table 36 providesthe
system data basél_ECStool model

Table 36: Parameters ad PV System Connected &odCascaded HBridge Converter

Parameters Values

VN (RMS) =120V
Nominal AC grid phas¢o-neutral voltageindphaseto-phasevoltage
V|| (RMs)=208V

Nominal DGlink voltage Vie_ink =174V
Nominal AC frequency f =60Hz
Rated power from PVaneration P=1200W

Inductance L fier =50 77H
Resistance R=0.2W

The obtained results from bo#pproaches will be utilized for practical implementations of-grid

connectd PV system applitions.

95



Chapter 4

4.1 Implementation Results t¢ie Proposed Models

As this stagetwo different outcomgof simulation and experimental results are obtained
to verify, validae and fully understandhe new introduced technigéeperformance. The results
confirm the achieementof an efficient99.8% proposed PV gritonnected systemin this
chapter, every section shows the related reswtsmodelsintroducedin previous chaptsr
Therefore, sction onepresentghe dynamic performance of three DC/DC cortees flyback,
SEPIC,andpositivebuck-boost Section twodisplaysthe experimentalesults obtained from the
new adaptive maximum PV power extraction technidue implementation of thmtroduced
algorithm hasbeen made easier with the advent of fdigital signal processor&PGAs and
microcontrollers.The method introduces exceptional tracking and excepentormance. It
validates and verifie experimentally with other weknown methods by generating various
waveforms in different ambient weatheonditions.

In section threesimulation resultdlustrate the performander the proposed PV gritied
systemunder partial shadings well as the obtained resudfscurrent sensorlesbllext, it provides
the power injectioroutcoms.
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Finally, sectim four shows the waveforms of the PV grid tied system connectibeé tascaded
H-bridge converterThe overallresultsin this dissertatioensure théeasibility of applying

suchnew proposed approachies practicalgrid-tied solarPV system implementens.
4.1.1 SimulationResultsof the Dynamic Performance

The firstsimulationresuls analyzethree DC/DC converterslyback, SEPIC, andositive
buck- boost Figure4.lillustratesthetransienstabilityresponse afheseconvertersfterapplying
asmallstep change eachduty ratio while the converters are operating neaMR®. Theresult

is verified by performing MATLAB simulation and PLECS add library.
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Figure 41: Step response of therée DC/DC converters to step change of duty cycle at NIB#

It can be clearly noticed thatbgitive buck-boost has thehighest overshoot response
SEPIC comes nexaindflyback haslowestovershooting Both positive luck-boost andflyback
have shortesettling timesand reach the steady state faster at 0.05&hsigavhereas SEPIC takes
moretime, exceethg 0.06L sec to staihize. It can be seen that the three conveitevethe same
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rise time.

Figures 4.2,

4.3 and 4.4 are relatedio the five operatig points listed in Table 3.1

Likewise, three transfdunction equationsbtainedin Chapter3 arealsoexploitedto verify the

dynamic response

dhe threeDC/DC convertes in both transient and steady state

Figure 4.2 illustrates the dynamic perfonance of SEPIC in five operating points.

According to the obtained resuitFigure4.2, the input voltage oscillaswhen the operating point

is at power region

andthe input voltages beingharshlydistoredin the currerssource region

since the SER phase [pt drops below- 180as shown inFigure 4.5. Otherwise,the SEPIC

exhibits perfect dynamic performance at the reshebperating points including the maximum

power point.

14

PV voltage

Time (sec)

Figure 42: Response of SEPIC to a step change of duty cycle in the four power regions afitB®|P

Figure 4.3 shows theresulting waveform®f dynamic performance dhe positive buck-boost

converterThe dynamic response reféoshe operatingointslisted in Table8.1 Theperformance

displaysa robuststability margin compared to previous respoesnd converge$asterat the
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voltageset Per theoutcome results, thaositive buck-boostis more stablandonly oscillatesn a

range of°2Vwhich isreasonaldin thecurrentsourceregion.
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Figure 43: Response dd positive buck-boost to a step change of duty cycle in fivy Pegions[139]

Figure 4.4 verifies he relativedistinctionof the flyback in terms oflynamicperformance The

converter shows a similar behaviorthe positive buck-boost
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Figure 44: Response dflyback to a step change of dutycts within five RV regions[139]
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However the flybackhas a wider range of oscillatiof4V) when itoperatesn the current source
region.
Figure 4.5appliesBode plotsto obtainan open loogdrequency responsikom SEPIC,
positive buckboost flyback. The plot illustrates the three converters wiheperating point is
exactly atthe maximum power point. The Bode plots confirms that all the converters are stable.
The SEPIC shows a bump befet8(® since it contains two complexigjugate pairs of poles and
one complex conjugate of zeroes. As a result, degjgn controller is complicated because the
controller gain crossovef r equency is shifted to a frequen

frequency.

Magnitude (dB)

Frequency (rad/s)

Figure 45: The opeHoop frequency response of the three selected converters afli@®|P

Theresponse showséhransient response of the closed laadlp berelatively slow. The
phase plotof the positive buckboostand flyback convertersalwaysmaintain at positivesince
both converge te9(° This meansthe phase margin increas#hile increasing the closed loop
gain. Therefore, the closed loop system for each converter can be designed to achieve fast
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responsg undera high degree of stability. The upper limit of gain in this cagk be limited
according tothe saturation of duty cycle (control signal) as shanmnthe theoretical formas

obtained inChapte 3.
4.1.2 Experimental Resudtof theProposedMPPT method
The actual gperimental lab setup of the system is showRigure 46. The experimental

setup contaimaPV module emulatothe nominategositivebuck-boost power converter, a digital

controller, and twd 2V batteries Both are connecteid aseries teserveas a 24 V battery.

Switching pulsesf

o
X

VAL e e . R\
. T

- Ll
\ %

b g . = S\
DC/DC converter  TMS320F2833
R . f

PPPE reads Wp =18V & Ivpp=3.58

Figure 46: The experimental setup of the standalone proposed system

In the university laboratory,a solar array emulatois repeatedlyused to emulate the

behavior of a P\solar moduleTheBP365is selectedo utilize aPV module. ltis asilicon nitride
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multi-crystalline 65W PV-module by BP solar technology. Thgecificatiors of the PVmodule

in thestandardestcondition (STC) are as follows:

k=-0. 32 %0, 0 B 5Pnd65W, Voc=22.1V, Vinp=17.6V, Inp=3.69 A, Is=3.99 A.

SL100 programmable DC power supply the solar array emulatowith an accompanying
Windowsbased software called Photovoltaic Power Profile EnarigPPPE), by Magn&ower
electronics. The PPPE reads the parameters of the PV panel and controls the DC power supply so

that it imitates th&-V curve and-V characteristicgurveof thePV module

Z |
TMS320F28335 -J

Figure 47: Theprototypeof power and control stages of the PV staodalsystem

Figure4.7 displays botha prototype othe power and controstages The powerstage is
on the leftsideandcontains DC/DC convertdpositive buckboos). It is designed under these

criteria, where P, =P ,=300W, PV inputvoltage V, varies in a range of0 i 22 V). The

parameters of thpositive buck-boost converter are: Inductance50uH, input capacitor isC,,

=560pF, and theswitching frequency isf,,=100kHz.
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The right side is the control stagedconsiss of amplifiersfor low-level voltage regulation
and to adjust and adopt theput signals from both PV voltage and current sengorshe
microcontroller A TMS320f28335is the selectedligital signal processor (DSP) froriexas
Instrumentswhichis utilized to implement th&new maximum power harvesting strategy 1/O
boardhasthe voltageand current sensors and gate driver circwitinjch is designed to accompany
the DSP.

Typically, the new PV &rvesting strategies are measured and evaluated basesponse
speed, convergenceaccuray, tracking precision, and the range of oscillations around the
maximum power peakndeedafast dynamic response extremelysignificantcriteriaunder the

continuing variation in the ambient temperature and irradidagels
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Figure 48: Startupof the proposedpproach on # curve

Figure4.8shows an experiment resultsitartupperformanceon RV curve The outcome
is related to thé®V module BP365 unde standardtest conditions (STC) where the ambient
temperature is set to 25 a h0O0W/m? for thelocal irradiation According to thisFigure, the

converter is startety steping up the poweradaptivelybased on thenew power prediction
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approactio track thanaximum powepeak It illustratesthatthe climbng stepsare widerto reach
the maximum power peaknore quicklyandthen convergs precisdéy with negligible variation
amplitudearoundthe power peakThis indicates that the new strategy avoids the transient states
andevadesspending undesired time but accelerates toatgeted maximum powgroint peak.
Therefore, théigure shows that the experimental implementatiahe®PV system actsfficiently

like thedesigrerview and guarantees the effectiveness of the new approach
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Figure 49: Startupperformance oPV voltege, current and harvested power via proposed appro:
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Figure4.9showsin detail thepreviousoperating characteristics of the experimental setup
while the PV system starts up. It provideésw closelythe introduced technique performath
respect to PVriput voltage, current, arektracted P\power individually. Consequentiyhe¢ PV
input voltage oscillates between 1A/7to 17.6V, while the PV input current converges to 3.56
A, andthecapturedowerprovides63.15W. Moreover, hesettlingtime takesexactly 50 semnds
to converge.

In Figure 4.10 two P-V characteristic curves of the BP3&Ee showrfor two different
temperature: 25 and50 . This showsthe results oPV input voltageversusharvestedPV
power on the P-V characteristic curve bwsing the new harvesting strategyrhe ambient
temperature othe PV moduleis set initiallyto 25 andthenvariesupto 50 before switching

back to25 after 3 seconds.

Temp. step [25C to 50C] @ Irr.=1000W/m2

70 |
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Figure 410: Dynamicperformance o-V curves (voltagevs. harvested powgmhen tenp. step change
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The PV voltage is nearly constant at 17.6wien T25 and 16.5V at 6 and
repeatedlyhroughout this experimertvery tracking pointapturedn the PV curve represents
thereal trackingoehavior and alleal operatingpointswere obained fromthe PV emulator while
tracking the maximum power poiakperimentally The PV emulator has an optiaereall data

points can begeneratd and saveth an Excelfile thatcontainsall operating points.
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Figure 4.11 depicts the dynamic response to the variations in ambient temperature and
showsthe effect of temperature step change in the input voltage, input curreakteacdedpower
versus time. In this experiment, the PVtsys reactsuccessfullyto track the operating poind
the new accurate power peak, while sun illumination is kept constant at 1080Wiarscenario
imitates a real physical incident when ambient temperature around the PV modules is unexpectedly
varied die to a change in the ambient weattmrditionsfor a long or short period of time.

Nevertheless,tican be clearly noticedhat whenever the temperatuases upthe PV
input voltagedrops As a resultthe capturedPV power decreases and vice veidawever,the
PV input currentaisesslightly when the ambient tgperature increases tobhedropinp anel 6 s
voltagewhile theambienttemperature increases isferredto astemperature coefficienn the
panel manuf act ur e 6.sTypisallye m itrditianal tmbdales made from silicon,
temperature coefficientaries between-0.4 t0-0.5%. In thin filmpanels it ranges from -0.2 to-

0.3%. Eventually, othemodules made fronarystalline materials have a positive temperature
coefficient which means #y exhibits highly efficient performancasthe temperature increases
butthey arevery expensive.

Figure 4.12 illustrates timgersus input voltage, input current, agdneratedpower,
respectively. The figure presents the response of the proposed methioein the ambient
temperature regularly drogsom 50 to 25 and then increases gradually again to 50
Similarly, the proposed algorithralidategherobushessagainst the changes in temperataicts

faster, and accurately aeffectively traces the operating point to the desired peak.
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Figure 412 Theresponse tgradualtemperature increasé®m 25 t5®@ t h &nh [140]

Figure 4.13 is as same Bgyure 4.12 The only differencas that the operating time is
extended undethe same ambient temperature., it graduallyrises As shown, e proposed

approachmaintainsstrictly theoperating point of the PV module at the target maximum available

powerpeak.
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The rext reported resuis an experimenvn behavior ofthe PV generating system when

the temperature is kept constant at 2@hile thesunlight irradiance is varied. It starts going up
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slowly from 800W/m? andholdsat 1000W/m?. Figure 4.14demonstrates the transigaspons
of the PV systemdue to a gradual change in sllamination. As presentedhe PV inputcurrent
generated by solar celk a function of the amount afadiancethathitsthe PV pane@surfaces
Thus, themoreirradiancethathits the panelsthe moe currentwill be generatd, which goesup

tothecellsma t e dimitatiord s
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Figure 414: PV voltage, current and extracted power while irradiance gradually chiddggds
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It is obviousthat as long as the gradual changmithe level of localrradiancereceived
by the PV modulsurfacejt occurs directly on the PV current. It begins from 285t 800W/m?
and raiss up gradually tomer =3.6 A at 1000W/m?. Nevertheless, the PV input voltakeeps
fluctuatingslightly atVmpp =17.6V.

The rext section is a comparison attemptverify the operatiorof the new presented
methodologyand its performanceas well as the objectivesf introducing the method A
comprehensivecomparisonwith respect towell-known traditionalmethod are investigated

experimentally usinghe samedescribed experimental setumpFigure4.6.

4.1.3 Comparative Analysis dhe Experimental Results

Figure4.15is includedto present preliminarsimulation result®f the proposedV solar

energyto validae the proposed method in termdtefrapidresponse to dynamic environmental
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Figure 415: The startup performance of the proposed method compared with the P&O meth
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conditions.It demonstrates theperation of the proposeadethodduring startup andlisplaysthe
effectvaryingthe climb stephason dynamic reactiariThe larger climb step increases the speed
of convergence for the traditional P&O techniqaeconverge fastebut it ultimately makes the
oscillatorystatesaraund the maximum peakuch largerThus, the adaptive stépthe introduced

method offers additional flexibility to the predictive control to act properly begoedtep ahead
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Figure 416: The startuperformance of the proposed method comparittd the P&O method140]
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The oscillatorystatesin traditioral P&O can easily be a reasdor failure or unwanted
swings while the system faces a transient statiisleads to confusionn locating the MPP
However, the newechniquéehas the feature ofrpdiction schengcorroborated byadaptive climb
step changéo startup faster andhenthe step iseducel to exhibit less fluctuatiorconvergence
as appeain PV voltage and current waveforniSgure 4.16 gives the experimental performance
of startup kehavior.

After the comparison dthe startup performanct validae theresponseof the new PV
power harvest methothetemperaturstepchange isalsocomparedo thetraditional R.O. This
is an attempt to chedke response texpeceddynamic environrantal conditiongxperimentally.

In Figure4.17, the PV panel is set to the level of delivered irradiance fixed at 1006 Wiite

the temperature is changed o m 256 . tTatemario matchgmossiblesudderfluctuations

in ambientdaytimetemperaturedt confirmsthereal experimental result of the proposed strategy
compared with P&OAs representedtheintroduced strateggxhibits fewer oscillations arand

the power peak point in the steady state condifidre PV voltage convergeto 16V in both
methods but the P&O oscillates moreOncethe temperature step changpepearsthe new PV
harvesting approach respanthstantly which presents theffectivenss of introducedsuch
algorithm and the features pfedictioncontrolin addition toenhanementfrom the adaptive step

It converges exactly thenew peak as gi ven o0 nAsdepided,pnanthel 6 s
temperature drops back again, tlsvrpresented algorithm reaets expectechowever P&O is
tricked into increasing the voltage and thhe PV current deviates and drops deeply toA2.8
which causes significantpowerdrop of 51.5W. Therefore,the P&0O method shows significant

impact b suddertemperature changavhile it starts to converge back to the neaximumafter
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havingstruggledo locat the new peak
In addition theoutcome displaythatthetraditional P&Otechniquecreateanunavoidable
delaybeforemaking the right decisn, which leads tcaninexacttransientperformare. The new
PV harvesting method generatasontrol signal that continuously dictates thevroperatingpoint
to the true location preciselyand possesses a rapid response regardless of ambient environment

variationsto emphasize robust balancing.
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Figure 417: Stepresponse of the two methods in case of a PV temperature stepSrono 50

Next, a comprehensive comparison fofe selected techniques along with the proposed

methodare illustrated toverify and evaluatéhe performancexperimentdl. The experimental
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results for the five P\power tracking techniques aidepictedo providerealisticvalidity. All the

shared parameters and ambient weather conditions were applied equally to perform a fair
comparison betweehe candidatégechniquesThe irradiance is constant at 1000m?, butthe
temperature starts 36 and goespto 50 for 30 seondsand then stepdown back td®25
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Figure 418 PV voltage and harvested DC powesing theperturbandobserve technique

The generated resultsan be comparedon different serious factors for instance,
fluctuationsaround thedesiredpower pealat steadystate operatiorrgsponse to ambient change,

speed of convergence, addtecion of tracking weakness$:igure4.18shows thatthe traditional
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P&O methodexhibitsan unavoidablel.0 V range of oscillation andonverges tdhe maimum
desired poinin 2.0 secondsafter stepup direction an®.2 se@ndsin stepdown direction The

new PV harvesting energy methappearso produceanexcellentperformancedracking.
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Figure 419: PV voltageandharvestedC power byincrementatonductanceechnique
It addresses and mitigatéhe transient tracking when experiengstep change ithe
ambientemperaturelt hasnegligibleoscillation range andonvergncetakesl.8seondsin step
downand2.0 seondsin stepup. Moreoverthepower drop is 20V, which isa29.8% drop while
the new method drops only %/, or 0.9%. For the same incidentthe incrementakonductance

strategyexhibits 2.2 secondsn stepup and4.4 seondsin stepdown However, ittakes nearly
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2.4 seondsfor theedimated perturkperturbmethod to converge ithe stepup directionand4.2
seondsin stepdown. Furtherthe power drop is twicthat of conventional P&Qwhich is avast

performanceleterioration
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Figure 420 PV voltage and extracted DC power the @timizedperturbandobservetechnique
Theoptimizedperturb andbservestrategy ha8.0 seconds convergentene in the step
down directionhoweversurprisingly it has alowresponse?.5 seonds in thestepup direction.
In terms of oscillatios around thenaximum peakthe optimized perturtandobserveapproach

seemdo havethe advantage over atitherapproacheswhile theincremental conductanseems
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to be the worst of the four in terms of the power dzepn though it is the developed versof
perturb and observe The oscillationvaluesthat were generated in thgerturb andobserve

incrementatonductanceandestimatedperturb-perturbareshown inTable4.2
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Figure 421: PV input wltage andheextracted DC power bgstimatedperturb-perturbtechnique
The kehaviorof the available harvesting techniquasws thatwhen the techniques get
confused andretrickedinto increasg the voltage, power drgmccur. The more timspenton
false tracking, the morgeverethe power dipwill be Thetime delay ortracking the power peak

is becaus¢éhe method needmoresamplego makethe right decision
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On the other hand, since the seled@€DC convertelis positivebuck-boost the first step
before comparing the approach with fuzzy logimtrd is to build the lookuptableaccordingly
It is only suitable foDC/DC convertes withthesame voltage transfer ratidowever, converter
such agositive huck-boosthavedifferent table on account ofhe voltagecharacteristigatio.

Table 41: Lookup table of rules base jpbsitive buck-boost

- @P
NB: NS | ZO PS PB

NB PB PSS NS NS NB

NS PS: PS NS NS NS

Z0 NS NS ZO PS PS

PS NS NS PS PS PS

PB NB NS PS PS PB

Figure 4.22 confirms the proposed method with respectthe fuzzy logic metlod. To
highlight the new algorithm effectiteacking temperature step changeapplied twiceBased on
theexperimentatesuls, it can be concluded that the PV module can deliver the maximum power
however the performance ofthe new strategy is better than tlsephisticatednethod. It has
multiple parameterthatneed tdbeset and adjusticarefully, otherwisethe tracking decision can
easilyget confused In summary, fizzy logic control hasvider range ofcontrol capability,but
more time is required for trial and error learnimdpich is acommonapproab usedwhile tuning
the procesdor proper controtecisiors. As depictedthe methodries tokeepthe PV system at
good standing at maximum powaelivery undethe change in ambietgmperaturelt takes 5.2

seondsin stepdown and 4.0 sendsin stepup.
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Figure 422: PV inputvoltage and extracted DC power thye fuzzy bgic controltechnique

Further, comparative analysis aanotherconfigurationof experimentatesultsusing the
tracking efficacybetweerthe introduced strategy with tvgpeciaimethods. Figurd.23compares
optimized P&O with new techniques aRejure 4.24 compareshe new algorithm with fuzzy
logic, which is a sophisticatednethod witha high complexy of computationalprocess.The
tracking strategsassistindirectlyin reducng harmonic ripples, whicis aproblem ofthe power
quality of thePV grid-connectedsystens as well as preveimg power drop.Thus,they have to

avoid tracking failurewhile searching on thenaximum power gint. The figure shows thdhe
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output powekeffectivelyreachthemaximumpointbased othenewdesigned model aghaximum
power trackingvith less oscillation and neglected power ditdpwever, he efficacyof optimized

P&Ofalls t060.83% attheabruptchangeandtakes aluration of 4.4 seconds canverge properly
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Figure 423: Tracking efficacy otheproposed techniqgueersusoptimized P&QOover change in
temperature

To furtherauthenticate the enactment of the#oducedapproachFigure 4.24 depictsthe
control effectivenesof the new harvesng strategycomparedwith the fuzzy logic control
techniqueover a range of irradiance valudhe method could not preveatsignificantpower
dropg however, it immediately attempts gt recoveed by captuing the availablgpower and
improving the tracking accuracyThe Figure describethe tracking efficacyand show thathe
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efficacy fdls toalmost52.6%6 at the abruptchangeof degradation and takes2 semndsfor

tracking correction
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Figure 424: Tracking efficacy ohewtechniqueversusfuzzy logic controloverchange in temperatur
The two selected methods show that tracking efficacy can be described as less efficient
with lesscapabilityto prevent undesired fluctuatieand improper efficacy failurdét may lead to
astability problem cratedby inaccurate tracking his problem must be paid attentionatihough
the instability phenomenord o e sapp&dr in real timeexperimentof the new introduced
technique

The3-D figuresareanother form otomparisorthat providesn extraverification anda
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clear detailed description of strengths and weaknesses

(a) 3D-Perturb and Observe (b) 3D-Incremental Conductance
(c) 3D-Optimized Perturb and Observe (d) 3D-Fuzzy Logic Control
(e) 3D-Estimated PerturPerturb (f) 3D-resuts of proposed technique

Figure 425: PV voltage, current and harvested power of five common techniques and proposed met
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