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Abstract

Photovoltaic (PV) systems are a promising renewable source to achieve green energy
targets and be part of the electricity generation. Lots of efforts have been devoted to
increase the penetration level of P\&®ms and its share in the generated electricity.
Power quality is one of the challenges that impact the penetration level of PV systems.
It is important to ensure high power quality from PV systems to allow more

installations to the grid. So, PV power gityaissueshaveto be addressed properly.

It was reported that the poor power quality of the PV systems might be caused by many
reasons such as the large amour®\dfpower fluctuationthelow level of currenfrom

the PV system, and large populatiofi$¥ inverters. In addition to the aforementioned
reasons, recently it was suggested that perturb and observe (P&O) controller is another
source of harmonics which result in a deprived PV power qualitg. féwly reported
problem isbased on experimentalbservations without fullunderstandingof the
generation mechanism of these harmonics in the PV system, the relation between the
P&O controller design and the generated harmonics, and the effect of these harmonics
on the rest of the system. Thus;depthanalysis of the harmonics in PV systedue

to P&O controller and a solution to eliminate these harmonics are demanded.

Therefore, in this research an investigation is carried out to explore P&O related
harmonics ina doublestage gridconnected PV systentirst, regarding the P&O
related harmonicdull explanation of how harmonics are generated due to the
perturbing nature of the&O controller is provideda modelling approach is suggested

to identify the frequency and the amplitude of #agiationsin the DC busdue to the

P&O controller the effect of different factors (e.g. weather conditions, system
parameters, system operating point, and P&O architecture) on the induced harmonics
are investigatedSecondlyregarding the effect of the P&O relatedrinanics on the

rest of the systeman intense simulation analysis is provided to explore the possible
effect of the P&O related harmonics on increasing the interaction between the system
power stageslhis can help to set system design recommendationsuadeliges such

as sizing the dtink capacitance and designing the system controllérally, a novel
mitigation solution igproposedo supress the P&O relatédrmonics. That can help to
reduce the dynamic interaction between system paetagesand improve thepower

quality of the PV system.
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module operate at MPP and under solar irradiationy

SYMBOL Description Unit
Ly Boltzmann constant ( 8 -
| E. The input capacitance of the firststage DC/DC boost converter 3
F The output capacitance of the first stage DC/DC boost converter 3
F O The minimum output capacitance of tre first stage DC/DC boost 3
converter for the specified output voltage pealpeak switching ripple
F o < The output capacitance of the second stage DC/DC boost converter 3
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T The average rate change in solar irradiation inside a time interval of| 70 8v
length equal to the sampling period of the P&O controller
144 £ Solar irradiation level at the standard test conditions £ 0
LY The transfer function of the controller -
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T b o™ v The duty cycle to SCPVM output current transfer function -
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link voltage
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|r,4= P Diode saturation current A
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Cl b oo mgl < The steadystate value of the SCPVM output current wherthe PV A
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L‘g#_o cEugll < The steadystate current of an arbitrary SCPVM unit Zwhen the A
PV module operate at the left of MPP
LMF—QEEOB— The steadystate value of the SCPVM atput current when the PV A
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The steadystate value of the SCPVM output current when the PV
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= e e
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The control loop gain
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The control loop gain of the secondtage converter with nonideal
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the DC/DC boost converter
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| <0 = The junction temperature of the solar cell °C
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> ™ Grid voltage vV
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T et on gl < The steadystate peak amplitude of the first unit of an arbtrary pair A
iwhen the PV operate at Left MPP
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T tom gl Th_e steadystate peak amplitude of the second unit of an arbitrary A
pair iiwhen the PV operate at Left MPP
— Y o> ] ] 4 Th_e steadystate peak amplitudc_e of the second unit of an arbitrary A
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Ve The amplitude of the perturbation applied to the control variablee
0. The natural frequency rad/sec
0. The secondstagedouble pole frequency
o =|= - 9_ The frequency of the poles of the thre@ole-two-zero controller rad/sec
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H The static gain of a second order system -
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Abbreviation

Abbreviation Description
CC Constant Current
CcVv Constant Voltage
FFT Fast Fourier Transform
IS Ideal Source
MPP The maximum power point of the PV module
NIS Non ideal source
Pl Proportional integral controller
[ Phase margin
P&O Perturb and Observe
PQ Power quality
RHP Right half plane zero
SCPVM Self-controlled photovoltaic module
STC Standard test conditiors
3P27 Three-polestwo-zeros controller




1 INTRODUCTION
1.1 Background

The world is facing environmental and energy challengash as ow to deal with
climate change and energy security. Burning fossil fuel is one of the ressonsof

global warming whih causesclimate change on the earth resulting in environmental
and socieeconomic difficulties. Many countries around the ldiollow policies to
reducegreenhouse gases. At the same time, economic growth needs electricity which
relies mainly on fossiluels. The problem of using fossil feses not only related to the
increasing emission of greenhouse gasesalsotthe fact that fossil fueésources are
depleting. These challenges make using renewable resources in generating electricity
all the more urgent and requireswift actions from governments and industry.
Renewable energies are inexhaustible and clean (no emissions in the generation of
electricity). It will make a significant contribution in reducing the creation of
greenhouse gases and dedrepsthe depletion rates of fossil fgel Therefore,
governments try to achieve targets in generating energy from clean resources such as
wind, photovoltaic (PV), fuel ced] geothermal and hydro energies. On the other hand,
there are some challenges to meme and manage when connecting distributed
generatorso the grid such asynchronisatiorwith the main power networkarmonics

and subharmoni¢soltage riseyoltage flicker circulating current, the instability of the

main network caused by increaginthe number of the connected distributed

generationspower qualityandefficiency.

Microgrids (AC and DC microgridsyvereproposed as a new paradigmorder to deal
with some of the aforementioned problems. Microgrids altmmnectingdistributed
generdéion sources efficiently andawoid the problems of small and low voltage
distributed generation sourcesich as PVWhen connecting it to the main power
network[1, 2]. Adopting AC microgrid, where the distributedegeration sources and
loads are conmted together through an AC busas solved many problems (e.qg.
circulating current, reactive power flp@ndsynchronisatioh and remarkable research
has been made to improve its performa[8&]. However power quality is still an
issuein AC microgrid especiallyfor those with sensitive power loads.g. power

electronic and microprocessor based loads)

As shown inFigurel PV has expeéenced a huge growth in the last few years due to

the increasing of efficiency and reducing the cost per 8hatiThe cost (in US dollars)

1



per watt of utility scale PV has decreased from 4.57$/W in 2010 to 1.0BG20/17
(seeFigure 2, [9]) and the efficiency has increased from 13.8% in 2010 to 17.5% in
2016 for commercial PV module (sEmgure3, [9]).

Gigawatt DC
30 " mmAnnual Residential PV
95 =2 Annual Commercial PV
""""" mm Annual Utility-scale PV
0 e==Cumulative Residen@pv | 4
Cumulative Commercial PV
15 ===Cumulative Utility-scale PV
10
5 o e L L L S N e s s s i e I
0

2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016

Figure 1. PV market growth in USA. 20042016[9]
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Figure 2: PV system cost benchmark summarySA 20101 2017[9]



Average Module CIModule Power (Residential) Estimated Module

Power (Watt) = Module Power {Commercial) Efficiency in CA (%)
-O~Module Efficiency (Residential)
320 - —-@-Module Efficiency (Commercial) 17.5% [ 18%

F1T%
300
- 16%
280 - 15%

- 14%

20 ' | 253 139
13.3% I d
3.3% i . 246
240 235 L 12%
231
225 L 11%
220 4 27 216
’ - 10%
200 ' - - 9%
2010 2011 2012 2013 2014 2015 2016

Figure 3: Module power and efficiency trends from the California NEM datgbase
2010 2016[9]

Therefore, the effect ai PV systemconnected to an AC buyg.g. AC microgrid)on

the power qualityhas gained a high terest inrecent studiesPV system can be
interfaced in to grid ttough a singlestage converter or a doulstageconverter as
shown inFigure4. Under mismatch phenomena due to shading from clouds or nearby
building, dirt from dusty weather, manufacturing tolerances, PV module agehetc
global MPP can be at the lower volesgthan the normal MPP. In case of dotgibge
converter having a converter for MPPT tracking between the PV arrays and the grid
converter (e.g. DC/AC converter) allows wider operating range of the PV voltage.
Therefore, maximum power can be extracteldwer voltage than in the case of single

stage converter, where the PV voltage ] is constrained by the grid voltage as shown

in Figure4.

It has been reported that invertersbd gridconnected PV systems aome of the
sources which deliver harmonics to the gfid-15]. It was found that harmonics
increase due to large populations of PV inver{@é® 11] resonance between the
power network and the PV invertgtO, 15] switching harmonics and its sidebands
[11], in phase unwanted harmonics generated by multiple parallel connected PV
inverters[11], low level of current fed byV systens [12, 13] PV invertes operate

with nonunity power factor (PF) for providg ancillary services (e.g. VeMAR
control and PRVatt control)[12], poor performance of the grid current synchronisation
method in singlgphase invertex[12], large amunt of PV power fluctuation$l2, 15]
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impedancebased interactions especially whelV system is connected to a weak grid
[14], or Maximum Power Pointracking (MPPT) controller as was observed recently
in [16-18].

Ipv_
+ Single
PV 7 DCIAC or
system | VPV Converter [ | Three
— Phase AC
rid
a) —
ipv idc
—= =
+ J_ + Single
PV DCIDC c DCIAC
d Vdc | | or
system | VPV Converter ¥ Converter Three
— - Phase AC
rid
b) ==

Figure 4: PV system interfaced in to grid (a) singlage converter (b) doubktage
converter

The author of19] proposed whatiasoc al | ed 6DC type quality
possible configuration to meet the needs of customers power giialkyconfiguration

of their network is what is known today as DC micrognehere the distributed
generation sages and loads are connected together through a DCAbgeneral
structure of a DC microgrid is shown ifrigure5. DC microgrid has beerecognisd

not only for high power quality but also for many other advantages as small
system size, high efficiencg,simple control system, anslcompatible with DC oygut
type distributed generation sources such BY sourcg20-27]. In DC microgrid there

is no needor reactivepower flow control frequency regulatigrand synchrongation
control. Thus unlike AC microgridpower quality issues due to a PV systémt
operates witha nonunity power factor andleprivedperformance due ta poor grid
current synchronisation meth@ae non-existent Nevertheless, poor power quality

PV systemsconnected to a DC bustill may arise due to other issussch as large
fluctuatiors in PV power, interaction lbtween system power stages, or harmonics
induced by MPPT controller agas obsered inthe caseof a PV system connected to
an AC bus.
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Figure 5: General structure of a DC microgrid

The poor power quality in PV systems dueM®PT controller, which is based oma
perturbationtechnique such as P&Q@s newly rgportedin the literature. It has been
observed that harmonics are induced in a destalge PV system connected to a DC
bus (e.g. DC microgrid) due to the P&O controlirich leads to a poor power quality
as has been published in our page& 29] In parallel,the same observations were
reportedin other studie$16-18, 30, 31jwhich show interharmonics in gricbnneted

PV inverters due to thé&O controller The analys in [16-18] is based on
experimental observations where the origin of the harmonics is suggested to be from
the MPPT P&O controllerAlthough the aforementioned studies highlighted the origin
of the interhamonics, still some issues awmclear andavenot been investigated such
asthe generion mechanism of the P&O relatedarmonics,the effect of the P&O
controllerparametersn the characteristics of tHeamonics, andhe influence of thee

inducedharmonicsontherest of the system.

Contrast with the analysis [16-18] our published work if28] demonstratethrough
simulation that the harmonics in the-lddk and grid currentsnicrease due to the
perurbing behaviour of the P&O controllen steadystate.In addition to that, it was

shown thatunder specific operating conditisrihe interaction between the system
stages increases due to the P&O related harmonics and that has been taken into account
in designing the controller of the secestéige converter in the dble-stage PV system

In another paper weublished[29], the P&O related harmonics is expressed as a
function of the P&O parameters (sampling period ( )) and number of perturbation

steps in steadgtate) and it was shown thar optimal three dutgycle steps operation

the lowest harmonics frequeninyduced by the P&O controllés "Q pj TY
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[31] is the latest research published in 2@4Bich isinvestigating the impact of the

P&O controller on increasing the harmonics a@nsingle phase gridonnected PV
inverter. The frequency and tlanplitude of the P&O related interharmonics in the
grid current are expressed as a function of the P&O controller parameters (the sampling
period and the perturbation step size). It was found that the perturbation step size of the
P&O controller has a stng effect on the amplitude of the interharmonics components.
While the sampling period affectboth the amplitude and the frequency of the
interharmonicsThefindingsin [30, 31]for single phase gridonnected P\Inverteris

in line with oursimulation analysig [28, 29]for adoublestage PV sstem connected

to a main DC bus. In addition to that, our studief2B, 29] providean insight to the

effect of the solar irradiation level and thelohk capacitance size on the level of the
P&O related harmonicand on the interaction between the system stages

P&O techniqueis widely used in commercial products because of law-cod
implementationsand simplicitywhich make the newly reported P&O relatedwer
guality problem a subject undergoing intense study and researchers are persuaded to
find a solution.The first steps to do that is by understagchow the P&O harmonics
are ¢nerated,identifying the factorsthat affectthe P&O relatedharmonics,and
assessinthe effect of the P&O related harmonics on the oéshe system.To the best

of our knowkdge,only the generation mechanism of the P&O related harmonics is
well coveerd in the literature through our researct{28, 29] and the studies ifB30,

31]. With regard tahe factors that affect the P&O related harmonics, the effect of the
P&O paraneters is well understood frof29-31]. However other factors can affect the
P&O related harmonics such as the solar irradialéwel, the PV module operating
region, and thadoptedPV system configuratiarHnally, the effect of the P&O related
harmonics on the rest of the systbas notyet beeninvestigated in the literaturenly

brief simulations haveeen provided in our research pap€2iBy.

In addition to above, sathe poor power qualitin the PV system due to the P&O
controller is only recentlyreported in the literature, there is no specific solution

proposed

1.2 Research Motivation

As discussed above, in order to improve the power quality ofcgridiected PV
systems several areas stikéed to be properly investigated such as identifyaiig

factors that influence the P&O related harmonics and the effect of the P&O related
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harmonics on the rest of the system. This will help st system design
recommendationt ensure minimuneffect d the P&Orelated harmonics osystem
power qualityand stability. That also will helfp develop proper solutigio supress or
eliminate these harmonic®Vith the improved PV system power quality more PV
system can be connected to the grid drad will help meeting the targstin reducing

the emission of greenhouse gases.

Thus, in this research an investigatis carried out to explore&O related harmonics
in adoublestage PV systernonnected to a DC bu§irst, regarding the P&O related
harmonics a full explanation of howharmonics are generated due tte P&O
controlleris provided.A modelling approach ialsoprovided to identify thénarmonics
frequency andhe amplitude of thec-link voltage and current variationghe effect of
different factos such asveather conditions, system parametsystem operating point
and P&O architectur®n the inducedharmonics isinvestigatedas well Secondly,
regarding the effect of the P&O related harmonics on the rest of the sgstertense
simulation analsis is carried outto explore the possible effect of the P&O related
harmonics on increasing the interaction between the system power. siagdy, a
novel mitigation solutionis proposd to supresshe harmonicsthat are induced by the
paralletconneted distributed&O controller in the doublstage PV systenThis will
help toreduce the dynamic interact®ietween systenpower stages,improve the
efficiency and power quality dhe PVsystem.

1.3 ResearchAim and Objectives

1.3.1 Aim

Investigatethe dynamidnteractions ina doublestageDC/DC PV system due to P&O

related harmonics
1.3.2 Objectives
The objectives of this PhEesearcttan be summarised as follow:

1) Identify and analyse the impact afP&O controller onthe power quality o
doublestage DC/DQPV system

2) Provide a procedurt predict the frequencgnd the amplitude ahe delink

current variationas afunction of P&0O parameterssolar irradiation leveland



the total number of parallel connected setintrolled PV modules (i.e. PV

module withadedcated MPPT converter)

3) Investigatethe effect of the distributed P&O architecture and synchronisation

between the distributed P&O controllers on power quality.

4) Explore the effect of the P&O related hamnics on increasing the dynamic

interaction betweenystem power stages &doublestage DC/DC PV system

5) Proposea solutionto mitigate the harmonics induced by the P&O controller to
improve the systeth power qualityand efficiency,and reduce the dynamic

interaction between system stagea doublestage DC/DC PV system

6) Provide an experimental validation of the generated harmonics in the system
due to the P&O controllethe proposed mitigation methodnd the dynamic
interactions between the system stages of the datédeDC/DC PV system

1.4 Thesisoutline

Thisresearch is divided as follow:

Chapter 2:this chapter includes reviesmn thePV source characteristics, maximum
power point techniques, grtbnnected PV system configurations in AC and DC
microgrids, controller structure farid-connecteddC/DC PV systers, andthe power
quality of gridconnected PV systemb addition to thatpossible mitigation methods

of P&O related harmonics are discussed

Chapter 3:this chapter includes the adopted system cordifan, system design
considerationscontroller design, and simulation results for the designed system.

Chapter 4this chapter providea procedure to predi€&O related harmonics a PV
system connected to a DC bu$he analysis includemvestigatingthe effect ofthe
following factorson the harmonics frequency and amplitude: (I) the P&O sampling
period and the P&O perturbations step s{@@ solar irradiationlevel, (lll) the non
linear characteristic of the PV sourcB/) the total number of parallel connected self
controlled PV mdules, and (V) the synchronisation betweethe distributed P&O

controllers



Chapter 5:through simulations analysis, this chapter explores the effect of the P&O
related larmonics on the performance oP& systemthat consists ofa doublestage
DC/DC boostconverter connected to a DC bus. The dynamic interaction between the
first stage; which consisbf a PV module andts dedicatedMPPT converter, and the
secondstage ddink voltage contrber is analysed. fie impact otthe P&O controller

on designing thesecondstage controlleis addressedAlso, this chapter investigates
the effect of the controller parametesslues (i.e. design specificationsghe delink
capacitance ) size, andthe solar irradiation level on increasing the dynamic

interacton between theystem power stages.

Chapter 6:in this chapter a novel systeme v e | controller named
proposed to reduce the progression of the P&O related harmonics into-lthk llas

and as a consequence improve the efficiencypameer quality of the overall system.

Chapter 7:in this chapter experimental verificatias provided to show the dynamic
interactions in doublstage PV system due to P&O related harmoncis and to validate

the proposed controlléo supress P&O relatdgrmonics

Chapter 8:in this chapter the outcomes of this research, main contributions, and

research prospective are summarised.

1.5 List of Publications

1 R. Alsharif and M. Odavic, "Photovoltaic generators interfacing a DC micro
grid: design considerations fardoublestage boost power converter system," in
2016 18th European Conference on Power Electronics and Applications
(EPE'16 ECCE Europep016, pp. 1410. (seeAppendix A.

1 R. Alsharif, M. Odavic, and K. Atallah, "Active suppression of photovoltaic
systenrelated harmonics in a DC microgrid,"2017 IEEE Energy Conversion
Congress and Exposition (ECCGERD17, pp. 1594.601.(seeAppendix B).



2 LITERATURE REVIEW
2.1 Abstract

Currently there is a high concern about producing clean energy. Governments try to
achieve targets in generating energy from clean resources such as wind, photovoltaic
(PV) generator, fuel cell, geothermahd hydro energies. Among these resources, PV
has experienced the huge growth in the last few years due to the increasing of
efficiency and reducing the cost per w4&, 9]. Table 1 provide theLevelisedCost of
Electricity (LCOE)for different energy sources technolo@?].The LCOE is used to
compare different energy sources technologies and it represents the total cost to build
and operate a new power plant over its life divided to equal annual payments and
amortized over expected annual electricity generation. It takes into account all the cost
including initial capital, return on investment, continuous operation, fuel, and
maintenance, as well as the time required to build a plant and its expected lifetime. It
also takes into account carbon capture and sequestradble 1 show that the solar

PV power plant is the secomawestcostenergy sourc@er watt compared with other
energy technologies. This makes the PV a promising renewable source to achieve green

energy targets and be part of the electriggperation.

Tablel: LCOE for different energy technologjag]

Power Plant Type Cost (LCOE) $/kW-hr
Nuclear 0.093
Wind onshore 0.059
Wind offshore 0.139
Solar PV 0.063
Solar Thermal 0.165
Geothermal 0.045
Biomass 0.095
Hydro 0.062

This chapter reviewthe following: 1) the electricalcharacteristicsequivalentcircuit,

and linearisatiorof a nonlinear PV source; Il)the most popular control techniques
used for traking the maximum power from PV system;lll) the configuration and
topologies of grieconnected PV system in both AC and DC microgridg local
control structuresof the PV interface converter in microgrids such as voltage, current
and droop contrglV) and finally the effect ofgrid-connectedPV system onpower
quality.
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2.2 Photovoltaic Generator

2.2.1 Electrical characteristics and equivalentnon-linear circuit

It is important to study the main electrical components of the PV cell in orderigmdes

a model that can be usedsimulations testéor prediding the energy produced by PV,
evaluating the converter performance, assessing power quality and testing control
algorithms. The equivalent circuits of the PV generators proposed in the literature are
categorsed into two types: double diode modi@B] andsingle diode modd34-37] as
shown inFigure 6. The currenvoltage characteristic for single diode model can be
expressed by2.1) [38]. For the double diode model, an additiooiairent term shall be

added to represent the second diode.

Ipv lpv
Rs - Rs —>
@ AA%AA% ]
Iph -+ Iph +
Rsh Yp¥ X ZRsh Vpv
) ®
a) Double Diode Model b) Single Diode Model

Figure 6: Equivalentnontlinear drcuit of solar cell (a) double diode (b) single diode

model.
e AV
IDv:| ph -Isal‘a N1 ]: 0 & 2 (21)
@ o R,

where w and’O are the Photovoltaic module voltage and current, respecti@lys

the photegenerated curreifgiven in(2.2)); ‘O is the diodesaturatiorcurrent(O is a
measure of the "leakage" of carriers across thgymction in reverse bias.)Y (given

by (2.3)) and'Y (given by(2.4)) are the series and shunt resistances, respectively;
is the number of series telin the module;s is the diode quality facto(1.2 for
monocrystalline solar pane{y is a fitting parameter that describes how closely the
diode's behavior matches that predicted by theory, which assumesthegtion of
the diode is an infinite pkee and no recombination occurs within the spawrge
region) w is the PV module open circuit voltag® is the PV module short circuit

current;and w is thethermal voltage and given by2(5)), whereu is Boltzmann
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constant(p®& ¢ p 1t ), Y is the junction tempature,andr is the electronic

charge(p® p 1T ) coulomb

G .
I ph =1 ph STCG_ g' -al(r temp F temp ST)Z
sTC (2 2)
di, '
BT
temp|grc
dv,, 1
R= - 9 Vor Clamy) 3
PV IV, =Vee | q P K Tiemp
KT
v,
Rn= —F (2.4)
dr,
Ipv:I sc
K,.T.
V= %’ (2.5)

Electrical charaeristics at standard test conditions (STC) cannot be usually measured.
So, PV modelling tends to use data that provided by the module manufacturers.
Normally, the manufacturer provides four values: the short circuit cui@nbpen
circuit voltage w , operating voltage and current at maximum power paint (,

‘O ). These four known values do not provide enough information to solve the five
unknown parameters in a singleode model which ar®© , O , -, Y and’Y . One
possible solution is to fix one parametaue, e.gthe diode quality factor or the

shunt resistancg8], and solve the remaining parameters accordinglythe double

diode model the number of the unknown parameters increase withdthigonal
current term for the second diode and that requires assuming more parameters which
reduce its accurady]. Moreover, the higlorder model as double diode model is very
sensitive to the selection of initial conditions, and failing in it may lead to the reduction
of model accuracy. The double diode model requires generally morassuened
parameters and iterative tuning cycles thia@ single diode model parameterisation,
because if the initial condition is not correctly selected, the accuracy of the double

diode model will be low.
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The single diode model is more popular than the double diode model. It is less complex
since the numbreof the unknown parameters is lower. This makes it easier to be solved
and more accurate with the leastrher of preassumed parametefor this reason the
single diode model is adopted in this research work.

Figure 7 and Figure 8 show the effect of solar irradiation leveéQ(and temperature
("Y ) on the currenvoltage characteristic curve, respectiveljhere are three
practical points to highlight on the rantvoltage curve which are: short circuit current
('O), Maximum Power PointNIPP), and open circuit voltag@y ). These three points

are illustrated irFigure7 andFigure8.
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2.2.2 Equivalent linear model

The linear model of the PV is important for designing the system controllers
simplifying the analytical analysis of thesffect of the PVsourceon the power
electronc interfaced convertegnd for the small signal analysi.linear modelof the
PV is proposed irf39-41] which is described by the slope of the currealtage curve

at the lineasation point (e.g. MPP). The medlis presented as a dynamic resistance
(i ) connected in series with an equivalent voltage soMfceV, # - as shown in

Figure9. The PV currentvoltage characteristic equatiom (2.1) can be simplifiedo
(2.6) asshunt resistance is assumed tesbdigh that it can be neglectet the steady

Normalized PV Voltage
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state conditions both the solar irradiation and the cell temperature are constant which
means thatO and O are constantDifferentiating (2.6) and rearranging givess
which isgivenby (2.7).

2 Vot pRs

a ‘s
_ No/7V,
1= Safgag L1 (2.6)
va+|pvRs
r = WPV _ Ns'h\/t _lsatRs e N (2 7)
pv L Vout | pRs .
pv | e N/V

sat

From(2.7) it is clear thai is a function of the PV voltage/{,), solar irradiation and
temperature. Solar irradiation varies the valug,ofTlhe cell temperature can vary the
values of V, lsa; and R. The rest of the research will focus on the influence of the
irradiation and the PVmodule voltage on the dynamic resistance but not the
temperature because during the day time the variatiadhei temperature is very slow
[38].

The dynamic resistander NU-E240 PV moduld42]; its specifications are given in
Table 2, under differentV,, and solar irradiation levels is shown kigure 10. The

lower the solar irradiation and/tre Vp,, the highetther,, becomes.
2.2.3 PV modelling for simulation studies

For this research work the model[8V] was chosen, since it is an accurate, simple and

easy tdbemodified for implementing different PV modules.

The solar cell is modelled based on the Shockley diodatiequwith single diode solar

cell for moderate complexity as shownkigure6.b. The model includes temperature
dependent photo curreri®(), diode saturation current) ) and series resistanceg(R

but not a shunt resistancesfR The shunt resistance is assumed to be so high that it can

be neglected for simplifying the model. The model generates the output current from a
sdected PV panel depending on the weather data (solar irradiation %\Véimd
temperature (AC)), the PV panel manufact ul
shown inFigurell1the PVmodel is implemented usiraycontrolled current source and

the control signal of the current source is computed bas€@@nFor connecting the

PV model inFigure 11 to a DC/DC boost converter in simulink enviroent a

capacitor is used at the output terminal of the current source.
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Table2: NU-E240 PV specifications

Iev
|pv == NU-E240 (J5)
Number of cells in series¥ ) 60
Maximum power 240 Wp
Veq Open circuit voltage 373V
Short circuit current 8.62 A
tS;re:]r;tje?;(tiu?geratlon condition 25 °C
Maximum power point voltage (-ﬂ ﬁ 29V
Figure 9: PV equivalent linear circuit Maximum power pointcurrent H1F | 815A

120
——1000 W/m?
100 - = 800 W/m?
T U 600 Wlmz
80 B\ === 400 W/m?
\
—_ ——200 W/m?
g m
. 60
‘_Q.
40
35
200 NI ey
N .~
25 26 27 28 29 30 31 32 33 34 35
va (V)

Figure 10: The dynamic resistance of NER40 PV model
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Ipv = f(Vpv, G, T, PVparameters)

Figure11: PV model

2.3 Maximum Power Point Tracking Control

It is desired that PV operates at the maximum powernt @MPP) to maximis the
harvested power from a PV system. The maximum power point of théesRV/time
variant and depends on the operating conditions suctihesuncontrollableveather
conditions(i.e. solar irradiation and temperatureggnd on the connected load, so it is
necessarya track the MPP continuousf$¢3]. As a consegence, it is mandatory to use
aconverterstage betweethe PV array and the loagtid asthe converters capable of
controlling its input voltage level to match the PV array MPP in the presence of time

varying @erating conditions

A maximum power point tracking (MPPT) controller is employed to adjust the
switching converter duty cycle to follow the MPP for whatever operating conditions.
Different methods of MPPT have been addressed in the literature: exarmhpbrtudo

and observe (P&O)38, 39] adaptive step size P&{4], incremental conductance
(INC), hill climbing, particle swarm optirsation, the extremum seeking and ripple
correction techniqueg$38, 43] Under different operating conditios the MPPT
controller regulates either the voltage or the current to a value that gives the MPP. The
current of MPP @pp) is changing significantlyith the solar irradiation (sdeigure?).
Nevertheless, solar irradiatioonly slightly varies the voltage of MPP (¥p).
Observing the effect of the temperature frbigures, it illustrates that the temperature

is affecting Mupp significantly but not yipp. The fact that during the daynte the
variation in solar irradiation is very high while the temperature is changing slowly and

within certain limits makes controlling wép possible and easier thageb. Vwpp iS
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almost constant under different solar irradiation and it changes only Wwéh t
temperature which has a very slow dynamic. Thathy most of the researches such as
[38, 40, 41, 45prefer to controthe PV voltage.

The most popular MPP techniqueswill be reviewa in this section. Also, two

different MPPTarchitecturesvhich are used in the literature wbke discussed
2.3.1 Maximum power point tracking techniques

2.3.1.1 Fractional Open Circuit Voltage

The fraction open circuivoltageis one of the earliest and simplest proposed MPPT
methods. It idased on approximating the MPP of the PV system as 76% of the open
circuit voltage of the PV systefi38, 46] The drawback of this technique is that the
MPP is not always at 76% of the open circuit voltage an@ikgat unchanged under
different solar irradiation levels and/or temperatures leads to very poor system

efficiency.

2.3.1.2 Perturb and Observe (P&O)
2.3.1.2.1 P&O operation

The Perturb and Observe (P&O) method is the most popular technique for its simplicity
and low costBasically the operation of P&0O depends on a small perturbateciea

to the system to drivihe operating point toward the MPHhe PV operating point is
perturbed periodically by changing the voltage at PV source terminals, and after each
perturbaton, the power generated by the PV befaral afterthe perturbation are
compared. If after the perturbation the PV power has increased, this means that the
operating point has been moved toward the MPP; thus the following perturbation
imposed to the voltag will have the same sign as the previous one. If dfter
perturbation the PV power has decreased, this means that the operating point has been
moved away from the MPP. Therefore the next perturbation will have opposite sign of

the previous ong88].

The PV operating points due to the P&O controller are showigare12. The P&O
algorithm can be described using the following general equg&jn

KD Toped =X KTl °
2.8
X[(k+1) mppt] ){k p[l ‘({(k];pﬁl K( kl) t) Slg(]E k-flf; [EV k) -ﬂpp))( )
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wherex represerd the variable that is perturbed (e.g., the duty cycle or the reference
voltage) TmpptiS the time interval between two adjacent perturbatmEQ"Y is the
current sampling instant wifl2 plFBFQ B x i the amplitude of the perturbation

applied tox; and By is the output power of a PV module.
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Figure 12. PV operating points imposed by the P&O controJ&]

Two P&O techniquescan ke used for controlling the swittly converter and
perturbing the PV voltage:

1 Direct duty cycle P&O

This involves direct perturbation of the didycle of the switching converten

this case the converter opewsate open loop after each duty cycle peitation.

1 Voltage referenc®&O

In this casehe converter operates under feedback voltage control loohand
perturbation is applied to the reference voltage of an error amplifier that

generatsthe signato control the duty cycle of the switching cemter.

When the system approaches the MPP, the P&O algorithm continue oscillating about it.
The optimal thresstep P&O duty cycle oscillation; as shownHRigure 13, maximses
the average power extracted from a B\bdule and ensures periodic and stable

oscillation across the MPRB9].
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Figure 13: Threestep duty cycle ®&O schere.

To guarantee optimalfficiencythreestep P&O operation, the P&O parameters which

are the ampl it ud e anfthe samming periodtfuhakeaa beon
designed carefullyGuidelines for designing direct duty cycle and voltage reference

P&O controllers are given if38, 39] In this researctthe direct duty cycle P&O

controller isconsideredand designing both he duty cycl enppateep Si z

given in the following section.

2.3.1.2.2 Direct duty cycle P&O parameters optimisation

The kasic version of P&O algorithm is designed with fixduty cycle stegpdand its
value is chosen to ensure a good compromise between the system transient and steady
state performance and to ensure that the P&O is not confused by the rapidly changing
weatherconditions (i.e. solar irradiatio88, 39] The P&O algorithm will not be

confused only if during dpptthe variation of the output power caused by the-gdytfe

pert ur b atyiisolarger tharsetRe oneewas ed by t he salgar irr
variation[39].
‘D pv_ d‘ # I:%V_G (29)

Based on the condition {{2.9), the author ir[39] has derived the minimum duty cycle

step sizeas follow:

mppt

1
Fov_mpp (2.10

VooptRe |

mpp* Rs ' mpp
1 al @ sat lAA

2hv£f__gﬁ'

pv_mpp (;'

Dd >1 mppK‘G‘
8| HV, 0+
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whereK is a PV cell material constaft895¢<10° A.m%W, rpy mppis the PV dynamic
resistance at MPPQis the average rate of change in #@dar irradiationinside the
time interval of lengtiY |, and’ is theDC gain of the duty cyclo-input voltage
transfer functionBased or{2.10) the P&O algorithm controller is able to track without
errors irradation is charactesed by average rate of change (withippd) not higher
than™O

The sampling tim@ mpptis selected so that the P&O decisimiaking is not affected by
transientresponse of the PV voltage and current after each perturb@@nlt is
necessary thdahe time periodetween two consecutive perturbatiasmsong enough to
allow the PV power to reach its new steatgte valueln order to find the minimum
sampling period fppe the dynamic behaviour of the whole system (i.e. the PV source
and the interfaced switching converter) can be analysed by congidbansystem

smalktsignal model evaluated around MPP.

Accordingly, and by assuming stationary weather conditions, the response of the PV
power(nHU 0 ) to a small step perturbation afmp | i ¢ is deevedam[38, 39] and

given as follow

B (D) = &0 (2.11)

rPV_ mpp

0 O can be foundoy analysing the step response ofdbatrol to PV voltage transfer

function. Most of the DC/DC switching converter operating in opeopladan be

described by a second order transfer function as givEhlip) [38].

_&(9 . my
G, (9= Ky S+2z ws+ ¥ (212

Where O is t,he s$hatinatgaih, f¥equenTbe , and
values ofO, ,6¥ can be expressed as a function o
DC/DC converter topology is selectderom (2.12) the respons® to a small step

perturbationdis[88: amplitude e

o 1 .
E,(t) = mEQ \/7 e’ ¥ sin(yt/1 Z arecos( . (2.13

1- 22
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Inserting(2.13) in (2.11) the settling time Jwhich ensures the PV power d&aion is
within a band of relative amplitude-#/ ar ound t he steadf@8 stat e

39] and it results in:
T,= (%)) @14
e 7 W 2 .

Accordingly the P&O sampling period has to be longer than the settling ti(ReL#)
so the algorithm is not affected by the transient oscillations of the PV system after each

perturbation.
1
-~ In(€
Topt W-'”(/Z) (2.15)

Wherethe v a | u e0.10i$ a reasonable threshold to be considered based on the

classical control system thed39].

The parameters of the bagiirect dutycycle P & O t e ¢ hdy Twgpuaee fiXede

which are chosen to ensure a good compromise between the system speed under quick
change in solar irradiation and the losses in steady state due to large perturbation step
size. In [39] the authos recommendthreestep P&O duty cycle operation as it
maximises the average power extracted from a PV module and ensures periodic and

stable oscillation across the MPP.

2.3.1.3 Advanced MPPT method

The performance of the P&O technique can be improved by modifying the basic
algorithm. As an example 4] P&O with adaptive step size is proposed. The duty
cycle step size is automatically modified according to the derivative of power with
respect to the PV voltage until the step size becomes very small areuldPEh This
technique guarantees very good performance in the steadyGifa¢e.more advanced
MPPT methods which can achieve a very small stestdte oscillation or even
completely cancelling itan be usedh order to improve the system performancéhia
steadystate. Example of these methods imcrementalconductanceparticle swarm
optimisation, extremum seekingand ripple correlatiofd7-49]. In these methods once
the system operation approaches the MRPspecific condition is fulfilleqdepending

on the employed methodhe perturbation of the control parameter is stoggeéi9]

to achieve high performance at steatiyte
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Particle swarm optimization (PSO) sgen as a perturbative method with an adaptive
amplitude of the applied perturbation. The particle velocity has been designed so that
its value is close to zero when the system operation approaches the MPP and the value
of the DC/DC converter duty cycle &pproaching a constant. The application of the
method requires a tuning of some parameters that strongly affect performances, some

of them being dependent on the specific application.

Extremum seeking (ES) control uses a signal having afrequency osdiating
component to detect whether the PV array is operating on its MPP or is on the right or
left side of the MPP itself. In PV MPPT singhdase AC applications, ES can use the
oscillating component at 100 or 120 Hz, depending on the frequency of thieltaGe,

which can be 50 or 60 Hz, for tracking the MPP. Such an oscillation back propagates
through the DC/DC converter and worsens the performances of the MPPT algorithm.
Nevertheless, it can be used for tracking the maximum power point. In DC
applicatbns, a sinusoidal lovirequency disturbance can be injected for accomplishing

the same work, but at the price of additional circuitry.

The ripple correlation control (RCC) technique uses the ripple at the switching
frequency generated by the power eledtranrcuit to detect whether the PV array is

operating on its MPP or is on the right or left side of the MPP itself.

Incremental conductance method is based on the observation that in the MPP, the

following condition occurs:

dP, _ A0V lo) o 216
av,, dv,

By accounting for the dependence of the PV current on the voltage, it is possible to
express such a condition as follows:

dl,
| 4V —P D (2.17)

pv pv d
pv

so that the validity focondition(2.16) is equivalent to
I dl

v _ Al (2.19)
v, dv,

which means that, at the MPP, the absolute value of the conductance must be equal to
the absolute value of the incremental conductance. Such a condition is the basis of the
incremental conductance (INC) MPPT method. Condition (2.51) is verified through a
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repeated measure of the conductance at two different values of the PV voltage. As a
consequence, the method requires the application of a repeated perturbation of the
voltage vale, until the following condition occurs:

1K 1 JK -1k 4]
VK VIR- V] ki

(2.19)

where the indicek and k1 1 refer to two consecut i’

current values.
2.3.2 Maximum power point tracking architectures

2.3.2.1 Centralised MPPT

The centralised MPPT is based on using one centralised switching converter and
employs the MPPT for the whole P&rays corposed by paralleled PV strings
shown inFigurel14.

Under mismatch phenomena due to shading from clouds or nearby building, dirt from
dusty weather, manufacturing tolerances, PV module age, etc., thex pswoltage
characteristic curve of the whole PV system may exhibit more than one peak which
may confuse the centralised MPPT algorithms and make [Bfah2]. In this case the

centralised MPPT can cause ajbuecrease in the overall system efficiefa/52].

£ %

Voltage
PV * PV MEPT

control

'

module module Current

' [ DC-AC Grid

|||}

PV PV
module module

——

Figure 14: Grid-connected PV system with centralised MPPT. Strings of PV modules
are put in parallel and connected to a single DC/iA@erter[38].
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2.3.2.2 Distributed MPPT

The distributed MPPT is proposed to overcome the drawback of the misngatchi
phenomena in the centralised MPPT PV systiéns based on a dedicated switching
converter for each PV modulas shown inFigure 15 [38, 5357]. Two different
approachegan be implemented. The first one is based on dedicetiP@T DC/AC
converter for each PV modu[€3, 54, 58] it is known as microinverter. The output
port of the microinverters can be connected either in pamaliel series to th&C gird
[38]. The second approach is based on dedicMiRBT DC/DC converter for edcPV
module[55-58]. The output port of the MPPT DC/DC convesgtean be connected in
paralld or series to a common dc bus.

PV module

Microinverter

PV module

Microinverter

PV module

Microinverter

PV module

Microinverter

Figure 15: Grid-connected PV system with distributed MPPTprédpch based on the
adoption of microinverters with the output ports in parallel to the {38].

2.4 Configurations and Topologiesof Grid -connected PVSystens

2.4.1 Configurations in DC microgrids

When connecting PV system to DC microgrid, one of the major concerns is the need of
a high output voltage (e.g. 380 %00 V) from low input voltage level (e.g. 30- 48

V) of a PV module This problem can be solved by adopting different PV system
configurations.The configuratios can be classified into differenategories based on
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the methodused to boost up the voltage amthe implementedVIPPT mnfiguration
as shownn Figurel16[20].

The most common configuratisrarethe seriescentralised and stringonfigurations as
shown inFigure 16.(a) andFigure 16.(b), respectivelyIn these configurations the PV
modules are connected in series to ensure sufficient voltage level and a centralised
converter is used to implement MPPThe advantage of thesmnfiguratiors is no

need for a converter with a higitepup voltage conversion ratio. Howevehese
configurations argery sensitive to mismatching phenomena which increase the system
powerlosseq38, 5052].

To owercome theaforementioneddrawback, PV system configurations based on
distributed MPPTcan beadopted[55-58]. Here andafterward will refer to the PV
module with its MPPT converter as setintroled photovoltaianodule (SCPVM)The
SCPVM can be connected in &= directly to the DC micgrid as shown irFigure
16.(c), called series SCPVM configurationThis configuration provides lower
sensitivity to mismatching phenomenacrease system modularity since it can be
easily exanded by paralleling the serieSCPVM units increase system redundancy

in case of failure. However, under mismatching condition there is difficulty to achieve
the desied output voltage of some S€M units. This is because voltage across each
SCPVM (as given i{2.20) wherew is the delink voltage andw is the output
voltage of agiven SCPVM in the series connecfjarepends on the ratio of its output
power with respect to the total output power of the whole s{88¢ That means the
output voltage of an SCPVM can vary in a wide range due to the imbalance power
delivered by each PV modules. For example, if most of the medutbe system are
totally under shadinghe output voltag acrosghe a fewunshaded SCPVM units can
become very large causing high switching streseesolve this problem an advanced
and more complex control structure is neces§afy or a parallelconfiguration could

be adopted.

P.of the Panel

VSCPVM = Vdc o . (220)
P, Of the string

The new trend of connecting PV to the grid is the parallel configuration rather than
series configuration to reduce the mismatching effect on the output voltage of the

SCPVM units, improve theise ofthe PV power, and satisfy the safety requirement
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during installation and maintenance; each converter module may be able to isolate its
connected power source, so that the wiring parallel connections of these modules can
be performed safely57]. The power sour@econverter connection is a safe low
voltage conneain. However, in parallel connection one of the major concerns is the
needto boost up the low PV voltage @ hgh output voltage (e.g. 400 VIwo
solutions are proposed in the literatuggther boosting the voltage lsing highstep

up boost converteror by using multi stages dhe conventional boost converter.
Accordingly, single-stage and doublstage parallel SCPVM configurations are shown

in Figure 16.(d) andFigure 16.(e), respectively.The new proposed higstepup boost
converters can be usedrfsinglestage parallel SCPVM configuration such as coupled
inductor, switched capacitor, integrated boost and switched capacitor, combined
coupled inductor and switchedapacitor, and interleaved boost convertfs8].
However, he main problem with the singitage parallel SCPVMonfiguration is the

need fora DC/DC converter clactersed by two contrasting requirements: igh

stepup voltage conversion rati@bout 1615) and high conversion efficien¢38]. The
doublestage parallel SCPVM configuration as showifrigure16.(e) can boost up the

voltage byusing twostages of conventional boost convef&s].
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Figure 16. PV system configurations DC microgrid

Choosing betwen the singlstage and the doubitage parallel SCPVM
configurationsshould be based on the capfration capability in providing: higktep

up voltage, high efficiency, low cost, simplicity, high MPPT efficiency, and high
MPPT speed(as it wasshown in previous section that the MPPT sampling time
depends on the dynamic of the MPPT convertéhe simgle-stage conversion is
superior in its efficiency but the dynamic performance of the MPPT withéve

proposed singkstage topologies has not been provenasoWhere in case of double
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stage based on ugirconventional boost convertex:high MPPT effiiency has been
proven (more detail regarding MPPT efficiency is provided in sectzof.3 [38],
optimisation of the MPPT parametesadachieving high tracking speed aasy due to
the simple stuicture of the boost converter.

It is important to mention that there are two issues to consider fostage boost
converter: 1) the stability of the cascaded structure which depends highly on the chosen
controller structurgl60]; II) for the seconestage boost converter the outglivde
reverse recovery problem is sevand thevoltage stress on the switch is higiich

have to be consider carefully in its desjgAa].
2.4.2 Configurations in AC microgrids

In any PV system connected to an AGcrogrid it has to be provided with a DC/AC
converter to invert the PV panels DC voltage to the grid AC voltatse, a DC/DC
converter cafoe usetetween the PV panels and the DC/AC convedenaintainthe
DC voltage at the required levednd to implermrent the MPPT controller=igure 17

shows the most common PV system configurations in AC micr@@rieil]:

1 Centralisedconfiguration is where the PV modules are connectederies

parallel configuration to a centralised DC/AC converter.

1 String configuration is where each string is connected to a DC/AC converter. If
the string voltage does not have the appropriate véhes a boost DC/DC
converter placed on the DC sideaostepup transformeplaced on the AC side

is required

1 Multistring configuration where is a DC/DC converter is placed between the PV
string and the DC/AC converter. Each DC/DC converter implements the MPPT
for the string. This configuration allows wid@perating range of the PV
voltage so the MPP can be extracted at lower voltage than in case of single

stage inverter, where the dc link voltage iastoained by the grid voltage.

1 SCPVM configuration is where each PV module incorporates a DC/AC
converter(singlestage)that implements an automatic control that performs the
MPPT control at module level58]. The DC/AC based SCPVM can be
connected in parallel or seriesthe AC microgrid38].
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9 Modular configuration, a conventional DC/@nverterand DC/ACconverters
(doublestage)sharing a common D@Bus.Each DGDC converter is connected
to aPV string forMPPT implementation. High systemeliability is guaranteed

as the systens easy to maintaiby only replacingthe damaged converter.
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Centralized String Configuration
Configuration Configuration ]
| ] | | I
l |
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———— | : |
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o o : |
| | o ,
| S | | | |
I I I | | [ ] |
N S— 1 [ 21 DC_")
' (. | ' DC DC||
| DC I [pc 1. [pC ' | |
| acl | Lrac ”"C: | e
l |
| | | | Sin
— Single or
| _! | 1 | Three phase I
- = - - - = = — = e c— — 1— — — —I
I-—|————|—-. r—— d=-——-——FrF= T
[ Single phase ] | | .":Inmgle or Thril:e: phascl | '
| l
| I : Inverter |[AC | |AC AC I
| I 1 Modules DC pcl| —pc |
IS Ac ) | i i i I
| DC DC | | DC bus I I I |
| pc [pc | pc_~|[bc |
SCPVM | Modules DC DC DC I
Configuration | | | |
reach PV panel infegrates I I
its own ACTN T converter) | I
I
' !
' |
: |
PV Panel , — i |
[ Modular Configuration |

Figure 17: PV system configurations in AC microgf] .

The topologies used to interface the PV system to AC microgrid can be classified into
categories based on using or not using an isolation transformer and on its location:
either it is placed at the hrimgéer fTHREQQME,NCY
the | ow frequency (60Hz or 50HZzkFiguei8de 06606l

summarsessome ofthe PV system topologies in AC microgf&i 58]
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i)

(=)

Figure 18: Example of PV system topologies in AC micro¢gid (a)DC/DGDC/AC
with HFT, (b) DC/DGDC/AC with LFT (c) DC/DGDC/AC (boost and inverter)d)
DC/ACinverterwith LFT, (e) DCAC.

2.4.3 Converter topologies for SCPVM basedC/DC converter

DC/DC converters such as boost, buck, and fharst are widely used for SCPVM to
implement the MPPT controller because of their simplicity and efficiency. There are
very important key points to beonsicered when choosing between them suclthas
given application, efficiency, weight and sizeinput filter requirementcomponent
stress level cost MPPT capability andefficiency, and matching the bus voltage
regulation.
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The authos of [62] compareddifferent type of DC/DC convertetsuck, ost and buck

boost for implementing MPPT in staralone application, where the PV system is
connected to a loadt wasfoundthat using buck converter for MPPT istter in case

of inductive load becausekeepsthe systenefficiency roughlyconstant agradiation
changes anghows better loop stability and dynamic response. However, large input
filter is required for buck convertelue to the discontinuous input currefrt case of

using boost converter for MPPT wias found that iloes not requirenput filter but the
system efficiency is function of irradiation level (efficiency increases with decreasing
irradiation).For the buckboost converter it was found that it offers voltage gains larger
or smaller than one, and therefore is more flexiblagplications where the load varies
widely. However, the switch and diode losses are greater than those of the basic buck
or boost converters for same power level and voltage gain. For this reason the buck

boost type is not recommended for high power appbaos.

Different possible dac converter topologies for P¥pplications such as buck, boost,
buckboost, Cuk converters are examined68]. The results reveal that: |) the boost
converter is best if a signifioa stepup voltage is requirewith a short string of PV
modules but cannot deliver all the power from the shaded modules, II) the buck
converter can deliver any combination of module powertbutguired longer string of

PV modules compared with boosbroserter; 111) Buckboost and Cuk converters are
found to be the lower efficiencies and higher costs due to their high semiconductor

conduction and switching losses.

A comparison between boost and buck converters was dded]init states that the
boost converter has several advantages over the buck as the following: I) the rms
current through the inductor is much less; Il) the required input filter (capacitance) is
smaller and cheaper; Ill) current rating is lewéhich is better for selecting the power
switches and drivers; IV) the boost diode acts as blocking diode to avoid the reverse
current from the grid to the PW) the boost showketter dynamic characteristicsellv

damped, wider bandwidth and smalleromsnce due to the small input capacitance.

The authors of38] emphasise on all these aforementioned adggmsmentioned by

[64] for using boost converter igrid-connectedPV applications. In addition to that, in
[38] the effect of the DC/DC converter type on the MPPT efficiency is discussed. An
expression of the MPPT efficiency as a function of the jpeak voltage oscillation of
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the outputvoltage andPV voltage convesion ratio (07w ) of the DC/DC converter
has been deriveak given in(2.21).

3aV._+ b
h =1 + TP 2.21

mpp
Where;

M(m:$?

pv
2
=L H

2 uv?

mpp
U' mpp vV f" mpp

b= S,

It is important to highlight that andf in (2.21) have negative values. The equation in
(2.21) reveas that the MPPT efficiency sgh as theutputvoltage oscillation is small
and the voltage conversion ratio¥w is high. This means that stegp DC/DC

converters give better MPPT efficiency

Accordingly and based on the discussion in this secfion PV grid connected
application the boost converter is preferred thanbibek and buclboost convertes
due to its advantages in boosting the voltage, allowing thefusmall size input and

output filters andgiving better efficiency of the MPPT.

2.5 Control Structure of PV Convertersin Microgrid

In generalthere are two control leveis microgrids[20, 6567]:

1 Local control level: This is applied on the interfaced converters of the
distributed generators, storage systems and loads. Local control normally
covers: a) voltage, current and droop control for eaclvarter; b) special
control functions such as maximum power point tracking (MPPT) for
photovoltaic generators or state of charge for energy storage system; c)
centralised such as mastglave or multimaster controllers in AC microgrid
anddecentralised cadination functions such as DC bus signalling, Power line

signalling and adaptive adjustment of droop coefficiemt®C microgrid; d)
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Control the frequency and manage the output active and reactive power from

the distributed generators in AC microgrid

1 Global control level (central control): A digital control and communication
network can be applied to achieve advanced energy management functions. It
uses information on load needs, power quality requirements, electricity cost,
special grid needs, demasde management requests, grid operating mode etc.
to determine the coordinated control commands whickeist to the local

controllers.
Figure19 shows an example of a systematic control diagram in a DC microgrid.

In order to keep the scope of this research as focused as possible on the generation side
of the microgrid andn particular on thePV source aghe main renewable energy
source used in this research, the rest of this section will be reviewing the local cont

of the PV source converter. More details about the global control principles can be

found in[65] and references therein.

2.5.1 Operating modesof microgrid s and the function of the PV source

converter

The first time the concept of microgrid was mentioned in literature w§2] by 2001.
thasdef i ned the microgri d asurcésaopecaling astaer o f
single controllable system that provi des
main goals behind proposing this new paradigm were providing new way for
connecting the disbuted generation sources efficiently. An example of a DC
microgrid is shown inFigure 19.The operating function of each converter an
microgrid to switch béween different operating modes (i.e. opesa® voltagesource

or current sourcdp6-70] depends otthe micrarid operating mode (gridonnected or

islanding mode), the power level from distributed generation sources, loads jaradile,

battery statg66-70]. At least one converter has to operate in voltage source mode to
regulate the voltagand the frequency of the microgrith (case DC microgricbnly

voltage regulation is needgdand then other distributed generation sosimenverters

can be connected to the microgrid and function as current sq66:&8). In order to

assign the sourceonverter whth regulates the microgrid voltageable3 summarises

the operating modesf a microgridand the function of the sourcenverters for each
mode[67, 68, 70]
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Figure 19: DC microgrid and control thgramof the local and globatontrollers[65]

In case of griecconnected mode thmicrogridvoltage is controlled by th@ain AC grid
interfacing converter hile thePV converter operates as a current source. In islanding
mode;the distributed generat@onverter operates as a current source and the battery
converter control thenicrogrid voltage unless the generated powsgrPV panelss
higher than the loademand and theatiery is fully chargedsee mode Vin Table3).

In this casethe PV converter operates as voltage source to regulatentbeogrid

voltage and ensure power balance in the system.

Based on the abevdiscussion, the PV converter switches between current sannice
voltage source based on the operating mode of the microgrid as shdahl@B. A
general local control diagram afPV converterconnected to a © busis shown in
Figure 20. The PV converter operates as current source (in Mode¥)lwhen the
switch is at position 1. In this case the speM&PT control function is active. This
operating mode will be cald 6 MP Pd atudgtiee desirable mode in grid
connected PV applications for higher energy harvesting. In case the switch is at
position 2 the PV converter operates as a voltage source and contadshioltage
(Mode VI). This mode will be refere d

controllers and droop control lodp5]. Switching between MPPT mode andobDp

as O0Droop modebod. It i

mode should béast and smootho provide bumpless transitiamndto guarantee the
system efficiency and reliability. The decentralised coordination functions or the
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central controller can be used to trigger the transition between different [6&J&S,

69].

Vpv

\

MPPT mode controller
(See Figure 21)

DCIDC
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Figure 20: Local control diagram of PV converter connected to a DC bus.

Table3: Microgrid operating modes and the function of the system's converters

Functions of Power Converters (controller mode)
Mode Description Main AC grid Battery
interfacing converter PV converter converter
| Grid connected, battery is not in fu Voltage source Current source Loading urit
state, and &, > A (inverting) (MPPT) (charging)
I Grid connected, battery is not in fu Voltage source Current source L?Ciozlilp;nugr;lt
state, and R, < P (rectifying) (MPPT) IDisconnected
Il Grid connected, battery is in full Voltage source Cument source Disconnected
state, and R, < P (rectifying) (MPPT)
. . . Voltage
Islanding mode, battery is not in . Current source
\% Disconnected source
full state, and R, > P_ (MPPT) -
(charging)
Islanding mode, battery is in full . Current source Voltage
Y, state, and R, < P Disconnected (MPPT) source
' L (discharging)
Islanding mode, battery is in full . Voltage source .
VI state, and & > P, Disconnected (Droop) Disconnected
. Disconnected
Islanding mode, battery is deeply . Dlsconnecteq un_Iess unless load
VII : ’ Disconnected load shedding is >
discharged, anddy < P_ : shedding is
applied .
applied

Notes: (1) P-y is the photovoltaic output power and P is the load power.

2.5.2 Local controller of a PV converter connected to a DC bis

General control structures when the system operates at MPPT mode are shown in

Figure 21. The control structure ifrigure 21.a is directduty-cycle MPPT controller

and it was used bj38, 39, 71] The voltageeference MPPT controller iRigure21.b
has been used W88, 40, 41, 71, 72]It reduces the effect ofi

transient (seesection 2.3.1.2.2, thus improve P&O performance. However this

configuration is suitable only for low power application. The transient behaviour of the
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current is uncontrolled and at high power application that affects the quality of the
provided power and the system failure rate. This problem can be solved by using
cascaded inpwutoltage controller structure whianhcludes controlling the PV voltage

and the inductor current as showrfFigure21.c and it was used by 3].

Most of the studiesrogridconnected PV system, where the PV converter operates at
MPPT mode, use one of the above three discussed controller structures (Shown in
Figure 21a, b and c). The analysis is based on the assumption thatA@aigrid
interfacing converter is responsible for controlling the dc bus voltage or in case
islanding it is assumed that the storage system is large enough to store the excess
energy from the PV resource and its converter is responsible to regulate e dc

voltage.

The fact that the MPPT converter and PV source are both nonlinear makes it difficult to
design the compensator. A solution for this problem is found in many references such
as in[39-41]. Basically tle nonlinear system (the PV and the switching converter) is
formed as two linear models within a certain range and time period. Thedatearis

based on the fact that the model is linear around the operating point within small
operating range. Averaginand Lineasing methods for DC/DC switching mode
converter (e.g. statgpace averaging method and ciraweraging method) are well
developed and are used for studying converter behaviour and designing linear
controllers[74, 75] An equivalent linear circuit of the PV source is proposef89-

41] and was discussed earlier in Sect®?.2 pageld. The lineaisedmodel of the PV
source can be used for designing the associated PV system controllers and for
simplifying the analytical analysis to show the effect of the-lmoear PV source on the

overall gysteam dynamic.
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Figure 21: MPPT mode antrol structures

In the next section the influence of the dimear PV sourceon the controller
performance and system dynamic will be expldo@ded on using thnearisedPV
model

2.5.3 Effect of the nontlinear PV source on the controller performance

2.5.3.1 Regulating the input voltageof the PV interface converter

As the dynamic resistance of the PV source changes with the operating cor{démns
Figurel0),thePV i nt er f a cdymmics s affeced.tlfg8r 36]the dynamic
behaviour othe PV voltage for a PV source connected to DC/DC boost convetter
directduty cycle MPPT controlleis studied for ptimising P&O controller It reports
that the damping factor of the controfto-input voltage transfer function depends on
i . It was found that as increases, because of a reduced in thardaoladiation
level and/or a decrease the PV voltaggseeFigure 10), the damping factor reduces
and that affec the system transient behaviowlso, the authos in [38, 39] have
showed that the effect ofi on the system transient can be reduced by using
compensair in the feedback logoltagereference MPPT controllersswasshown in
Figure 21.b. Figure 22 compares the system transient dynamic with amithout
compensator and ghowsthat with compensatothe effect ofi  is reduced andhe

settling time is much smaller than that for the open loop system.
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Photovoltaic Step Response
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Figure 22: Step response of the PV voltage for low solar irradiation (100 W/m2). E
curve: closed loop step response, dashed cuapen loop step respongzg] .

For same system configuration (PV source connected to boost converteolatie
reference MPPT controlledhe authors if40] havediscussed the effect of changing
the PV voltage on and eventually on the system dynamics under constant solar
irradiation and temperature. The currenttage curve of the PV source is divided into
four regions current source region, power region I, power region Il, and voltage source
regionas $iown in Figure 23. The frequency response of the contminput voltage
transfer function in the four operating regions is showRigure24. It shows that the
change irthe operating regions does not affect the dc gain, the natural frequency, and
the cut off frequency. However, it affects the dampiactor —. The system is well
damped when the operating point is in the voksgerce region. The damping factor
reduces, when increases by moving closer to the curssotirce regionSo, the
currentsource region should be avoided to prevent the myd$tem entering into
oscillatory state and some control issues of the lightly damped systgd0]ltwo

ways are suggested avoid the currersource region. Oneay is a lower bound of the

PV voltage, but the temperature affects the desired operating voltage OWer a
large range (se€igure 8) which makes it difficult to decide the lower bound. The
other way is to use the lower bound of the under the lower limits of the solar

irradiation and temperature.

39



— |-V curve
o MPP
1 -~
. Current source region Power
% 0.8} region | Power
— region Il
=
2 06t
3
&)
g 0.4} Voltage
rd source
region
0.2+ 9
0 1 1 ! Il
0 0.2 0.4 0.6 0.8 1 1.2

Norm. Voltage ( V/V)
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Figure 24. Bode diagram of théheoreticalcontrokto-input voltage transfer function
for voltagereference MPPT controlled boost converji@®] . The operating regions ari
shown inFigure 23.

The study in[41] is using voltagegeference MPPT controller to control a buck
converterto interface the PV system to the load. The closed loop system performance is
checked when the operating point moves between different regions (same regions
shown inFigure 23: voltagesource, MPP and curresburce region).The frequency
response of the contrtd-input voltage transfer function is showm Figure 25. Its

shows that the damping factor of the system is affected, where the aoveot

region presents theast damped operation, while the voltageirce region presents the
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very damped operation. The eff frequency of the system for thufferent regions is

the same.

Regulating the PV voltage lynly considering a voltage control loaswas emplyed
in [38-41] without an inner current loog usually useful for small PV systeftess than
1 kW). For higher power applicatiosascaded inpwutoltage control usually used to
avoid current transient, reduce failure ratesd for overload protectidii6]. Cascaded
input-voltage control is implemented by usirtggo control loops; the innerucent
control loop and the outer voltage control loap hown inFigure 21.c. In [41] the
cascaded jput-voltage controloop for a buck converter is analyskxa three different
PV operating regions'he bode diagram of thelosedloop systermis shown inFigure
26. It shows that at low frequency regidhe dc gain and the phase aféected
significantly. However, thedesign pointof the closd loop control (i.e. cutoff
frequency)is chosen at high frequency which guaranteeper control performance
for the three operating gons. In factthe effect ofi  washidden by the largeput

capacitancg(connected across the PV terminahd high cubff frequencyof the

system
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Figure 25: Bode diagram of the closddop system at three different operating regic
for voltage réerence MPPT controlled buck converfét].

In the previous disscussed studj@8-41] the influence of the nehnear PV source

(modelled as a dynamic resistarnce) on the PV voltage regulation results in different
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damping factor. However, the resonance frequency is not affectad bgnd the
system can be easily controlled by two ways. One way is by designing the system with
high cutoff frequency, where the system characteristics are less affected kas

shown inFigure 24, Figure25, andFigure26. On one hand the high eaff frequency

helps to guarantee same system dynamic performance under different operating
conditions, but on the other hand the high-affitfrequency will required higher
switching frequency which increases the switching losses. Also in case cascaded input
voltage controller the ctdff frequency will be limited by the current controller. The
other way is using large input capacitangeaCross the PV terminal to hide the effect

of i . However, large capacitance will reduce the system reliajifity and will

diminish the performance of the P&O controlla8].
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Figure26: Bode diagram of the closddop system at three different operating regic
for cascaded inputoltage controlled bek convertef41].

The influence of  for cascaded inpetoltagecontrolled boost convertavith small

input capacitanchas been analysed [A3]. The PVvoltage is controlled by means of

inner inductor current loop. A small input capacitaracel low cutoff frequency

(~50Hz) areconsidered. It was found thiat variation affect the cuoff frequency and

the phase margin of the system as showirigure 27. The impact ofi  is very

significant at MPP and CV regions. The performance of the controllenie=smuch

slower as PWoltage increases which can cause problems such as low performance of

the P&O controller[38], or no rejection of disturbances from weather variation or load

side variation[76]. However, the effect on the stability is not critical as the phase
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margin is improvedThe author of73] has proposed an adaptive voltage control based
on estimatingi to adapt one parameter of the controlleroteercome the slow
regulation inthe powerand constant voltage regions and achieve same regulation

performance at different regions.

100

I R R
G ettt T
3 fer0idHz: 5=
g = v =077 friiin
= pv EREVIE
0| —V,,=V
150
0
30
7
./ s
T 180
) ! _
5 X _pr'o 7
g :
“TC__ V = =V :-c-u
2 pv mpp |73
N SN e
5o pv oc” i

) 1 2 L3 4 $
10 10 10 10 10 10
Frequency (rad/sec)

Figure27: Bode plots of the cascaded inpnaitage controlled boost converter at thr
different operating region’3].

2.5.3.2 Regulating the output voltage of the PV interface converter

It was discussed in sectidh5.1, the outputs of the PVhterfaced convertesystem
(output voltage and current) need to be controlled under spepiiating mode such
as Mode VI(Droop mode) Outputside feedback control of budipe and boostype
convertes with a voltage sate input (voltagded converter as shown Figure28.a)
is completely developedHowever, the existent of the current source input (cufezht
converter as shown inFigure 28b) such as PV sourcaffects the dynamic
representation of the conventional voltdgd converter[78]. The main difference
between the curreried and voltagded converter isthat the currented converter
introduce a new state variable to the system which is the input capacitavoéage.
The input voltage of the curreféd converter is not constant as in the volttegke
converter. The new state variable adds more corntpléx the system and will also
affect the dynamic of the system. Steady state mathematical model and the small signal
frequency model in continuous conduction mode for cuifieshtbuck and boost

converters has been given[i8].
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The effect of the P\on the outpuside control was tackled Hy9, 80] It was shown
that the control loop gain of a pealrrentmodecontrolled buck converter in PV
application has aight half plane ero (RHP) whenthe PV operates in the current
source region[80] also reveals that RHP pole appears in teenverter dynamic when
the PVoperates in the curresburce region. The two earlier mentioned studjiés](
and[80]) have analysed the buck s@mter dynamics under output current control, the
study in[81] is investigating the buck convertwith output voltage control. It was
found that the dynamics of the outpuditagecontrdled buck converter, used in PV
applications, contains RHP zero and detycle-depement resonant poles when the PV
operates in the voltagmurce regionTherefore, the controller design of amtput
sidecontrolled buck converter used for PV applicationamigre complex than the
conventonal converter due to the appea®ontthe RHP roots.

Boosttype converters are preferremlconnect P\Mo the DC micrgrid, mainly because
of its voltage boosting capability, small input filter and ik capacitance size, and
high MPPT efficiency. Howeer, the conventional voltaged boost, buclboost and
other boosterived converters present considerable difficulties to the oaiget
controller design because they contain a RHP zero in their canilt transfer
function [74]. In addition to the convéional RHP zero in boodipe convertershe
recent investigation of PVhterfacing boost convertdB2] has showed that another
RHP zero appears in the conttoloutpu transfer function when the Pdperates in the
currentsource region. The second RHP zeroasapted because of the ntinear PV

sourceand the additional input filtett ghe output terminal of the RV

Thus, to ensure goaoutputsidecontroller performance and stable control laogPV
application In case outputoltagecontrolled buck convertespecial care is required at
the voltagesource region. For the peakirrentcontrolled buck converter, the attention

is to be paid at the curresburce region. In case of outpubdecontrolled boost
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converter for either output voltage or output currém, system is more sensitive at the

currentsource region.

2.5.3.3 Transient response specificatiomnder different damping ratio

In grid-connectedPV systemthe interfacing converter operate at MPPT mode and
control its input sidéy oneof the structureshownin Figure2l. In section2.5.3.1it
was discussed that the influence of the-hear PV source on the input side control
performance designed with a high -aft frequency (at a frequencyhere the system
characteristics are less affectediby variation) affects only the damping ratio of the
system[38-41]. The damping factor of the system affects toatroller performace,
especiallyits transient respongd@4, 83] Consequentlyhis sectiorreviewsthe effect

of different damping ratio on thé&ansient performancef a secondorder system
focusing on the system settling time andkmaum overshoot

The closel loop transfer function of BC/DC switching converter can be described by
a seconebrderequation agjivenin (2.22):
C(9 _ W

RS = Zi2s nKVS % (2.22

Where; R(s) and ) are the input and output of the systemaspectivelye i s t he
damping ratica n d, is the natural frequency of the systehine step response curves
of c(t) withdiffer ent val ues Figuie2% i s shown in

The settling time § is the time required for the resporns@ve to reach a specified
percentage of the final value (usually 2% or 5%}, 83] The decay speed of the

transient response depends on the time constarft 3 éof the systemTherefore, br

a gi ythesetthg ti me i s a furigweBlon of 6 as sho
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Figure 29: Unit-step response of the system given in equéia@?) [83].

The maximum overshootd( ) is the maximum peak value dlie response curve

measured from unity74, 83] The relationship between thearimum percent
over shoot a (®a3 andillusratediriigara3l[B3h

a

'gz zpz
|\/|p:e@/ﬁ'7 (2.23)
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2.6 Power Quality of Photovoltaic Systems

One of the challenges the PV system bring to the grid is the power quality. Several

origins of thepoor power qualit in grid-connected PV system agéscusseckarlier in
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Chapterl, Sectionl.l Recently, it was found that thPPT controllerthat based on
perturb and observe technique such as P&O contrioltkrcesharmonics in the grid
and that impact the PV system power quality as reportdd6i8, 2831]. In this
section the impact of the P&O controller on PV power quality is revieneépthand

possiblemitigation methods ardiscussed.
2.6.1 Impact of P&O controller on PV power quality

The investigations if16-18, 30, 31]point to the impact of the P&O controller on the
PV system power qualitbased on experimental resufor singlestage centralised
MPPT inverters. The study if16] indicates significant powerdependent changes in
harmonics emissionsf the singlestage centralised MPPT invertesisd state that
harmonics emission increasa low power operating mode$he study suggestirthat

the increasen the hamonics isdue to theP&O controller, but a clear explanation of
how the P&O controller inducesthese harmonicds not provided One of he
experimental results of the study jf@6] is shown inFigure 32 which show the
harmonics in the diink voltage and AC gd current Similarly, for the system shown

in Figure 33 the authors of{17] revealthat rapid subharmorschave been observed in
the experimentally measureDC and AC voltage and current®f the singlephase
grid-connected PV inverteras shown irFigure 34. They commentthat the cause of
these subharmonics is the P&oOntroller, however proper explanatioh generation
mechanisms ofhesesutharmonicsis unclear My published work in28] showsthat

the harmonics in the dk and grid currents increase in the doufilage DC/DC
boost converter due to the interaction between the system stages as the continuous
perturbatims from the P&O controller of the firstage are seen as disturbances by the
secondstage converter. The induced harmonics are shown in line with the P&O duty

cycle perturbations as shownkigure35.
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Figure 32 Experimental results of singlgage PV inverter (a) instantaneous input DC
voltage, (b) instantaneous output AC voltage, and (c) instantaneous output AC current
[16].
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Figure 35. Harmonics in the ddink current (Qand grid current’© ) in doublestage
DC/DC boost convertdR8] .

Based on the earlier review on the P&O operation in seti®ri.2and on the results
shown at the DC side (i.e. the PV voltage and currerf)éhand[17] in Figure32 and
Figure 34, respectively,it seems that the P&O controller tifeir systemsdoes not

operate inthree dutycycle stepsas shown in the DC voltage waveforms of inverter 1
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and inverter 3that might be another factor that increases the harmonics emissions in
their systemsAccording to[38, 39] the perturbing behaviour of the P&O scheme
introduces continuous PV power oscillations in the stestidie and transiemésponse
oscillations at each time P&O perturbs. The stestdye oscillation depends mainly on

the adopted P&O pamzeters which are the control parameter step size (e.gcglaky

step size in direct dugycle P&O controller) and the sampling frequency. The
transietresponse oscillations depend on the dynanut the adopted converter
topology and the PV module claateristic which is in turna function of the solar
irradiation level and the operating point of the PV mod8&]. Accordingly, different
converter topologies produce different transiessponse oscillations under the same
operating conditios Proper optingation of P&O controller to all possible operating
conditions and to the dynamic behaviour of thec# converter adopted is very
important to ensure least undesirable impact of the P&O on the rest of the system. The
authors of{39] provide guidelines to properlpptimiseP&O controller(i.e. to operad

in three dutycycle steps in steaetatg and thisalso was covered in secti@a3.1.2in
pagel8 The most importat in the optimsation process is to make sure that P&O
decisionmaking is not affected by transiemtsponse oscillations of the PV voltage and
current after each perturbatidB9]. Therefore, the operating point leading to the
longest transient oscillatisr(i.e. worst case scenario) must be used when cgitigni

P&O parameters. Otherwise, the P&O controller can be confused leading to increased
variations in the PV voltage and current and this give rise to the harmonics generated

by the PV system.

The relation between the P&O controllers and the generated harmonics in-skaigjele
parallel SCPVM system idiscussed in myublished papem [29]. It highlights that
the lowest harmonic frequencyQ ) generated in the dink and grid currents
depends on the P&O sampling time&' () and the number of the P&O tecycle
steps in steadgtate. Thus}Q is expressed as a function of the P&O parameteadst
was shown that or optimal system efficiency andthree dutycycle steps
operationQ pj T°Y . SomeFast Fourier TransfornET) results are provided
in [29] as shown inFigure 36 and Figure 37 which show the P&O dw-frequency
related harmonicsn the delink voltage and current of the doukdéage parallel
SCPVM systemrespectively Also, in mywork in [29] the transient harmonics in the

dclink and grid sides due to the P&O perturbations are discussed.
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[30, 31] are he latest studiepublished in 201&vhich areinvestigating the impact of

the P&O controller on increasing the harmonics in grmhnected PV systenn these

studies the interharmonics from commercial PV inverter arereed experimentally as

shown inFigure38 and anapproach to characteriiee frequency and the amplitude of

the P&O related interharmonics in the grid current is proposed for single phase PV

inverter according tadhe P&O controller parameterdn [31] it was found that the

frequency of the intedrmonics Q) in the grid current can be expressed as a function
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of the P&O sampling frequenc¥Y ):"Q ¢¢ p 'Q |1, wherenis an integer.
Thus, the AC grid current will contain harmonics & "Q frequencies after the
amgitude modulationwhere™Q is the grid fundamental frequency (€Q=50Hz).The
variation in the grid current amplitude at each harmonics due to the variation in the dc
link voltage perturhtions is predicted by decompositige delink referene voltage

into a summation of frequency componentsvhich is function of the P&O sampling
frequency and the contrsignal step sizeand use it as an input to the system close
loop transfer function between the-kiik reference voltage and the grid reent
amplitude.lt was found that the perturbation step size of the P&O controller has a
strong effect on the amplitude of the interharmonics components. While the sampling

rate affect both the amplitude and the frequency of the interharmonics.
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Figure 38 Experimental results from a commercial-&¥/ PV inverter operating at

2% of the rated power, whete is the PV voltageQ is the PV currenty is the grid
voltage, andQis the grid currenf{30, 31].

The adopted MPPT architectureentralised or distributed MPP{Eee sectior2.3.2
page24), is another factor to be considenetien analysing P&O related harmonics in
PV systemsFrom the P&O harmonic point of view, the distributed MR#Pdhitecture

is more criticalthan the centralisedarchitecturebecausethe number of the P&O

controllers increasein the system.
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2.6.2 Mitigation methods of P&O related harmonics

Since the main reason of the aforementioned generated harmofiiés ir7, 2830] is

the repeated perturbations of the P&O control parameter, a possible solution could be
adopting different MPPT methoés examplethe fraction open circuit MPPT method

(see sectiorz.3.1.] can be useds suggested [80]. It does not required perturbations

in the PV voltage and curref88, 46] However,this MPPT methodeads tovery poor
systemefficiency as the MPP is not always at 76% of the open circuit voltage and
keeping it unchanged under different solar irradiation levels and/or temperatures
decreases PV system efficien@ther more advanced methods which can achieve a
very small steadgtate oscillation, or even completely cancellingain be useduch

as incrementatonductance, particle swarm optsaion, extremum seekingnd ripple
correlation[47-49] as discussed in secti¢ch3.1.3 However, the implementation of

these techniques is more expensive than P&O, sonetegeired additional circuit,

tuning their parameters is very complex and required more complex software which
leads to increased ogputation time[38, 46] In addition to that and as discussed in

[39], in practice the specific condita which is required to be fulfilled to stop the
perturbations is never exactly satisfied because of noise and measurement errors. As a
resul t, it is usually required that such
given accuracy and to that the ogténg point cannot be exactly equal to MPP but
oscillates about it.

The P&O related harmonics problem is newly reported in the literature and a specific
solution has not been proposed so far. Howeseme existindiltering methods can
alsobe used to spress thevoltage and currentariationsin the output side of the PV
systemdue to P&O scheme such as passive §lteipple eliminator circud, or
adopting new control techniques. The most common solution is using passive filters
such as using bulitc-link capacitor. This solution is not desirable as it reduces system

reliability and increases losses and cost.

The bulky delink capacitor can be replaced by ripple eliminator circuit connected in
parallel with a smaller diink capacitor. For instancen the literature the ripple
eliminator circuit is used to eliminate tlok variations caused by a thrpbase
unbalanced ac loafB4], switching ripple from an input sourd85], seconebrder
ripple power in a single phase PWM rectifig6], and power fluctuations from

renewable energy sourc@®7]. However, this solution required adding extra power
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electronic circuit and contrébop to the system which increases system physical size,

complexity and cost.

Alternative solutiors might benew control techniques such as those propos¢8Sin
[89] and [90] to overcome ddink variation caused by resonance under unbalanced
loads condition, poorly dampedC circuit and interaction between miegoid clusters,
resgectively. The advantages of theselutiors are no additional poweelectronic

circuit is requied, power quality andfficiencyareimproved at low cost.

2.7 Conclusion

In this chapter the characteristics of the #iorar PV source, MPPT techniques,
configurations and topologies of gradnnected PV system, and controlfructures

for different operating modes (i.e. grdnnected and islanded modes) have been
studied. In addition to that, two concerns for grahnected PV system have been
discussed. The first concern is related to the effect of thdimesr PV sourcen the
dynamic performance of the system such as system damping factor, phase margin, and
cut-off frequency. It was found that the impact of the 4iaear PV source depends on
system controller structure in terms of controlling the input side or the tositei of

the PV interface converter. In case of controlling the input side the system damping
factor and cubff frequency are mostly affected. In case of controlling the output side
(this is applied in case of islanded mode operation) thelinear PV surce changes

the system dynamic and may generate a right half plane roots which affect system
stability depending on the converter topology and the PV operating region. The second
concern is related to the poor power quality from -godnected PV system#t has

been reported that gricbnnected PV systems is one of the sources which deliver
harmonics to the grid due[fd®-15][10-15][10-15][10-15][10-15] many reasons such as
large populations of PV inverters, resmce between the grid and the PV inverter, or
large amount of fluctuating in PV pow&g, 15]12, 15][12, 15][12, 15][12, 15]In
addition to the aforementioned sources of harmonics in PV systems, recent stuglies hav
reported that there is possible impact of P&O controller on increasing the harmonics in
PV grid-connected systems, which leads to a poor power quality from the PV system.
P&O technique is widely used in commercial products, especially forctsy
implementations which make the newly reported P&O related harmonics problem a

subject undergoing intense study and researchers are persuaded to find a solution.

55



As discussed in this chapter there are several configurations to connect a PV system to
the grid andeach configuration leads to different converter topologies and P&O
architectures (centralised or distributed P&O). Therefore, it is difficult to generalise the
effect of the PV system on the power quality in the grid. In this work, the main focus is
on dowle-stage parallel SCPVM configuration connected to a DC Bsshas been
discussed in sectiah4.1this cofiguration icapalte to provide: highstepup voltage,

low cost, simple and provide high MPPT perfonoa A DC/DC boost converter is

considered for both system stages as will be shown in the next chapter.
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3 DESIGN CONSIDERATIONS OF THE DOUBLE -
STAGE PV SYSTEM CONNECTED TO A MAIN DC
BUS

3.1 Abstract

In this chapter the design considerations of the SCPVM unit in detdge DC/DC
boost converter is discussed. First, the available range ofidiiek voltage for
successful tracking of MPP has been identified. Then, the effect of that voltage range
on the firststage converter parametéesg. inductance and capacitanaayler different
weather condition is analysedrfter designing SCPVM unithie P&O parameters
Y and aedoptimisal based on the dynamic behaviour of the {fafsige
conwerter and the adopted PV modul€hen, abrief discussion of the different
controller types that can be used to control the commédmkidus in gridconnected
mode sich as the voltage mode and cascaded cuvadtage controllergs provided
with a summary of the designed controllefsnally, time domain simulation for the
designed system is provided and discussed.

3.2 Overall System Structure and Parameters

Different PV system configurations has been discusisedection2.4, page25, the
doublestage parallel SCPVM configuratimonnected to a main DC huss shown in
Figure 39 is investigatedn this research. It offers advantagesmimimising shaling
effects, improving system modularity, improving MPPT performance and efficiency,
boosting up the voltage, amoviding the same voltage level at the output of each
SCPVM under mismatching conditionEach SCPVM consists of a DC/DC boost
converter, @V module(type NU-E240is used as an exampkxeTable2, pagel6 for

its specifications and a MPPT digital controller.For the secondtage convertea
DC/DC boost converter is adtedin order to boost the dink voltage ® to the
requiredmainDC busvoltagew . It is generally suggested that the main DC bus in a
future DC system should be regulated at a voltage level in the range-40880since

this voltage level can meet the industry standard for consumer electronics with the
power factor correction circuit at the ind@0, 91] Also, this voltage level offers good
efficiency when supplying higdemanding loads (g. hybrid electric vehicle chargers,
washing machinegR0]. However,in this workw is selectedto be 200V duedo
someconstrainsn the practical worlof this researctsuch as the power rating of the
programmable electronic load which is usedrtwukate the main DC bus voltagehis
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is acceptable aso  level does not affect the main findirgjand contributiorof this

research

The controller implementation is based on the assumption that the PV system is in grid
connected mode or in islanded madelthe storage systemapacityis large enough to
allow MPP trackig all the time. The firsstage controller is responsible for MPRiid

a direct duty cycle P&O method is adoptedhe controller of the secoratage
convertercontrols the ddink voltagew at constant valueSomedclink controlless

for regulating® such asvoltage modeand cascaded currewltage controllerswill
bediscussedn detailsin Chapters. The output voltage of theecondstage converter is
controlled either by the bidirectional AC/DC inverter which connectsrtam DC bus

to theAC network, or by a storage system converter.

The PV system standard®quire a very small tolerance betwedPV modules
specificatiors and characteristics for high system performafg&d. In consequence, all

the PV modules inhis work are assumed to be identical and manufactured by the same

firm.
Vdc
s iscpvmk_out 2nd Stage DCIDC
— = - Boost Converter
e idc
T Co to main DC
— s+ “ + b bus
> o Vagrid
fco I 8
— T e
—
) g dk
— x
g SCPVMKk gk
el SCPVM(k+1) (
Voltage Mode Cascaded
SCPVM(k+2) Controller Current-Voltage
(e.g. 3P22) Controller
SCPVMn T |} ‘j
1<k<n & — Vdc Vde  idc

Figure 39: Doublestage parallel SCPVM configuration connected to a main DC bus
3.3 Parameters and P&O Design ofa SCPVM Unit

There are two key points to be staered when designirgSCPVM unit namely the
limitation on the output voltage to ensure R&O is functioning under all weather
conditions and the effect of changes in weather conditiongledfidk voltagew on

thefirst-stageconverter parameters.
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3.3.1 DC-link voltage selectionfor MPPT mode

This section shows that even when high efficiency DC/DC converter and high
performance MPPT algorithm, the MPP cannot be achieved. This is because MPPT
depends on tload profile and on the static features of the DC/DC convert¢d3]n

the authors present an analysis of MPPT limitation when different types of DC/DC
converters (buck, boost, butloost, and ak) are used. The analysis considered a
resistive load at the output. Since the Boost convestedopted in this work, the
method in[93] was followed to check the limitation of the MPPT for the boost
converter with constant voltage at the output. The maximum duty cycle limit is defined
at 0.9.The required duty cycleés( ) for the boost converter to obtain the maximum
power from the PV module can be found from the basic voltage gain equation of
DC/DC boost converter ifr4].

\@:_1 (3.1
V, 1-D |

If the system operates at MPP, the PV voltagEbe 6 @  (the maximum power

pointvoltage at Standard TeSbndtions STC)and if the output voltage is regulated at

constant voltagé , then the output voltage is constamd6 @ . Assuming a

converter efficiencyf 100% "&B0 0 0 ,the duty cycle is given by:
VH?TC

Dmppt =1 Tp: (32)

Under different solar irradiation levels and constant temperature condiBons,
changes very slightly and can be assumed to be constant (equal Jo This means

that both the input voltage and the output voltage of tatkconverter are constant,

thus $ is equal for the different solar irradiation levels. The situation will be
different if the effect of changing the cell temperature is included beéausewill not

be constant in this case.

Figure40 shows the required duty cycle for the highest and lowest irradiletvetsto
achieve the maximum power point fdifferent values of the output voltage . It
shows that$ is equal for different irradiation conditiorier one output voltage

level andit hits its maximum defined limit 0© T@oat 290V.Therefore, for the
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tested system under constant temperature conditiondctlinek voltagelimit is given

by:

STC

STC m
Voo <V <1—[F)):1ax (3.3

And for NU-E240 PV module geTable2, pagel6 for its specifications):
29V <V, <o/ (3.9
Thereforew is selected to be controlled at 50V

3.3.2 Inductance and capacitance selection

In this part, frst-stage converter parameters (i.e. inductance L and capacitahce C
selection willbe analysed considering the output voltage ramg@&.4). The inductance
L of the first stage converter can be found from the following equitén

V., D

2 L —meR (3.5)
D'L_ppfSV\l

Where6 w V'Q is the pealpeak inductor current ripple,”Q is the

switching frequencyf the firststage converter

In general, the peageak current ripple""Q in (3.5) can be selected based on the
minimum current ripple requirement for the highest PV module current (i.e. the highest
solar irradiation) or for the lowest current (i.e. the lowest solar irradiattogire 41
shows the effect of changing the solar irradiation and SCPVM output valiage
(within the limit in(3.4)) on Ly, based or{3.6).

STC 2 STC
L — Vmpp % Vmpp
min .
D'L_pp,maxf swl (;; Vdc

(3.6)

WhereYQ ; is defined as a percentagktibe PV module current (a value of 13%

is used inFigure41). As shown inFigure41 low solar irradiation conditions present

the worsecase design requirement. Howevehestfactors have to be considered such
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as the inductance core size, and power production in deciding which operating point to
use for the design.

ARANAN
-...-...,.nh“‘u-uw.v-w
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—— G=1000 W/m?
X G=200 W/m?
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30 50 70 90 110 130 150 170 190 210 230 250 270 290

Vac V)

Figure 40: Effect of solar irradiation levelg T Teafd & ¢ T ea & ) for different
values oo on'O of the first stage converter

If L is designed based on the highest irradiation, the result is smaller inductance than
for the lowest irradiation as shown kigure 41. In this case the core size will be
smaller [94]. However, two key drawbacks can be identified. First, at lower solar
irradiation the current ripple amplitude accounts for the higher percentage of the total
current and thus theaptured energwill be lower than in the case the higher
inductance were usd@4]. Second, under the iditions of low input current (i.e. low
solar irradiation) the converter might operate in dicmous conduction mode
(DCM).

If L is designed based on the lowest irradia@dmgher inductance is neededtien the
loss of the captured energy from PV isnmmal at the low irradiation level$94].
However, for tis case the core sizeas to be designed for the highest cur(&at )

to avoid magnetic saturatioAs the core size is proportional to the stored energy in the
inductor © -"Q 0), designing L based on théowest irradiationwill result in a
bigger core size than the case if the higherrgoladiation were used for designing L

[94].
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Figure 41 Effect of solar irradiation leveld 7 T to¢ _mai 74 ) for different
levels ofw on the first stage converter inductance val¥ =13% and'Q
=60kHz)

Thus, aming for the small inductance core, high irradiation is used for designing L.
DCM at low ®lar irradiation levetan be avoided by opting for the current ripple to be
less than twice the minimum current at the lowest irradiatfon.instance, iflie de

link voltage is ontrolled at50V, L should beequal orgreater thar®.19 nH to ensure
lessthan 13% pealpeakinductorcurrent ripple athe high solar irradiation levdi.e.

for NU-E240 and' p mmaia , ¥YQ ™ o Y v p8t @) as shown in
Figure41 The PV currenof NU-E240at the lowest solar irradiation of 200 W/is
1.6A and since 21.6A=3.2A ishigherthani”g , the DCM is avoidedSaq, avalue of

0.212mH is selected.

The capacitanc€C,) can be found from equatio(B.7) [74]. The effect of the
irradiation level and the SCPVM output voltage (within the limit in (3.4)) on the

capacitance values shown inFigure 42 for a peak to pealdclink voltage ipple

YO _ requirementof 3%. The highest irradiation level presents the worst case
scenario.
| D
CO - — _scpvm out = mppt (37)
- Dvdc_pp fsvﬂ
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where’0 p O ‘O . Figure42 shows that increasing the output voltage
will reduce the required capacitance; however, this iwidtease the duty cycle which
affects the inductor copper losses and the semiconductor conduction[fegsddso,

going back to the inductance design, increasing the output voltéigmatease the
inductance value Another point that has to be considered when dhgoshe
capacitance is the chosen Rystemconfiguration. As example, in case of series
connection of SCPVM, the voltage across each SCPVM will vary randiontgse of
thenon-uniform solar irradiatio38]. Therefore, in order to meet the minimum voltage
ripple requirement thevorst case operating condition has to be considered in the design
of 6 . This limitation is not applied in the case of parallel connections which give more

flexibility in choosing G depending on the regulated B@k voltage.
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Figure 42 Effect of solar irradiation levelg T eaifa & ¢ o 74 ) for different
w values on the firsstage output capacitance desigY( =3% & "Q =60kHz)

As thedc-link voltage isselected to beontrolled at 50V is selected tbde 22 pFand
this will result in 1.5V pakpeak voltage rippleYO mio VT PR 6.

Table4 summaries the parameters of the fgtstge DC/DC boost converter
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Table4: Parameters of the firststage converter

Symbol & Glossary Value
d Inductance of the first-stage converterinductor 0.212 mH
F Capacitance of the output capacitor of the firsistage converter 22 yF
Fo. Capacitance of the input capacitor of the firststage converter 2.2 uf?

F: . valueis chosen based on simulation tetst@nsure a good value fairly filter out the switching ripplef
the inductor currerdind at the same time avoid worsening the dynamic performance of the system as MF
sampling period is affected by its value.

3.3.3 P&O optimisation

Two parameters are requireddeoptimised: the sampling periodY ) and the step
sizeaal. The sampling periothas to be greater than the PV power settling tivhas

wasgivenin (2.15):

Tmppt2 e :Zi /2

- T gives a reasonable thresholthe values of and ¢ fausdrfromihe
small signal duty cycle to Pyhodulevoltagetransfer function as givem (3.8) [38];

with reference td-igure 39.

v d( ) ﬁ ( ) Vdc (l+r C:ins) (38)

(R) anéz m+r,\/7
?Jrﬁ\/i ﬁ|_c:

For ideal boost convert¢8.8) can be assumed to be equa{2d 2). Therefore, and

4_1
LC

|-O@: Ot

n

6 can be expressed as the foll owing:
Z:i L+rcin—+r|& (3.9
2r,,\Ci, 2 L
=t (3.10)
LC

Where,i is given in(2.7) and the rest of the parameterg3®) and(3.10) are given
in Table 4. The minimum ™Y for boost converter can be found Myserting

equationg3.9) and(3.10) in (2.15):
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2r, JLC,
Toopt 2 PN In(é .
mopt L+%m+ﬂJE; (%5) (3.11)
C. 2 VL

As seen in(3.11) Y s function ofi  which in turn chages with solar irradiation

level and PV module)( ) voltage as given i(2.7).

The results ofhei calculated based of2.7) and the minimum sampling rat
different PV module voltagdor the highest and lowesblar irradiatiorievel are gven
in Table 5. Lower PV module voltage ardr solar irradiationlevel result in longer
o~

Table5: Minimum P&O sampling perio¢analytical calculation)

G V=27V V=29V (MPP voltage) _ Vp, =81V
W) | oo V) o Y [ 2e( V] oY [ 2o Y] oD Y
1000 11.1 0.08 4.2 0.05 1.9 0.02
200 40.7 0.17 14.3 0.13 5.3 0.06

The PV module powesettling times’Y can be alse@stimated through simulating the
SCPVM unit with asmall unit step change in the dutycle. The simulation results in
Figure 43 are determined by connectingsingle SCPVM unit to a&tiff 50V voltage

The duty cyte is adjusted to achieve required testing point (i.e. theV module
voltage. The irradiation is kept constaf200 W/nf solar irradiation is considered)
then a smalstepchange in the dutgycleis applied (0003 step change Theresultsin
Figure43 for G=200 W/nf showvery close values to the analytical calculated values
in Table5. The slight difference isbecausean the analytical calculation an estimated
valuesof i a n dwem used which were obtained based on the equivalent linear
model while in the simulation a ndimear model of PV module was usddowever,

both results ifrable5 andFigure43 show thathe lowerw andor G the longer time
is required for the PV module power to setited so longer sampling period  is

needed Therefore for the adoptedystem to operate itinree steps in steady stdke

minimumvalueof Y is:

T

mopt > 0.2MS (312

In this work 0.% ms is considered fol
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The step sizeed

can

b e (2f10). Astlde vdlue oted

rate of change in the solar irratitm "O and that depends on the location site of the

d e p ¢he dverage n

PV system, in this work it was assumed that the maxifiQisn100 W/ni.s. Table 6
high,

shows the minimum valuesd

selectedY

be used which is the lowest solar irradiation as showrable 6. Therefore, the

minimum value oBd is as folbw:
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Figure 43; Duty-cycle sép chang®f 0.003to determinéY for G=200 W/n: top to
bottom (a) V=27V, (b) =29 V, and (c) \,=31V.

Table6: Minimum P&QOstep sizdaal)

G 1000 W/nt 700 W/nt 200 W/n?
. 100 W/nt.s 100 W/nt.s 100 W/nt.s
. 0.35 ms 0.35 ms 0.35ms
> 0.002 0.003 0.006

66

ow



Figure 44 shows the simulation results of the first stage converter agitt0.006 and

200 Wk solar irradiation.
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Figure 44: Simulation result of the firsftage converter “YwWi t h ased=0.
™ o i,and’O ¢ mafa

It should be highlighted that the resultsTiable 6 only take into account the variation
of the irradiancdevel. Gther factors which affedhe level of the PV power variation
such as the variation dhe inputcapacitor voltge, andmeasurement noise in the
system have not been considered. iBqractie t he v almost likelyfto beed 1 s
bigger thanthe analyticalvalue given in Table 6. Also, as has been discussed in
section2.3.1.2t he val ue of @&d must be chosen to ¢
the system transient and steadgte performance. Trefore d & chosen to be 0.035
to ensurehreestep P&O duty cycle operatioihe parameters of tf@RCPVM unit are

shown inTable?.

3.4 Parameters of the Secongtage Converter

The secongtage converter is designéor a conversion ratio of 4 to boost up the
voltage from 50V to 200V. Its power rating is based on a system that consists of two
SCPVM units. The secorstage parameters,& »and L, are selected so that the peak
peak output voltages{ ) ripple is less than 1.5V (0.75% af ) and the peakeak
current ripple is less than 1.2A (13% @ ), respectively for the case when the

SCPVM units operate under the highest solar irradiation level. The minimum limit
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values of the secorstage inductance and capacitance were found to be 0.52 mH and
11pF, respectively. Thus, 0.6 mH and 47 pF values are usedf@nd Gy »

respectively.

Table8 summaries the parameters of the seestage converter

Table7: SCPVM unit parameters

Symbol & Glossary Value

d Inductance of the input inductor of the first-stage converter 0.212 mH

) Resistance of the input inductorof the first-stage converter 077 Y

i Capacitance of the output capacitor of the firststage converter 22 Uk

> O Resistance of the output capacitor 1.2 Y

E O Capacitance of the input capacitor of the firststage converter 22 uF

».. O | Resistance of the input capacitor 25 Y
k. Switching frequency 60 kHz
3o ——«| P&O sampling period 035 ms

s P&O step size 0.035

" The value is measured in the lab

Table8: Seconestage converter parameters

Symbol & Glossary Value
d Inductance of the input inductor of the secondstage converter 06 mH
» O | Resisance of the input inductor of the seconestage converter 6.4 mY
F o « | Capacitance of the output apacitor of the seconestage converter 47 pF
> .o $ | Resistance of the output capacitoof the seconedstage converter 054 Y
Switching frequency of the secondstage converter 60 kHz

" The value is measured in the lab

In grid-connected mode the secesidige converter is responsible for controlling the
dc-link voltagew . Chapter5 provides full details of designintpreedifferent types of
controller: Proportional Integral (Pl), Thregole twozero (3P2Z), and cascaded
currentvoltage controllersAs it will be shownin Chapter5 the traditionalvoltage
modePI controller is not suitable to control a second order power stage cor{asrier
our case)the-180° phase delay incurred by the power stage double nesidt in a
insufficient phase margiwhen the cubff frequency isgreater than the power stage
double pole and thatffect system stabilityTo overcome this problera higher order
voltage mode controller or a cascaded curuatiage Pl controlles can be usedhat
depend on the power rating of the systefiypically a PV system over 1 kW is
controlled by cascaded currerdltage controller to contrahe current transient and
avoid failure due to high transient pealsvoltage mode3P2Zcontrollercan be used
in applcatiors of less than 1 kWpower rating.A summaryof the designe@P2Z and
cascadedontrollersis given inTable9. More details on designing the controller will

be provided in Chapter 5.
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3.5 The dclink Capacitance

The delink capacitance (&) is defined as the suof the capacitance values connected
in parallel to the ddink bus which depends on the output capacitance values of the
SCPVM units (i.e. 6, Coz, € on)Cthus fom-parallel connected SCPVM units the-dc
link capacitance is:

k=n
Cdc = Cok (314)
k=1
Table9: 3P2Z and cascaded controllers specifications
Controller . Specifications
type Designed controller B PM
S S
(1+;)(1 7) opp L+ S 02)(1 TR 6)
- 3 3
S+ +>) % @ +— ) )
2 /, 1799 107 1.0996° 10
K -10° 3.91
= +— =-—+ ' 67.8°
Cascaded HCV(S) K s 1 S kHz
current- g
voltage K. 133 1 11.2
H.(9=K +* 38 —+— e | 637
' s s
K, : Voltage gain of the 3P2Z cantler
Koy Proportional voltage gain of the cascaded controller
Ky : Integral voltage gain of the cascaded controller
K,i: Proportional current gain of the cascaded controller
K; : Integral current gain of the cascaded controller
f. : Control log gain cutoff frequency
PM: Phase margin

3.6 Simulation Results

The system has been simulated using MATLAB Simulink software with the set of
parameter values depictedTiable7 and

Table8 for the SCPVM unit and the secosthge converter, respectivelyhe simulink
model of the whole system is shown in AppendixT@e model in[37] is used to
implement the PV modulas given in Appendix C.1Direct duty cycle P&OMPPT
controlleras given in Appendix C.B used for the firsstage converter. The system is
tested withsingle SCPVM unit and two SCPVM units connected to the sestage

converter.
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3.6.1 Simulation results of a single SCPVM unit connectetb the secondstage

converter

Figure45 shows simulation results of one SCPVM unit connected to the satage
converter with a voltage mode 3P2Z controller. The results show the-stiegee
operation of the P&Oantroller which resuftin a periodic oscillation across the MPP
in the PV module voltage and currenit ( and Q) in steady stateThis periodic
oscillation has beerhighlighted as the main disadvantagfethe P&O controller that
degrades it®fficiency, as discussed in sectioB.3.1.2 pagel8. However, the P&O
controller is widely used for its simplicity and low cohe P&O is not only affecting

0 andQ, from Figure45it can be seenlearlythat oscillatios areobserved irboth
the delink and grid waveformgreferred to as low frequency oscillatioi2( ) and
transient oscillations ifrigure45). That mainlydue toconstantchange insteadystate

operating points of thE CPVM unit as the P&O controller perturdgery”Y

Figure46 shows the Fast Fourier Trsform (FFT) analysis of the voltages and currents
waveforms inFigure 45. It shows that the highest harmonic lewélthe delink and
grid currentoccurs at a frequency (referred to fag in Figure 45 and Figure 46)
associated with a time period equal to four times the P&O sampling péfiod

pr t’yY . That is because under thhgtep P&O operation the overall waveforms
shape will be repeated through time evefy 4 . Figure 46 also shows that other

dominant harmonics amjplides occuiat frequencies that are multiple Wiy (e.9. 2fiow,
3f|ow, 4f|ow, 5f|ow,.. etC.).
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Figure 45: Simulation results of one SCPVM unit connected to the sestagd
converter with 3P2Z controlle@ble9). O Y mafd , eed = 0"Y 0 ZF@&G35ms,

o

§ =6 =22uF, & =200V.
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Another example of simulation results with a cascaded cuvidta#ge controller

employed for controllingo is shown inFigure47. Similar to the perdus simulation

results steadgtate oscillations atQ and transient oscillationgvery”Y are

observed in the dlink and grid waveforms. Also, the FFT resultsRigure 48 show

the dominant hanonics at frequencies that are multipl€@f .
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3.6.2 Simulation results for two parallel SCPVM units connected to the second

The secondt age converteros parameters

having two SCPVMunits at its input. In order to validate the system operation with

stage converter

and

con

two units and under changes in dynamics due to the increase number of the SCPVM

units, this section provide simulation results with the case of having two SCPVM units

connected to the seatstage converterThe simulation results for two parallel

SCPVM units connected to the secestdge converter for 3P2Z controller and

cascaded currenbltage controllers are shown ifrigure 49 and Figure 50,

respectivelyAs has been shown for single SCPVM unit the P&O controller is affecting

the delink and grid waveforms and continuous oscillations are observed in the steady

state due to the constant change in the stetatg operating points of the SCPVM

units.

1.

1.

1.

1.5
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grid
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Figure 49 Simulation results of two SCPVM units connected to the sestage
converter with 3P2Z controllerT@ble9). 'O ¢ mafa , ad = 0 "Y0 3=6.35ms,

5

=¢ O

=44uF, & =200V.
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Figure 50: Simulation results of two SCPVM units connected to the sestage
converter with cascaded currembltage controller Table 9). 'O ¢ manfa |,
ad=0.035,"Y =0.35ms,0 =44pF,w =200V.

The drawback of steady state oscillation in the PV module power due to the nature of
the P&O controller is well known, buhé impact of P&O controller on power quality

in PV gridconnected system and dynamic interactions betwespower stages of the
doublestagesystem are not covered well in the literature. Therefdrapterfour and
chapter 5n this work analyse P&O rated harmonics and their effect on the rest of the
system ina doublestage parallel SCPVM configuratiamonnected to a main DC bus,

which isshown inFigure39.

3.7 Conclusion

The design considerations of the dousilye DC/DC boost converter, P&O
parameters optirsation, delink voltage control structures have been discussed. First,
the available range of the tiok voltage for successful tracking of MPP has been
identified. Then, the effect of that voltage rangetton firststage converter parameters

(L and G) under different weather condition is analysed. The converter parameters are
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chosen based on the highest solar irradiation condition to ensure high performance of
the MPPT and small inductance core size. R#igg P&O parametersY and ad) ,
they are designed based on the dynamic behaviour of thetlgg converter and the
adopted PV module to ensure thetep operatiofor optimal efficiency In addition to

that, a brief discussion of the difémt controller types that angsed to control the
common ddink bus in gridconnected mode such as the voltage mode and cascaded
currentvoltage controllers are provided. Finally, time domain simulation and FFT
results for the designed system are prodidehe results show that the P&O controller

is one of the sources that produce harmonics in the commlorkdwus and grid.
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4 ANALYSIS OF P&O CONTROLLER RELATED
HARMONICS

4.1 Abstract

In this chapter an analytical model of the PV related harmonics is provided as a
function of P&O " "Yp a)rsalaneradatiors levél,mdnunzer of the
parallel SCPVM units in the systemofsideringsingle SCPVM unit anch-parallet
connected units). The analysis considers the dynamic behaviour of tHemeanPV
source under different operating points and the synchronisation betwedp&th
controllers of the parallatonnected SCPVM units. The analytical model can be used to
predict the harmonics frequency, explore the factors which affect the harmonics level
induced by the P&O controller, and to understand the power quality degradatio
behaviour due to P&O related harmonic&he chapter stastwith providing an
analytical modelof P&O controller related harmonics for parallSCPVM units
connected to a dink bus, and then MATLAB simulations and FFT analysis are

providedunder differ@at operating conditions

4.2 Simplified Double-stage Parallel SCPVM Configuration Second
stage Converter modelled as Constant Voltage Source

Chapterl, Sectionl.1andChapter2, section2.6 discussed differertauses that affect

the power qualityof grid-connectd PV systemsOne of them is the P&O scheme

which is considered in this work. Thmpact of the P&O controlleron the power

guality of the adopted doublstage parallel SCPVM system configuratibas been

demonstrated irFigure 45 - Figure 50 in section3.6. In this chapter, an analytical

mo d e | of the PV related harmonics isS prov

and’Y ), solar irradiation level, and number of the parallel SCPVM units in the

system ¢onsidering a single SCPVM unit aneparallelconnected units). In addition

to that, the harmonics analysis considers the dynamic behaviour of tHmeanPV

source under different operating conditions such as different PV voltage and solar

irradiation level. The analytical model can kmed to predict the@armonics frequency

and explore the factors which affect tleel of the harmonicsnduced by the P&O

controller Knowing the frequency of the P&O related harmonics and the factors that

might worsen it can help ifinding the most effient method to eliminate it.

To carry on the aforementioned analysis first the configuration of adopted PV sgstem i

Figure39is simplified as shown irFigure51. In gridconnected mode the secestdge
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converteris designed so that is capableto sink whatever current injecteldy the
multiple parallel SCPVM unitsvhile keeping its input voltage regulated to a fixed
average valuéw ). So, it is possible to model the secestdge converteas a congint
voltage sourcaswill be consideredn this chapte(seeFigure51). A very important
advantage that the simplified PSystem bringso the analysis is that the injected
harmonics in the dtink will be independenbf the controller and impedancé the
secondstage converter and it will clearly identithe harmonicsfrequency and levels

that injectedsolely by the SCPVM unitsSimulaton results of the siplified system

are shown irFigure52. After ignoring the effect of the secoisthge converter and its
controller the transient behaviour of theloidk current is defined by the dynamic okth
first-stage converter and the connected load which is a stiff voltage in this study as
shown inFigure51, that makes the transient behaviour different than the earlier results
shown inFigure 45 and Figure 47 where the transient behaviour were controlled and

defined by the secorstage controller.
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Figure 51: Parallel SCPVM units connected to alifk bus.
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Figure 52: Simulation results of one SCPVM unit connected to a stiihla/oltage
source’O P 1t a3 T&

The FFT analysis of the waveformskigure52 is shown inFigure53. The level of the
harmonics has changed slightly compared with the resufgure 46 and Figure 48
due to the absence of thgndmic and interaction with the secestdge converter. As

shown inFigure53 the system contains harmonic®&Q (N=1,2,3,..,etc.).

80



Amplitude=0.505
[ frow 3f, £ (a) FFT of Duty Cycle

1 ow 5
0.05

3 ¥ Ziow / How |
E_u.ozs.» T I/ / /
=y 0 & T & P a9 4 @ 4 0 4 @ 4 o 4 @ 4 o 4 0

0 7143 21429 3571.5 5000.1 6428.7 7857.3 9285.9 10714.5 12143.1 13571.7 15000
S, Amplitude=30.11V (b) FFT of v,
[
o
2 1F
E T
1S "] T P A, S S S N S, S S, S W S W W W S W |
< 0 7143 21429 3571.5 5000.1 6428.7 7857.3 9285.9 10714.5 12143.1 13571.7 15000
. (c) FFT of i
< (.5 4« Amplitude=6.23 A pv
S ]’
_.g 0.25F
=3
E 0
< 0 7143 21429 3571.5 5000.1 6428.7 7857.3 9285.9 10714.5 12143.1 13571.7 15000
- . (d) FFT Ofidc
< D_DS_KAmplltude:SA
[
-]
E- 0 @ g 0 T & T & T & T & T & ? & ?
-9

0 7143 21429 3571.5 50001 6428.7 7857.3 92859 10714.5 12143.1 13571.7 15000
Frequency (Hz)

Figure 53: FFT analysis for(a) duty cycle(b) b , (c)"Q, and (d)Q (wavefornsare
shownin Figure 52).

4.3 Analytical M odelling of P&O Related Harmonics

An analytical model of the P&O related harmonics can be useful to predict the
frequency and the level of the harmonics induced by the P&O. Although the analysis is
carried out for DC/DC boost converter, it can be easily done to drey @C/DC
converter topology by considering the relevant equations and small signal model of the
adopted topologyln this section the analyticanalysis for multi parallel SCPVM
considres synchronised perturbations times between the P&O controllerse of th
SCPVM units because presend the worse casescenario of power quality and
harmonics level. In addtion to that when the SCPVM units aresgochronised its not

easy to present their produced harmoics analytiealliy this case it will be function of

the time delay between the P&O perturbations time and that changes from one SCPVM

unit to another due to connecting the units at different times (this can be the case when
one or more units stop working and start again later).
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4.3.1 Harmonics frequency

The freqency of the dominant harmoni®( ) at the PV and dénk sides can be
defined as a function of and the number of P&O duty cycle ste@s () in
steady state as given (A.1). As theoscillations at the PV and the-tiok sides due to
the P&O controller arequastsquare waveformsthe system is expected to have

harmonics ab 8Q where N is an integeNEL, 2, 3... etc.).

As the number othe P&O duty cycles steps increases from 2 steps (which is lowest

number of steps that the system operate withy to steps, the dominant lowest

harmonic frequency is a sequence-ef— h h B h

Thereforethe lowest harmonic frequency can be expressed as follow:

_ 1
fIow - (23 S“m _2) -{mpt (4-1)

Where3 is the number of the P&O duty cycle steper threestep P&O operation
as considered in this wofR is 1/(4 ). Based on(4.1) one can conclude that
when the P&0O sampling peried is increased the frequency & will be

decreased and in this case it is harder to be suppressed and filtered.
4.3.2 Harmonics amplitude

There are two main factors thaffact the amplitude othe delink voltage and current
harmonicswhich are: (I) steadgtate oscillations of the power fed by the SCPVM unit
due to the P&Othreestep operation and (II) transient oscillations in théc-link
voltage and currentlue to the P&O dutgycle perturbation everyY (either

increasing or decreasing).

In this analysighe peakpeak amplitude of thsteadystate variationis measured based

on the final average steadiate values after each P&O duty cycle step without taking
into account the peak values dfet transient response. While the overaltlidk
variation takes into account the maximum and minimum peaks of the transient
responseFigure54 shows a general waveform ohe SCPVM unibutput curent and

the meaurement referencepoints of both steadhstate and overall variations.

O and O are the maximum and minimum values of the
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SCPVM outputcurrent for irradiation GO and 0 are the

steadystate values othe SCPVM outputcurrentwhen the PV module operate at the
right and left of MPP, respectively

16 r <>
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Al
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G -
scpvm-out-right |

G
scpvm-out-mpp |

scpvmk-out

i

G
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G =
scpvm-out-min |-

Time (0.35 ms/div)

Figure 54: Thesteadystate and overall variations of the SCPVM output current

4.3.2.1 Steadystate variation

The PV voltage and currentanation due to the thregep P&O operation can be
charactesed by the following three points: Left MPP, MPP andRIMPP, as shown

in green, recnd yellow inFigure55, respectively. Theteadystate variatiorof the de

Il i nk cur r entsolat eradetion level,camd thae déinear characteristics of

the PV source as will be discussed herein. The analytical analysis in this sto#sn
not take into accourhe switching ripple to simplify the analgsi
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Figure 55. The location of the P&O operating points on the curreoltage
characteristic curve of NdE240 PV module@ =8.62A andw  =37.3V).
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4.3.2.1.1 Single SCPVM unit

From the basic current gain equatioradfoost DC/DC converter, the output current of
a single SCPVM unit for the three characteristic operating points (i.e. Left MPP, MPP,
and Right MPP) can be defined as follow:

Py G — G
,I\elscpvm_ out mpp_I pv mrg' D mp))t
G — G G
Iscpvm_ out_’|\I scpvm  out right:t pv rig@' (D mppt d ))[ (42)
e _1|G
Tlscpvm_ out. Ief'(_I pv. Iel(l -(D mppt -|d D

Where O is the SCPVM output current at MPP and irradiation G,
o is the SCPVM output current at Right MPP and irradiation G,
‘©  isthe SCPVM output current at Left MRRd irradiation G.

As specified in(4.2) the SCPVM output current varies between three values which are

defined byO , edgndPV module currenti.e. solar irradiation) at the three P&O

operating points. The associated PV module currents are defin@l as: is the PV

current at MPP and irradiation GO is the PV current at Right MPP and
irradiation G, andOl is the PV current at Left MPP and irradiation G as shown in
Figure55.

The PV module current can be approximated from the cuwa@tage characteristic
eqguation of a single diode PV model as give Chapter2 in equation(2.1). Normally
the shunt resistanceyRs very high, so to simplify the analysisetihast term in(2.1)
can be neglected. Accordinglpye steadystate average values 61 at the three P&O

operating points are as follow:

e Vo _mpp* 1 G mpeR )
116 =|G J6© (Ng/1V;)
':~|pv_mpp_| oh 1 € ° B
i€ =11¢ G |G (NsAN,) i
IpV _1 I pv_ right :|: ph I saf S 1) (43)
|
i Vpu_tentIu_iereRI
~1G _16G G (NJAM)
| I pv_left — I ph 1 Sar(e ° ]:)

All equations that required for calculatif® RY o¢ @ in (4.3) are given in

Chapter2, Section2.2.1 and all required parameters for the adopted PV module is
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providedin Table 2. As given in(4.3) the value of Q at the three P&O operating
pointsdepends on the PV module parameters, solar irradiation level and the PV module
output voltagewn (PV voltage at MPP)p (PV voltage at Right MPP) and

w  (PVvoltage at Left MPPWhich are shown ifrigure55.

In this work PV gridconnectedmode is considered where the M@K voltage is
controlled at constant valee . Therebre, from the basic voltagequation of a boost

DC/DC conveter0 is:

Tévpv_mpp :Vdc 3(1 Dmpp)

va :IVpL right j/dc (1 (Dmppt d')) [ (44)
:'va_left =Vdc %1 (-Dmppt 'd))D

For a given PV module output voltage at MIRo ) and delink voltage® , Dmppt

can be calculated and antken fcantbefeupdeci fi c @

Equations(4.4) and(4.3) can be substituted i#.2) to find the values o2 ~ at
the three P&O operating points. Final¥§Q ~ can be estimated as follow:

.G . G . . G
I:]scpvm_ out ss =maX{| scpvm (}Jt mlr{l scpvm }JL (4-5)
A MATLAB m-file for calculating¥'Q ~ based on equation®.2) - (4.4) is
provided in Appendix D Based on(4.5); Figure 56 showsYQ ~under

di fferent values of @&d and sol arTable2r adi at
page 16. The results reveal that th&teadystate variation increases as the solar
irradiation and/ or &ed -peak ovariatians & lowe $olar decr
irradiation at fixedesd andw is related to the nelinear PV characteristic curve which

becomes more flat around MPP at lower solar irraahatas shown ikigure57.
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Figure 56: Ef fect of ageakautgut d@rreotnaridtidimef opesSEGRVM
unit."O  =8.15A. Results are obtained B42) - (4.5).

Figure 57: Simulation results: Effectfahe nonlinear PV source on the pegleak PV
current variation for NUE240 PV module

4.3.2.1.2 Multi -parallel connectedSCPVM units

For multiparallelconnected SCPVM units the steagtate variation and the level of
the generated harmonics are dependent onotaériumber of the connected SCPVM
units and synchronisation between their
perturbations times).

P&O controllers (Bgnchronised

Assuming that the P&O controllers of-parallel connected SCPVM units are
synchronised, the pegleak delink current variabn can be predicted and presented as

a function of the variation of one SCPVM unit. Thelad& current in multiparallel
connected SCPVM units as showrFigure51is:

86



























































































































































































































































































































































































































