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Abstract

The Current Source Inverter (CSI) is one of the sistg®wer converter topologies
that can convert DC to AC and feed power generated fronopbitaic (PV) cells
into the AC grid with a single power conversion stager dkie whole PV voltage
range. The CSI also provides smooth DC current whiclnesod the requirements of
the PV cells as well as preventing reverse current usingirectional switches.
However, the CSI operates with low efficiency at @WwV voltages, which is where
the PV cells produce maximum output power. This low efficigeayaused by large
differences in voltage levels between the PV side amedgifid side across the

converter.

This thesis presents an alternative topology to theetphase CSI by connecting an
AC capacitor in series with each AC phase line of t8écrcuit. The presence of the
series AC capacitors in the CSI topology allows the w@age levels to be adjusted
to match the voltage levels of the PV cells. Therefoine, CSI with series AC

capacitors is able to operate with optimal DC-AC voltegels.

Performance of the proposed topology is evaluated in cagopeato the standard CSI
and five other converter topologies based on transforeseciecuit concepts selected
from those already available in the market and suitabteverters discussed in the
literature. All converter topologies were modeled and sitadlavith the SABER
simulation software package. The CSI with series AC dapacprototype was
constructed in order to validate the feasibility of thepmsed topology and the
performance of the proposed topology in comparisondstandard CSI. Simulation
results show that the CSI with series AC capacitoosiges improved efficiency and
better input/output power quality in comparison to the stahd@:sl. The proposed
topology also achieves the lowest output line currenbuist, lowest voltage stress
across the circuit components and lowest estimated ofggsbwer semiconductors
when compared to all considered topologies. Experimeesalts are also presented

to validate the simulation results.
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CHAPTER 1

Chapter 1

| ntr oduction

The rapid depletion of fossil based energy resourcesasicbal, natural gas and oil
together with an effort to reduce g@@mission into the atmosphere has required a
demand for a larger share of clean energy to be prodwoed renewable energy
sources. The sun is the primary energy source that cudastly creates substantial
diversity of renewable energy sources on the Earth,tee energy from the sun (or
solar energythat is captured by the Earth’s atmosphere creates the wind energy;
when absorbed by oceans creates warm ocean currents aadtiypadvhen absorbed
through photosynthesis creates bioenergy; or when causing evatgoration that
produces rainfall, creates hydroenergy.[However, solar energy that can be
collected directly on the Earth’s surface still accounts for the largest amount of
renewable energy compared to all other renewable squrees3,850,000 EJ/year
compared to 7,400 EJ/year for ocean energy, 6,000 EJ/yearirfd energy, 1,548
EJ/year for bioenergy and 147 EJ/year for hydroenergywBgre 1 EJ = 1x18
joules. The current annual world energy demand (517 EJ/geald be covered with
only 0.02% of the direct solar flux of engr{B]. Therefore, using solar energy could

be sufficient for securing the future energy requiresment

In addition, direct solar energy can be converted dyrect electricity (the most
convenient energy form to be used)[d$ing devices called Photovoltaic (PV) cells,
whilst producing electricity from wind, ocean and hydro energiasst create
mechanical motion first and then electricity or frorodsiergy must burn biomass to
create heat first, then mechanical motion and thectregy [5]. This leads to a

simpler system for solar-PV electricity production. dRraing electricity directly from
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sunlight using PV cells also provides several advantage¥][646 shown by the

following list:

e PV cells emit absolutely no pollution during the processneirgy conversion.

e PV cells have no moving parts and thus require very fitléntenance (cost)
compared to turbine engines used for wind, ocean, hydro and ssofmiae
cells also have a long lifetime with typically 20-25 yeguarantee.

e PV cells can be used anywhere where there is sunlighiding remote areas
such as deserts, oceans and even in space where the ilijydisitnot

available, or the cost of installation becomes prohibitive.

e PV cells can also be easily installed or removed, allowedadltar-PV power

plant to be resized after the first installation.

Unfortunately, there is only 0.000008% (0.31EJ/year) of solarggneurrently
installed and utilised to produce electricity .[3Jhe major problem that limits the
utilisation of solar energy for electricity productianrelated to the high installation
cost per unit energy ($/kWh). Solar-PV electricity has ofghe highest prices
compared to other energy source as shown in Figure 1.TH8]capital cost of solar-
PV electricity results from the cost of the PV cellsintegrated into sealed panels, the
cost of a large installation area for higher energy prooluaind the cost of energy
storage devices (for instance, in battery) or an auxiliaryceoused to recover the
required output energy (e.g. during the night-hours) [5],]®lerefore, in order to
promote the utilisation of solar-PV electricity, addigabmesearch efforts should be
made to enable the reduction of its associated cost peenerit)y ($/kWh). This can
be achieved by reducing the related costs and/or improving solaversion
efficiency in terms of raising the kWh of electric eneggnerated throughout the PV

power plant.
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Figure 1.1 Minimum cost of electricity production for different powsant types [8]

There are two basic types of solar-PV systems: stana@-d@moff-grid) system and
grid-tied (or grid-connected) system [10Jhe stand-alone PV system is the obvious
solution for the loads that are located in remote saré&a from any power grid
infrastructure. However, a support battery and/or a backemggrsource have to be
included in the stand-alone PV system in order to supplemeribdd requirements
during the absence of sunlight, whilst the grid-tied PV systan use the energy
supplied from the grid instead, reducing overall systest.da addition, oversized
power conversion equipment mainly in terms of current/poatérgs is essentially to
be used for stand-alone PV systems to guarantee thsystean can deliver the peak
load power. These additional battery/source and the useeofrating the converter
equipment add to the cost for electricity produced froendtand-alone PV system
[11]. Therefore, when considering the economic aspects, digdid?V system would

be more attractive than a stand-alone PV system.

However, PV cells produce electric DC voltage/current/power, whaimat be
connected directly to the AC grid. Therefore, in ordefatlitate this connection, a

power converter that converts DC power delivered at variaditage and current to
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AC power, known as grid-tied PV inverter, is needed. The grt#¥ inverter
affects the production cost of solar-PV electricityhatia low efficiency inverter can
lead to low output power (W) production, which then causes ahigbst per unit
power ($/W) for solar-PV electricity. Therefore, a giiedt PV inverter is required to
have high efficiency, which is the capability to extrdw full amount of available
power from the PV cells and transmit that power into thek \gith the lowest losses.
Converting this into practical terms, besides being abigp@vate at maximum (open-
circuit) voltage of the PV cells for proper connectiampatibility, the grid-tied PV
inverter is also required to operate efficiently in e PV voltage region (typically
0.6-0.9 of open-circuit voltage) where the PV cells can predbeir maximum output

power.

Besides the ability of full PV power extraction, the preiézagrid-tied PV inverter is
also required to comply with all relevant grid codes asgllations [12-16]which
are the requirements to produce good quality of output wavsfaiith low levels of
harmonic emissions, have the capability to ride-through gus (i.e. grid voltage or
frequency deviations), to preserve or enhance power netstalility and provide
safe operation by disconnecting /not supplying power to the grid thleeronnection
with the main grid is lost by accident or for maintenapagposes, known as anti-

islanding.

There are three alternative technologies currentiylave for grid-tied PV inverters
using either a traditional low frequency (LF) step-up tamsér, a high frequency
(HF) transformer or without transformer (transformen¢$3]. Each technology has

its own meritor features:

e The grid-tied PV inverter with a LF step-up transformerthe simplest
technology. This inverter type consists of a traditioD&-to-AC converter
and a LF transformer. The DG-AC converter converts DC power from the
PV cells to AC power at the grid frequency. The LF tramsér steps up the
voltage to the grid voltage level. The use of a step-up ftnaner in the
inverter circuit provides the benefit of electrical &an between the inverter

and the grid, which helps to prevent any potential safetgrda that may be



CHAPTER 1

caused by the common connection between the PV and the 1gjdIn
addition, due to the use of simple components, this invgmpe can use the
simplest control. However, the inherently large size andjlweof the LF
transformer results in this inverter being the bulkexsti heaviest topology
[19].

e The grid-tied PV inverter with a HF transformer is a#soinverter type that
provides galvanic isolation, biieing much smaller and lighter compared to
the inverter with the LF transformer [20],[21Hlowever, there are several

conversion stages involved:

o First the DC/AC inverter converts DC power from the PV cegits
AC power at high frequency.

o Then the HF transformer steps up the voltage to the muffievel.
o Then the AC/DC rectifier converts AC power back to DC power

o Finally, the DC/AC inverter converts again the DC power to A@gyo

with the voltage and frequency suitable for the grid.

Since multiple power conversion stages are used, this invgpe hasa more

complicated configuration with higher cost and power losses 23]

e The transformerless inverter does not require any tramefs; thus, this
inverter type is the smallest and lightest among theethezhnologies.
Moreover, due to the possibility of single-stage power cormersihis inverter
type can achieve the highest efficiency recorded (up to 934p) However,
as this inverter type does not provide galvanic isolatoomadditional fault
monitoring circuits/systems have to be included in ordernteet the
requirements of the grid codes and safety regulationgseltadditional

circuits/systems add more complexity to this invertpety

Therefore, when considered in terms of efficiency, ghd-tied PV inverter made
from transformerless technology seems to be the motgble solution, which could

be used to reduce solar-PV electricity cost.
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Depending on the grid connection, transformerless gridf®dinverters can be
single-phase or three-phase configurations ,[32b-27] Single-phase inverters
usually used in lower PV power generation (typically up to Hkddmpared to three-
phase inverters (e.g. up to 10-15k¥W’r rooftop applications) [28]The utilization of

power switches in three phase converters is better andhesnstalled cost per unit
power for solar-PV electricity ($/W) decreases when tiséailed power of the solar-
PV system increases (as shown in Figure 1.2);[&8]s, three-phase grid-tied PV
inverters could become more cost effective compared toingée gphase inverters,
justifying therefore the choice for three phase systesisa worthwhile topic of

research.
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Figure 1.2 Average installed cost for different solB¥ system size (kW) [29]

Voltage Source Inverters (VSI) and Current Source Inve(@$s) are the two basic
topologies used in the three-phase transformerless Rartémg as discussed in the
literature. These topologies have a minimum number oficesmuctors used (6
switching devices and 6 diodes) and potentially high conversiimreacy due to the
single-stage power conversion approach. However, the VSilogyp has some
problems when operating with a large voltage variationthef DC-link source
(between zero and no-load voltage) which is charactef@tiPV cells. Since the VSI

topology is a DQo-AC voltage step-down converter, the VSI topology cannot

6
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operate properly and extract the PV power when the DC (PNggeois lower than
the peak grid voltage. In order to fulfil this requirement,\& $ring with a high
enough voltage rating has to be used (with a typical valtleeofio-load PV voltage
string of 1.2-1.3 of the peak grid voltage), e.g. for tedkphase 415V power grid, a
PV cell string with the voltage greater than 586V and ma@-lgoltage greater than
703-762V must be used. The high PV string voltage results imebd of higher
voltage ratings for the components used in the VSI cifemtl hence higher cost) as
well as causing higher internal resistance (and hence higéses) within the PV
string since several individual PV cells have to be comdect series to produce
sufficient PV voltage [30]A DC-to-DC voltage boost converter could be used to step
up a low PV string voltage to a sufficient level for the 8pology to operate
properly and for the designer to achieve minimum installed powie switches for
a given level of processing power and hence using a higlgar®V string voltage
rating is no longer required. In fact, the two-stage VSI witlhoost converter is
currently the most popular converter type used in sewrstastrial PV products [31].
However, using the boost converter in the VSI’s circuit can lead to a more complex
circuit configuration and control as well as adding higiost and higher losses to this

inverter type.

Unlike the VSI topology, the CSI topology is a REAC voltage step-up converter.
The CSI topology can operate and extract the power fhe PV cells in a whole PV
voltage range as long as the PV voltage does not exceed 0.8682joof the peak
grid voltage (e.g. PV voltages lower than 508V are requirethéod15V three-phase
power grid). As a result, the CSI topology is more pedilr than the VSI topology in
terms of the PV-inverter voltage matching between the R¥cscand the inverter as
well as in terms of low voltage rating of the circuit degicln addition, since the PV
cells create electric current through the active p-ntjans which are characterised as
a current source connected with a large-scale shunt dg’Jed smooth DC-link
current drawn from the PV cells therefore is required. Téssilts in the need of an
additional inductive filter at the DC side of the inveraed leads the CSI topology to
be the ideal choice. Moreover, advance switching devigek as reverse voltage
blocking (or RB-) IGBTs [33] which have configuration equivalenthe switches
used in the CSI circuit (an IGBT connecting in seriethwai diode) could be used to

reduce the semiconductors used and losses as well as tdystmplcircuit for the

7
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CSI topology [34] Additionally, as the CSI topology operates with unidiawl DC
current unlike the VSI topology, a diode used to preveetvarse current for the PV
source is not required for the CSI topology. A BEEBC voltage buck converter
could be used to step down an excessively high PV stringgeo#tad hence enable
the use of a higher PV voltage rating than imposed byirthiedf the CSI operating
range. However, adding the buck converter into the CSlldgpacan lead to more
complexity for the circuit configuration and control adlves higher cost and higher
losses.

Alternatively, three-phase transformerless, grid-tigdriverters could be constructed
using Impedance Source Inverters (also called Z-Sduoxezters or ZSls) [35]The
ZSI topologies are inverter types that have the capalfitboth DCto-AC step-
down and step-up operation due to the use of a more com@eink network (LC
components and a diode). These inverter types have two coafigurations: the
voltage fed ZSI topology which is the modified topologytw VSl topology and the
current fed ZSI which is the modified topology of thel @pology. By using specific
modulation patterns that use shoot-through states, thegedied ZSI can step up low
PV voltages and embed similar functionality to a boosvedar. On the other hand,
by using specific modulation patterns that use open-cistaits, the current fed ZSI
can step down high PV voltage and embed similar functionalitytiock converter.
Although these additional complex DC-link networks and speatalulation patterns
provide added features suitable to be used for grid-tied PV applis compared to
the VSI topology and the CSI topology, these invertergyipgve high voltage and
current stress on the circuit components [B®]], as well as causing a more complex

circuit and control, higher cost and higher losses.

Several advantages of the CSI topology raise the lplitysto be used for grid-tied
PV applications in order to achieve high PV power production aithability of

operation over the whole PV voltage range and single-gtager conversion, as well
as making use of the minimum number of semiconductors, esipmlver circuit by
using RB-IGBTs and better DC-link current smoothing suitedirftarfacing to the
PV cells. However, during the PV voltage range where the &l produce the
maximum output power (i.e. 0.6-0.9 of the no load voltageg, €SI topology

operates with lower efficiency. This is because offéloe that when the PV voltage at

8
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the DC side reduces whilst the AC grid voltage is consthst,voltage difference
between the DC side and AC side of the inverter will be aszd; especially at very
low PV voltage levels. This voltage difference requites ¢utput AC current to be
reduced, in order to equalise the power between the DC side arglda®f the

inverter. The reduced AC current leads to a low tD@&C current transfer ratio

(modulation depth), which then degrades the power conversiereatfy for the CSI

topology.

This thesis proposes an alternative topology to theetphase CSI topology, by
connecting an AC capacitor in series with each ofAiephase line of the standard
CSI topology, which is referreds CSI with series AC capacitors (CSI+SCaps). The
proposed topology allows the CSI topology to operate withhdrimaximum
modulation depth for the whole PV voltage range, includinigwa and very low PV
voltages. The concept behind the success of this invertelotppcontributed from
the use of series AC pacitors in the CSI’s AC circuit. In essence, the added series
capacitors allow the AC voltages “seen” at the AC side of the inverter to be reduced

to match to the low and very low PV voltages at the D€,satd thus the D@&-AC
current transfer ratio (modulation depth) between the D€ and the AC side is
always maximised. The use of series AC capacitors andniégithum modulation

depth results in the following improved features (comparedhe standard CSI

topology):

e Better input power quality with lower DC-link current ripplaused by
high/maximum modulation depth operation, which is suitablotmect to the

PV cells or to facilitate the design with smaller DC-linkuctors.

e Better output power quality resulted from better AC outgarmonics filtering
formed by the added series AC capacitors and the coamahtiC filters at

the AC side of the inverter.

e Lower voltage stress on semiconductors and lower switcbsggs, as well as

lower estimated semiconductor cost in terms of power iegtall the devices.
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It is noted that the proposed topology was firstly publishd@8] , which was used to
reduce switching voltage stress of semiconductors in a setive power filter
application. However, the utilisation of this topology ¢wid-tied PV applications has
never been considered. Details of the proposed topotdated to the design of series
capacitors, operation principles, analytical models, meidulanethods and control
strategies when used for grid-tied PV applications are pessénthis thesis.

In order to broadly evaluate the performance and efiigieof the proposed
CSI+SCaps topology, the six other three-phase transfl@sseinverter topologies
presented earlier are also taken into consideratibis fesults in seven candidate
inverter topologies as listed in Table 1.1. Their circaitfgurations, modulation and
control strategies and component designs are presentad ithesis. All candidate
topologies are modeled and their operation is evaluated tis8 SABER simulation
program and dedicated models. The obtained simulatiuttsese used to evaluate
the performance and efficiency of the proposed topologwsigéne other candidates.
An experimental test-rig is constructed and tested inrdodealidate the feasibility of

the proposed topology and its performance in comparisothé standard CSI

topology.

Inverter Topology Symbol
Standard Voltage Source Inverter VSI
Standard Current Source Inverter CsSli
Two-stage VSI with a Boost converter VSI+Boost
Two-stage CSI with a Buck converter CSI+Buck
Voltage fed Z-Source Inverter ZSI-V
Current fed Z-Source Inverter ZSl-l
CSI with Series AC Capacitors CSI+SCaps

Table 1.1 Candidate grid-tied PV inverter topologies under investigdtidhis thesis

10
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1.1 Thesis Objectives

The objectives of this thesis are:

To understand basic characteristics and models of the PV cells.

Understanding the characteristics of the PV cells isnéiasdor the design of
a compatible grid-tied PV inverter. Understanding the moatetee PV cells
is useful for simulation work and the design of a cdlerdor an analogue PV
emulator that works in conjunction to a controllable D@age source, to be

used in experimental work.

To understand the requirements for a grid-Ba&tdnverter.
Understanding the requirements for a grid-tied PV investenportant for the
design of a high efficient and high performance invertengying with all

relevant grid codes and standards.

To review available topologies for three-phase, transformerless grid-tied PV
inverters.

Reviewing available inverter topologies provides preliminary rmftion
which can be used for further improvement and for assessafenew
candidate inverter types. The selected topologies ar¢aradasd VSI, a
standard CSI, a two-stage VSI with a boost converter, asstage CSI with a

buck converter, a voltage fed ZSI and a current fed ZSI.

To propose an alternative topology of the CSI with series AC capacitors.
Several advantages of the CSI topology and the possitailiachieve variable
AC voltage by using series AC capacitors that can leddgto efficient and

high performance power conversion.

To simulate and evaluate the performance of the CSI with series AC

capacitors compared to the other available transformerless topologies.

11
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e To construct a prototype CSI with series AC capacitors.
The prototype CSI with series AC capacitors is used to validhat feasibility
of the topology.

e To experimentally evaluate the performance of the CSI with series AC

capacitors in comparison to a standard CSI topology and simulation results.

1.2 Thesis Structure

Chapter l

1

3~ Power Grid

Grid-Tied ¥

PV Inverter
Chapter 6 ~u Evaluation &
T “/ Comparison
i
i VSI <
Chapter 4 e g Simulation >
H \
1
!_) VSI+Boost \ Evaluation &
i ——— @Companson
! \
1
i ZSI-V Experiment
1
i
1
1

CSI+SCaps

Chapter 5

J;

Chapter 9

Figure 1.3 Thesis structure

Figure 1.3 shows the structure of this thesis. The thesisiste of nine chapters

which are detailed as follows:

Chapter 1 introduces the background and objectives of this researck wor

together with the structure of this thesis.

12
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Chapter 2 presents the basic background knowledge of the PV cellsling
cell structures, materials, operation principles, eleadt characteristics and
models, and modeling methods for the PV cells from the de¢ast be used

in the simulation work.

Chapter 3 details the typical requirements for the grid-tied PV s
including the requirements on the PV cells, the requiresnentthe AC grid

(grid codes, standards and regulations) and the other relee¢arrements.

Chapter 4 presents a review of six potential topologies of tramséuless,
grid-tied PV inverters. The topologies under investigati@aastandard VSI,
a standard CSlI, a two-stage VSI with a boost convertem-atage CSI with a
buck converter, a voltage fed ZSI and a current fed ZSl.iBetgtheir circuit
configurations, modulation and control methodologies, @mponent design
as derived from interfacing a PV string of same power levehe grid are

presented; where the voltage and current can vary tebéstach topology.

Chapter 5 presents details of circuit configuration, analytical niedend
equations, operation principles, modulation and controhteggies, and
component design for the CSI with series AC capacitewssible applications
of this inverter type are also discussed, e.g. reduced cempooitage rating,
improved AC output current with better high frequency harmoedtuction

and reduced size of the DC-link inductor.

Chapter 6 presents a performance evaluation for the proposed tppolo
compared to the six other topologies (Chapter 4) by usiagsimmulation
models and results. The evaluation in terms of reduié voltage and current
ratings, operating modulation depths, required circuit coeaptsn input and
output power quality, voltage and current stresses on ps&veiconductors,
estimated cost of power semiconductors based on the postalied in the

devices, semiconductor power losses and efficiency arerpess

Chapter 7 presents the detailed design and construction for the immqrgal

test rig which is used to validate the feasibility of thepgmsed topology.
13
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Chapter 8 presents the experimental results obtained from theriexpetal
test-rig presented in Chapter 7. There are two seteaksults presented. The
first set is used to validate the functionality of test-rig whilst the second set
is used to experimentally evaluate the performance optbposed topology
in comparison to the standard CSI as well as to validatsitihdation results
presented in Chapters 5 and 6.

Chapter 9 presents the overall conclusions of the thesis, tharary of the
achievements and the suggestions for the future work.

14
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Chapter 2

Characteristics and M odels of Photovoltaic Cdlls

As mentioned in Chapter 1, this thesis considers poweredamtopologies based on
transformerless concepts which could be used to cbawel feed electric power
generated from photovoltaic (PV) cells into the gridotder to facilitate the design
for the converters so that the converters can extihacmaximum power from the PV
cells, a knowledge and model of the PV cell characiesist essential.

This chapter presents the basic characteristics amtiatked models of the PV cells
required for the converter design (presented in Chapters 3, ahd 7) and the
simulation studies (presented in Chapters 5, 6 and 8). Thaechlaegins with a
general overview of the PV cells related to their stmagumaterials and operating
principles. The equivalent circuit models and equationdudimg the electrical
characteristics, of the PV cells are then examindthwied by the methods used to
form a PV module (panel) from several individual PV cétls a PV array from
several PV modules) for higher power production. Finally,acguiure to determine
equivalent circuit models using the specifications giventhie manufacturing

datasheets is proposed and demonstrated.

2.1 Structuresof PV Cdls

PV cells are devices that can convert sunlight directty é¢ctrical DC power using
the photovoltaic effect discovered by Becquerel in 1839 [39] . PVasisnade from
materials that can absorb solar energy, or photons [40], whéshcreate electrons
and hence can generate an electric current. The basotuses of PV cells can be

considered as a stack of several layers of light abgproaterial. Figure 2.1 shows
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eight available PV cell structures and their typical materiThese structures are the
Homojunction Heteroface Heterojunction n-i-p (or p-i-n), Schottky-JunctigrDye-
Sensitied Organic and Multijunction [41-45].
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Figure 2.1 Basic structures of a PV cell: (a) Homojunction, fleXeroface, (c)
Heterojunction, (d) n-i-p (or p-i-n), (e) Schottky-Juocti (f) Dye-Sensitised, (g)
Organic and (h) Multijunction
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The PV cell structures shown in Figure 2.1 have the fofigvieatures:

e Homojunction (Figure 2.1a), also called Single-Junction, is the most popula
and simplest structure. This structure consists of only aterral type (e.g. c-

Si) but with different impurity (doping) rates on each side

e Heteroface (Figure 2.1b) has a similar structure to Homojunekoept a thin
layer of a large band-gap semiconductor material is addeedtece surface
charge recombination [41], for example, a layer of GaAtAadded in a GaAs
Heteroface cell (see explanation about the band-gagcitios 2.2).

e Heterojunction (Figure 2.1c) has two different semiconductor mateaiddigh
band-gap material (e.g. CdS) on the top and a low band-gtgristhde.g.
CdTe) on the bottom [45]

e p-i-n (or n-i-p) structure (Figure 2.1d) is a three layedsach configuration
A layer of intrinsic undoped material (i-type) is insdrte the middle between
the thin layers of p-type and n-type materials to sepasbetric fields
produced by holes and electrons. The amorphous siliconikmir(eSi) cells
and cadmium telluride (CdTe) cells are the typical examfdr this structure
[45].

e The Schottky-junction structure (Figure 2.1e) creates the p-n qunbtrrier
by the contact of metal (e.g. FZ) and a semiconductoeraéie.g. c-Si). A
very thin layer of insulating material (in a few nanores} is inserted between
them to prevent charge recombination (see more exjaraf p-n junction in
Section 2.3).

e The Dye-sensited cell (Figure 2.1f) is classified as a photoelectrochamic
device. The structure of this cell type consists of ashmsitised material and
a liquid conductor (electrolyte). The dye-sensitiseden, e.g. dye-coated
titanium dioxide (TiQ), absorbs sunlight, generates electrons and then returns

the electrons through the electrolyte [42]
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e The Organic cell (Figure 2.1g), also called plastic cell or polyeédy has a
flexible structure. This PV cell structure consists of argasemiconductor
materials such as polymers (e.g. MEH-PPV, MDMBY and P30T) to
absorb sunlight and create electrons-holes.[43]

e Multijunction (Figure 2.1h), also called Cascade or Tandem struatuthe
most complicated structure but has the highest efficiehleg structure can be
formed as a monolithic structure or as a stack of sevmdadidual PV cells
with different band-gap materials on top of one anoftie highest band-gap
on the top and the lowest band-gap on the bottom). By swugnadi the
individual bandgaps together more of the sun’s energy can be absorbed and
so a higher output power is produced by the same PV cell4bka

The Homojunction and Heteroface are the common stesfor monocrystalline PV
cells (i.e. c-Si cells) that can provide high efficienelgilst using only one type of
material anda smaller installation area. Thus, these structuresuatabte for the PV
cells used in PV power system tha¢ eequired to have a small installation area, e.g.
residential (roof-top) applications. The Heteroface, H@@ction, p-i-n (or n-i-p),
Schottkyjunction, organic and dye-sensitised are the popular strgctime
amorphous (non-crystalline) and/or thin film PV cells. Thetsectures allow various
materials (including low cost materials e.g. thin filntganic or dye-sensitised
materials) to be used for the PV cells. However, thesgctstes provide lower
efficiency than monocrystalline PV cells; therefore, aagér installation area is
required in order to provide the same output power as monallinstPV cells. As a
result, these structures are suitable for lower adat power systems where the large
installation area is available or the cost for largaalltation area is not prohibitive.
The Multijunction structure is usually used for concentr&¥ cells (where several
beams of sunlight are focused into the cells for high pgse&duction), which leads
this structure to have the most efficiency. However,esgeveral layers of materials
are used, this structure is the most complicated and theexmsnsive. Therefore, the
Multijunction PV cells are suitable for large-scale Pd@wer systems in order to

reduce the production cost per unit power generated.
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2.2 Materialsof PV Cdlls

The materials used for the construction of PV cells laf@ absorbing materials
which absorb sunlight, create electrons-holes and hencgenerate electric current.
Figure 2.2 shows some typical PV materials for differegirees of crystallinity and
sunlight concentration factors [46],[47]. PV cells mademfrmaterials with higher
degrees of crystallinity and sunlight concentration factosually have a higher
efficiency but are typically more expensive due to moffecdlt fabricating processes

and the larger quantity of material needed.

Sunlight concentration factor
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Figure 2.2 Typical PV materials for different degrees of crystéli and sunlight
concentration facte46]

It can be seen from Figure 2.2 that:

e Silicon (Si) is the most widely used material for m@st cell formats.

e Silicon (Si), gallium arsenide (GaAs) and germanium (Ge) thee most
commonly used materials for high sunlight concentrating de\s, which

usually have a format of single crystalline (Homojuncgtmcture).
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e Thin film materials such as amorphous silicon (a-Si),neach telluride
(CdTe), copper indium gallium diselenide (Culp®e CulnGaSg, organic
materials and dye-sensitised materials are usually osgubly crystalline (or
multi-crystalline) PV cells and amorphous thin film PV cefis- structure).
These materials are low cost materials, flexible wrious producing
methods, lighter (with a thickness of a few nanometrésns of micrometrgs
and ease of integration.

e Other types of thin film materials are a compound of the gtplipand VI
elements in the periodic table, [Cu Ag Aul:[Al Ga In]:[S Se],T The most
reliable compounds for large scale PV production would be &oes the
family of CulnSe.

The term which is usually referred to when consideringP¥ecell materials is band-
gap (). The band-gap is the light absorbing property of semicdaadunaterials.

The band-gap is the minimum energy that is required to freéeatron from the orbit
of the materials and has the unit in eV (leV= 1.602%11). Each semiconductor
material will have a maximum power conversion efficiencya atpecific band-gap.
Figure 2.3 shows the typical band-gaps of the semiconducaberials and their
corresponding maximum power conversion efficiencies. it lba seen that most

materials provide their maximum efficiencies (18-23%)he band-gap range of 1-
1.7 eV.

InSe
2ur Cu,$ InP GaAs /- GuInS,
c-Si Zn
B CulnSe,
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Cu,0

16 Merocyanine
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Conversion efficiency (%)

0.5 1 1.5 2 25
Band gap (eV)

Figure 2.3 Band-gaps of semiconductor materials and their maximuondheal
power conversion efficiencies at room temperature (298K)
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The progress achieved in energy conversion efficiencyftereint PV cell structures
and materials over the past forty years is shown in €igut [48] [49]. It can be seen
from Figure 2.4 that Multijunction concentrating PV cellscachieve the best
efficiency figures (32.8-42.8%), followed by Single-Junction (l8@mction)
concentrating PV cells (28.8%), crystalline silicon PV c&l8.4-27.6%), thin film
PV cells (12.5-20%), dye-sensitised (11.1%) and organic matéfil®.7%).
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Figure 2.4 Timelines of energy conversion efficiencies of dier PV cell structures
and materials with their developers [4B]9]

2.3 Operation Principle of PV Cells

The process of converting sunlight to electricity in P\Iscdepends on the cell
structures and materials. However, many have a similactepbrof operation to a

Heterojunction PV cell shown in Figure 2.5.
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Figure 2.5 Basic PV operations; (a) before contacting p-type and niayees, (b)
after contacting p-type and n-type layers, (c) under @iy light photons and (d)
after activating light photons

The Heterojunction PV cell consists of two semiconductgeri& n-type which
contains negative charge carrier (electrons) and p-type wbiaiains positive charge
carriers (holes). Before contacting these two layelegtrons and holes can move
freely within their respective layers, as shown in Figurga2Once the contact
appears (Figure 2.5b), a migration of the electrons ares lomcur in both layers and
ap-n junction is created. Some of electrons from thgpe-tayer diffuse to combine
with holes in the p-type layer and vice versa. This pscesates a charge separating
barrier known as the depletion region which will force the elestto flow from the
n-type layer tcanexternal circuit (load) rather than directly to fhwype layer. There
is very little electric current flowing in this situatisince most free electrons and

holes are virtually recombined.

In order to produce a significant current, many more freetmins and holes are
required. More electrons and holes are produced by trenaxftihe solar energy (or
photons). The photons break the covalent bonds that getrehs to the nuclei in the
lattices of the layers and release free electronshales. Then free electrons diffuse

through the junction to the n-type layer and generate enpat difference between
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the two electrodes and a consequent current in thenekigrcuit that can be seen in
Figure 2.5c. After that electrons from the external diroeturn to recombine with
holes in the p-type layer as shown in Figure 2.5d. If suhiggbontinuously supplied,
free electrons and holes will be continuously producechande a continuous current

will be generated.

2.4 PV Equivalent Circuit Model and Equations

PV cells can be represented by the equivalent electricalitimodel, as shown in

Figure 2.6. The model consists of four components:
e A DC current source ), which is used to represent the photocurrent
generating mechanism of the PV cells
e Adiode (D) is used to represent the charge recombination process.

e Series resistor Rwhich represents the total resistance that appears on the

material surfaces and contacting interfaces.
e The parallel resistor Rwhich represents any parallel high-conductivity paths

within and at the edges of the cells

The output current and output voltage of the cells (a#d®d cell current and cell

voltagg are denoted by, and 4.

A"AAY >—e
Rs +

Iph CT) D, Rp va
@

Figure 2.6 PV equivalent circuit model
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From Figure 2.6, the cell currentlcan be expressed as shown in (2.1).

q(Vpv+IpyRs)
A— (e[4m _ 1)  Contits)
where lpy = PV cell output current
Vov =PV cell output voltage

WQ—|3_&U([;}U8_-%_

= photogenerated current

= diode reverse saturation current
= cell series resistance

= cell shunt resistance

= diode ideality factor (or diode quality factor)
= ambient temperature (in K)
= elementary electric charge (1.6021765%10)
= Boltzmann’s constant (1.3806504x18° J.K™)

(2.1)

The first term of the equation (2.1) refers to the phat@nt generated by the

mechanism of the cells. The second term refers todherse current drawn by a

diode D. The last term refers to the current drawn by the parakgstor .

The diode ideality factor (n) is a parameter thatraesfihow closely the behaviour of

the actual diode compares to a theoretical diode. Tgteehthe value of n the higher

the level of power can be produced from the PV cells, wbérhvary depending on

technology and materials of the PV cells. Some typiadles of n are presented in

Table 2.1 [50].

M aterial-Technology Diode I deality Factor (n)
Simono 1.2
Sipoly 1.3
a-Si:H 1.8
a-Si:H tandem 3.3
a-Si:H triple 5.0
CdTe 15
CIS 15
AsGa 1.3

Table 2.1 Diode ideality factor (n) for different cell materiaad technologies [50]
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2.5 Electrical Characteristics of PV Cédlls

The maximum power that can be generated by the PV cells\depending on two
main external factors: sunlight intensity per unit area (stediance; W/rf) and
voltage seen at the output terminals of the cells (céditge). The typical relationship
between the output PV power and these two factors is peesavith the PV

characteristic curves as shown in Figure 2.7.

Sun Irradiance (KW/8)

a2 100%
©
S
o 75%
2
o
o
5
£ 50% -
>
2
©
®)

25% -

0% h T T |\ T
0% 25% 50% 75% 100%

Cellvoltage (% of V,.,)

Figure 2.7 Typical power-voltage (P-V) characteristic curveshaf PV cells

It can be seen from Figure 2.7 that:

e The maximum output PV power will increase when the level ofirsadiance

increass.

e Under constant sun irradiance, the maximum output celepvaries with
the cell voltage which has a range between zero and thémmm cell
voltage (May. There is no power generated when the cell voltagers ze
Then the cell power increases with the increase of éllevoltage (in the
range of 0% to 80% of\,). After that the cell power decreases quickly and
reaches zero output power again a£xX¥100%). The maximum power points

(MPP) of the PV cells are in the cell voltage rangé@6-90% & Vimax
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In practice, electrical characteristics of the PVMscare usually represented by the
current-voltage characteristic curves since they dystiow the relationship between
voltage and current of the cells. The typical curresitage characteristic curves of

the PV cells are shown in Figure 2.8.

Sun Irradiance (KW/#)
~ 100% 10
g
©
S
= 75% 0.7
g
=
= 50% -
S 0.4
25% A
0.1
0% : : 1\
0% 25% 50% 75% 100%

Cell voltage (% of V)

Figure 2.8 Typical current-voltage (I-V) characteristic curvestod PV cells

From Figure 2.8, it can be seen that:

e The PV cell current increases proportionallythe sun irradiance level (e.g.
the maximum cell current §},) increases from 10% to 100% when the sun

irradiance level increases from 10% to 100%).

e The PV cell voltage increases only in a narrow range whesuthérradiance
level increases (e.g. the maximum cell voltagg.§Vincreases from 80% to

100% when the sun irradiance level increases from 10% to 100%).

e Under constant sun irradiance, the output cell curranies nonlinearly with
the cell voltage. The cell current retains almost cohstathe cell voltage
range of 0% to 75% of Mx The cell current drops quickly when the cell

voltage is higher than 75% of.\ and becomes zero at¥

The power-voltage characteristic curves are useful ®d#sign of a power converter

in order to be able to always extract maximum power fronPWeells. The current-
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voltage characteristic curves are useful for the designpower converter in order to
have the current and voltage ratings compatible witmahegs of the PV cells.

2.6 PV Modules

Since a single PV cell can produce only a limited output posexeral single cells
are usually combined together for higher power generation. cbingbination of
several single cells is commonly known asP® module or PV panel and the
composition of several PV modules is knowrad®V array. There are three common
ways to form a PV module [30], which can be achieved by commgetite cells in

series or in parallel or both series and parallel as siowigures 2.9a-c.

p lpv
— —> +
Cell1 4 + Celll ®y A
Cell2 [ Cell2 + [
!
i Ns'va
|
CelINe1 ®Y CellN1 ®
Cell Ng 4 - CellN, ®
() (b)
String 1 String 2 e String N1 String N, Nplpy
—
| 1
Cell1 + 7 %) 7 %) y %) y
] 7
Cell 2 C% i %) i %) f %) i
. | NV

Cell Ns1 # ;

Cell N, # ;

(©

Figure 2.9 Three common ways to form a PV module with single P\&:c&) by
connecting single PV cells in series, (b) by connectingesiAy cells in parallel and
(c) connecting single PV cells in both series and parallel
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When considering a PV module with Bells connected in series (or a string @f N
single PV cells) as shown in Figure 2.9a, the total module bugitage will increase

by N; times the output voltage of a single cell while the modulgut current will be
the same as the one of a single.célhen considering a PV module with, Nells
connected in parallel (or Ntrings of a single PV cell) as shown in Figure 2.9b, the
total module output current will increase by tNnes the output current of a single
cell while the module output voltage will be the same asotte in a single cell. In
order to provide the module output voltage qftihes of the output voltage of a
single cell and the module output current gfdlithe output current of a single cell at
the same time, a PV module with 8trings of N single PV cells as shown in Figure
2.9c will be usedThe same concept can be extended to series and parallel temhnec
PV modules in order to form a PV array. The equation f&vamodule (or a PV

array) with N strings of N series cells is expressed by (2.2).

q NSRS>]

AVt Iney- 1 NsR

Ng'|"PY (PU Np N—S-[Vp,,+(1p,,- 13,,5)]

Ln—Iso| e nkT —1]- " (2.2)

pv = Np -

Figure 2.10 shows the equivalent circuit model for a PV neo¢ar a PV array) with

Np strings of N series connected cells. It can be seen that a highaperuwf series

PV cell (Ns) can cause a higher internal PV resistance. Thisaase a dip in level of
the output cell current and therefore a potentially lowatput power (see more
details in Section 2.7.3).

Ns NP
Np'lph CT) Np'Dl N Rp
p

Figure 2.10 An electrical PV equivalent circuit model of a PV modwieh N, strings
of Ns series connected cells
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2.7 PV Equivalent Circuit Modelling from the Datasheets

As presented in Section 2.4 and Section 2.6, any PV cellsd¢dules or arrays) can
be represented by the PV equivalent model and equationgdlihealent model and
equations are usually used in simulation work, which helps to eedereelopment
costs and provide controllable test conditions. Unforelpatmost commercial PV
products do not directly provide the equivalent model in théiligheed datasheets. In
fact, most datasheets provide typical specificationgioétl from the specific test

conditions only.

2.7.1 Typical PV Specification Parameters in the Datasheets

This section presents typical PV specification parametéish are usually included
in the datasheets. In Section 2.7.2 it will be shown hovcay®V parameters given
in the datasheets can be used to determine the PV motte attual PV products.
Figure 2.11 shows typical PV specification parameters of ar®dule on thePV

characteristic curves; using the definitions presentdcliie 2.2.

Short circuit current g Maximum power point
- (MPP)
100% O—— - 100%

Cellcurrentat MPP (jpop) <-7~--X 2

- | al5
D | IS
« 5% A | - 75% o
o \4 <
S o
E Cell voltage at MP 2
qt" 50% - (Vvep) - 50% 2
S >
o g
= >
] o
© 250 L 050, ©
o

Open circuit voltage (M)
0% T T T 0, 0%
0% 25% 50% 75% 100%

Cellvoltage (% of Vo)

Figure 2.11 Typical PV Specification parameters in the datasheets
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PV Specification

Parameter Name Definition

Maximum current of the PV cell with a

Isc Short-circuit current| o 1 circuit at the PV terminals

Maximum voltage of the PV cell with aj

Voc Open-circuit voltage open-circuit at the PV terminals

Prmax Maximum Power Maximum output power of the PV cell

Output voltage of the PV cell at

Vimpp Voltage at Rax maximum power point

Output current of the PV cell at

| Current at R . .
mep max maximum power point

e The ratio of the actual maximur
obtainable power to the
theoretical maximum power.

e FF= (lmpvampp)/( ISCXVOC)

FF Fill Factor e Typical commercial PV modules

should have &F greater than 0.7
whilst the modules with &F
between 0.4-0.7 are considered
grade B modules

Table 2.2 PV Specification parameters and their definitions

The PV module is usually tested under the conditions calbead&rd Test Conditions
(STC), which are under sun irradiance of 1 k\f//ambient temperature of %5 and

1.5 Air Mass (Air Mass is a measure of the thicknesshef atmosphere that
influences the solar spectrum; 1 Air Mass refers to that at the earth’s surface). Some
datasheets also provide the effect of the ambient teraperain the electrical
characteristics of thBV modules, which would be shown either with numbers (e.g. -
80+10nV/°C) or with curves (e.g. the one shown in Figure 2.11).
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2.7.2 PV Equivalent Circuit Modelling Procedure

This section presents a procedure to determine the PV ezntiaicuit model using
the information given in the PV specification datasheetorder to complete the
model, the parameters,|lso, N, R and R must be known. These parameters can be
determined by using the steps shown in Tables 2.3. It is noa¢dhé calculated
values of these parameters are only the initial valueth®model A more accurate
model which provides electrical characteristics closé¢oactual PV module would
be achieved by tuning the values of these parameters in thpresented in Section
2.7.3.

Step | PV Parameter Description

Select n from Table 2.1 by considering the cell materil g

! " the cell technology of a PV cell

Considering short-circuit condition whergAlsc and \4,=0.
Assume that Ris very small and Ris very large and wit}
2 lon the use of (2.2),,h can be calculated from (2.3)

I, = =< (2.3)

n=
14 Np

Considering open-circuit condition wherg=0 and V=Voc.

Assume that R is very large. Substituting all know

parameters for (2.2)sdcan be determined from (2.4)

3 I'so
ISC

lyo = (2.4)

( quc)
e\NsnkT)_q

Differentiating (2.2) by W and considering the curve at {
Voc point, R can be estimated by (2.5); whergudlV,, is the
slope of the |-V curve at theg¢ point

Ny [ 1 1

Ng (dlp,,) X,
aVpy v,

;Xv — &e(%) (25)

RS = — =
NgnkT

Substituting all known parameters for (2.2) and at MPH
can be determined by (2.6)

NgR

5 Ro Ry =~ y ] (2.6)

Vmmp+immp- Np

_Immp

Isc Np —Isof e NsnkT -1

Table 2.3 PV modelling procedure using the information given fromdédasheets
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2.7.3 Effects of PV Equivalent Parameters on the PV Charadateristi

Curves

This section presents the effects of PV equivalentitiparameters (RR,, n and &)

on the characteristic curves of the PV module. This kralgeas useful for tuning the
parameters in order to obtain a more accurate PV equivaedéel. The effects of
these parameters can be observed in Figure 2.12. It is thaitethe numbers shown
are only the examples. The actual values should benebtaising the procedure

presented in Table 2.3.

] R,=100Q
= L 150Q
o c
3 £
% 3 20Q
o T
O
Cellvoltage ——— Cellvoltage ———
(a) (b)

= n=1.1 = ls—1012A/cm? \
o g
§ 1.0 § 1011 A/cm?
S 0.9 3 10A/cm2 ———

Cellvoltage — Cellvoltage ———

(©) (d)

Figure 2.12 Effects of PV equivalent parameters on the PV chaiatitsrof the PV
cell caused by the effects of (ay ) R, (c) nand (d)
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It can be seen from Figure 2.12 that:

e From Figure 2.12a, only a small change ot& cause a significant change of
the PV curves, i.e. a slightly increase in the valu&dfrom 1Q to 2Q2) can

cause a large dip in the PV cell current of more than 50%.

e From Figure 2.12b, a large change ip B needed in order to cause a
significant change of the PV curves, i.e. a much smallkrevaf R, (from
10002 to 207?) is needed in order to cause a large dip in the PV celbrur
more than 50%.

e From Figure 2.12c, increasing the value of n will increasemthximum cell

voltage and hence lead to a wider range of PV cell voltage.

e From Figure 2.12d, the inverse result of n will be seensfpidrcreasing &
will reduce the maximum PV cell voltage and hence cause awarrange of

PV cell voltage.

Besides the parameters, R,, n and L, ambient temperature (T) is also one of the
major factors that can cause a significant changehafacteristic curves of the PV
module. Figure 2.13 shows the effect of ambient temperatuteoicharacteristic
curves of a crystalline silicon (c-Si) PV module [51} can be seen that when the
ambient temperature increases, the maximum PV cell currdéinnerease whilst the
maximum PV voltage decreases. This is because of thehf@ctvhen the ambient
temperature increases, the PV cells absorb more enadjyeleases more electrons
and holes. As a result, the excessive electrons @ahggher output cell current and a
larger amount of electron-hole pairs causes a higheraofatharge recombination

inside the cell and hence causes a drop of the outpwdtige.
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Figure 2.13 Effect of ambient temperature on the characteristicsSi PV cells [51]
When variation of the ambient temperature (T) is atemsidered for the PV

equivalent model, the PV equivalent parametgtdd, Rs and R can be expressed as
(2.7)-(2.120) [52][53].

Ipn(T) = (Ipny + K1 (T = T1)) - Gsun (2.7)
3 ~9Egq1_ 1

Iso(T) = Isol * (Tll) : (e nk [T Tl]) (28)

Rs(T) =Ry - (1~ Ko(T — ) (2.9)

R,(T) = Ry - e7KaT) (2.10)

where

lon(T) = photogenerated current at any temperature T (in K)
lso(T) = diode reverse saturation current at any temperatureK) (in
R(T) = series resistance of the PV cell at any temperatuire K) (
R(T) = parallel (shunt) resistance of the PV cell at any teatpee T (in K)
loh1 = photogenerated current at room temperatyr@9Ig’K)
lso1 = diode reverse saturation current at room temper@iui2o8K)
R1 = series resistance of the PV cell at room teatpee T (298K)
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Ro1 = shunt resistance of the PV cell at room temperatu(@98K)
Gsun = sun irradiance level (0 to 1; 1Sun=1k\fYm
Ki = photogenerated current temperature coefficient

= series resistance temperature coefficient
= parallel (shunt) resistance temperature coefficient
= band gap (in eV; 1eV=1.6021765%10-19 J)

PALERVASITS

The knowledge of the effect of ambient temperatureherPV characteristic curves is
useful for fine tuning the parameters of the PV equivalemuic model in the
simulation studies where the ambient temperatureascaissidered.

2.7.4 An Example of PV Equivalent Circuit Modelling

This section demonstrates how to construct the PV equiveilenit model from the
datasheet information. A commercial PV module BP SX30\&#] the specification

datasheet shown in Figure 2.14 is used for this example

Typical Electrical Characteristics” BP SX 30
Maximum Power (P ay)? 30w
Voltage at Pmay (Vmp) 16.8V
Current at Pmay (Imp) 1.78A
Warranted minimum P ay 27w
Short-circuit current () 1.94A
Open-circuit voltage (V) 21.0V
Temperature coefficient of I (0.065+0.015)%/°C
Temperature coefficient of V. -(80+10)mV/°C
Temperature coefficient of Power -(0.5+0.05)%/°C
NOCT* 47+2°C

BP SX 30 |-V Curves

Notes 25

1. These data represent the performance of typical modules in 12V configuration as
measured at their output terminals, and do not include the effect of such additional
equipment as diodes or cables. The data are based on measuremeants made in
accordance with ASTM E1036-85 corrected to SRC (Standard Reporting Conditions,
also known as STC or Standard Test Conditions), which are: z0

= illumination of 1 kWW/m® (1 sun) at spectral distribution of AM 1.5 (ASTM E892-87
global spectral irradiance):

1.5
« cell temperature of 25°C
g
2. During the stabilization process which occurs during the first few months of 'é‘
deployment, module power may decrease approximately 3% from typical Pmax E
-]
Q1.0

w

U versions.

&

The cells in an illuminated module operate hotter than the ambient temperature.
NOCT (Nominal Operating Cell Temperature) is an indicator of this temperature
differential, and is the cell temperature under Standard Operating Conditions: 0.5
ambient temperature of 20°C, solar irradiation of 0.8 kW/m?*, and wind speed
of 1 mis

0.0

o 5 10 15 20 25
Voltage (V)

Figure 2.14 Specification datasheet of the PV module BP SX30 [54]
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By following the procedure proposed in Section 2.6.2 and usengitfen information
from the datasheet shown in Figure 2.theé PV equivalent model parameters can be
determined giving the values shown in Table 2.4.

Value :

PV Parameter |0 T=25C | T=50°C | T=75°C Unit
n 13 13 13 13 i

o 1.91 1.94 1.97 2.00 A

oo 2 50 900 4500 nA

R 0.63 0.63 0.63 0.63 Q

R, 18 18 18 18 kQ

Table 2.4 Calculated values of the PV equivalent parameters facdiremercial PV
module BP SX30 [54]

The PV equivalent model of the BP SX30 module was implezdeint the SABER
simulation program for verification. Figure 2.15 shows theuation results obtained
from the PV equivalent circuit model in comparison todbwial specifications of the

datasheet.

2.5
— Datasheet
— Simulation
2
< 15-
IS
o
5
(@) 1+
0.57
0 T T T T
0 5 10 15 20 25
Voltage (V)

Figure 2.15 Comparison of the characteristic curves between thelaiion PV
equivalent model and the specifications of the datasheet
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It can be seen from Figure 2.15 that the PV equivalent heade provide similar
simulation results to the datasheet curves provided bynthaufacturer. Small
differences (around the corners of the compared cuareshe results of variation in
the internal resistance {&d R) variation caused by thermal drift with the actual PV
module. The effect of ambient temperature on the P\étegsie is not considered in
this simulation for simplification. Thus, the better auritting can be achieved by
considering also the effect of thermal drift og &Rd R using (2.9) and (2.10).

However, this will lead to a more complex and slower sitiariamodule.

In the case that individual BP SX30 PV modules @menected in four strings of
fourteen series connected moduleg=4\ N=14), the modules form a PV array that
gives the simulation results shown in Figures 2.16 and 2dZree specifications as
shown in Table 2.5.

10
Sun irradiance
0,
g - 100%
<
= 6 70%
C
o
5
o 4 50%
30%
2 A 20%
10% \
0 N 5% T T T IQI
0 50 100 150 200 250 30(
\oltage (V)

Figure 2.16 V-l characteristic curve obtained from the simulati® equivalent
model made from the 4 strings of 14 series-connected BP SX8@Hules
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2000
Sun irradiance
0
1500 - 100%
=3 70%
¢ 1000-
¢ 50%
a
500 A 30%
20%
10%
0 - — 50— . Q
0 50 100 150 200 250 300
\oltage (V)

Figure 2.17 V-P characteristic curve obtained from the simulaBdhequivalent
model made from the 4 strings of 14 series-connected BP SX8@Hules

PV Parameter Value Unit
Pmpp 1.67 kw
Vinpp 233.7 \%
| mpp 7.17 A

Isc 7.76 A
Voc 294 \%
FF 0.73 -

Table 2.5 Specifications of the PV array of 4 strings of 14 sartemected BP SX30
modules at the ambient temperature d{25

It can be seen from Figures 2.16-2.17 and Table 2.5 that tlegjivalent model can
provide the PV characteristic curves and specificatiengequired. As expected, the
model produces an output voltage 14 times greater than a Bgheodule (¢ of
294V compared to 21V) and an output current 4 times greater tlamgla PV
module (e.g. dcof 7.76A compared to 1.94A). These PV specifications were osed f
the design of the PV emulator which has been used iexgperimental work (Section
7.2 and Section 8)1
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2.8 Summary

This chapter has presented the fundamental characermdtihe photovoltaic (PV)

cells, with insight into cell structures and materid#ifier a brief description of the
principle of operation of the PV cells, the equivalentwirenodel and the electrical
characteristics of the PV cells are introduced. Thiswkedge is essential for the
design of the power converter introduced in Chapters 3d4 a0 that the use of PV
cells is optimised to deliver the maximum possible powdre €quivalent circuit

model is used for the simulation work in Chapters 5 and Grendxperimental work

presented in Chapters 7 and 8.
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Chapter 3

Characteristicsof Grid-Tied PV Inverters

As mentioned in Chapter 1, this thesis considers power cenveriologies which
canconvert and feed power from photovoltaic (PV) cells togbwer grid. In order to
understand fully the design of these topologies, the ddsicharacteristics required
for these topologies should be studied, which are predeint this chapter. The
characteristics on the PV side of the inverters, tiaacteristics on the grid side of

the inverters and the other characteristics are praesente

3.1 PV Side Characteristics

The desirable characteristics for the PV side of the evaim to achieve maximum
power extraction from the PV cells and connection compayiliktween the inverter

and the PV cells. The invertsrrequired to have the following basic features:

I ability to operate efficiently at the MPP of the PV cells
ii. ability to operate over the whole MPP range of the PV cells

iii. have a power rating matching to the maximum power rating of the PV

cells

iv. withstand the maximum voltage and current of the PV cells regardless of

the variation of ambient temperature

The first and second requirements (i andare a consequence of the maximum PV
power extraction. The inverter should be able to operatedflaximum Power Point
(MPP) of the PV cells. As presented in Chapter 2, the BiRRRe PV cells is usually
within the PV cell voltage range of 60-90% of the maximum W\Mtage rating.
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Therefore, the inverter should also be able to operéte these voltages over the

whole range for full PV power range extraction. The adwWaP and MPP range for

the inverter based on these characteristics are shokigure 3.1.

100% - MPP operating range

Sun Irradiance

1 KW/ MPP

50% -

PV Power (% of Ry

0.1

0% | “\

0, 0, : ; I 0,
0% 50% 00 000, 100%

PV Cell Voltage (% of W,y

Figure 3.1 MPP and MPP range for the grid-tied PV inverter in ordactoeve

maximum PV power extraction and connection compatibility

The third and fourth requirementsii (and iv) are related to the connection

compatibility between the inverter and the PV cells infttiewing points:

The power rating of the inverter shall never be less 884 of the maximum
power of the PV cells in order to avoid overload conditi@ig. An inverter
with a power rating lower than this could be applicable oalythe areas

where the output power from the PV cells does not reachakimum rating.

The inverter is required to withstand the maximum voltafyéhe PV cells.
This limit should also consider the effect of the ambimmperature since
high temperature can lead the PV current to be highentharaximum rating
whilst low temperature can cause the same effect but fdPVheoltage (see
more details in Section 2.7.3). Operation with a voltageeding the limit
ratings of the inverter should be avoided because thessixe voltage can age

electrical components of the inverter more quickBduce the working life
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and potentially damage the inverter [56]. Therefore, theagelratingof the
inverter should be higher than maximum voltage of the Al as shown in

Figure 3.2. The current must also be controlled to bettessthe maximum

under high temperature operation.

Required to be controlled to be less than
maximum current under high temperature

'_\
o
o
&)
q

Required to
withstand
maximum
voltage under
low
temperature

Sunirradiance, 1 KW/t

75%] o7

50%-
0.4

PV Cell Current (% of l.0)

25%-

0.1

—

0% T T
0% 50%

PV Cell Voltage (% of V4,

100%

Figure 3.2 Required area for the grid-tied PV inverter to withstanchthgimum
voltage and maximum current of the PV cells

3.2 Grid Sde Characteristics

The characteristgfor the grid side of the power inverter are usually referred thes
grid codes. The grid codes are the technical specificationsedelfiy an authority for
permitting equipment connection to the power grid (e.gneoting an independent
power generating plant such a PV array to the grid).nide purpose of the codes is
to ensure the safe and stable functionality of the grigk gtid codes vary from
country to country. The E.On-Netz 2006 grid code [12] and UK-NdtiGnia 2010

code [13] are the main references used in this thesis.

Besides the grid codes, in most cases, the grid-tied Rarterg are also required to
comply with relevant Standards. The standards are the tethspecifications
published by independent global organizations. Standards IEC 61727 1BEEand
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UL 1741 [14-16] are the main references used in this theasc Bequirements on
the grid side for the grid-tied PV inverters required by thé godes and standards
are related to high output power quality, grid fault rideotigh capability and

islanding prevention [24],[26],[28],[57].

3.2.1 High Output Power Quality

Grid-tied PV inverters are devices that may potentiallytrdoute to power quality
concerns, such as the degradation of the quality of gridgelkavailable to other
users of the network. Grid-tied PV inverters are requiregrtmluce good quality
output waveforms, which are synchronised wihb voltage waveforms of the grid.
The most common tools for measuring the power qualigy Botal Harmonic
Distortion (THD) and Power Factor (PF) [14],[16].

3.2.1.1 Total Harmonic Distortion (THD)

The total harmonic distortion (THD) defines how much thalidene waveform is
contaminated by harmonic§he higher the THD value the higher the distortion will
be. The formula for calculating the THD of a wavefasnderived and defined by the

following analysis.

Any periodic, non-sinusoidal waveforms U(t) can be expreaseal Fourier series as
shown in (3.1). The first term of the series is thedamental component whilst all
others are the harmonics. The total harmonic distoroto the h harmonic order is
defined as (3.2

U(t) = Ussinwt + X -, Upsin (nwt + a,) ;n=2,34...0 (3.2

/U22+U§+---+U,f
THD = —Xx 100% (3.2

1

Table 3.1 shows the current harmonic emission limits at thet md common
coupling (PCC) for grid voltages lower than 69kV as specifiechbystandards IEEE
1547 and IEC 61727. These specifications will be used to evaéheperformance of

the considered inverter topologies in Chapter 6.
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Maximum individual current harmonic order in % of load currd

Bus (Odd harmonics) THD
Voltage (%)
h<11 11€sh<17 | 17<h<23 | 23<h<35 | 35<h

4.0 2.0 15 0.6 0.3

<69kV 5.0

*even harmonics are limited to 25% of the odd harmonic limits
above

Table 3.1 Current harmonic emission limits specified by the StadsldfEE 1547
and IEC 61727 [14]16]

3.2.1.2 Power FactoPf)

Power Factor (PFis defined as the ratio of the active (or real) power to tttal
apparent power. In terms of the waveforms, the PF isdbae of the displacement
angle between the fundamental (50/60Hz) voltage waveform ameint waveform;
therefore, the PF has a value between zero and oost @&lectric power systems
usually transfer the power with a PF equals to one (unity pdaotor). This is
because the power systems with a PF lower than onetbal@w more current in
order to transfer the same amount of real power. As d r@eqower system witla
low PF has higher losses and requires larger wires and ejh@ment than the one

with aPFclose to unity

There is no requirement for the PF in the standardIE®R47. Only the standard IEC

61727 provides a recommendation for the PF as follows:

e The PV power factor shall have an average lagging power factor gtieater

0.9 when the output is greater than 50% of rated PV power

Similar specifications can also be applied for an aveleaping power factor. Figure

3.3 shows a graphical illustration of this requirement.
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Required [PF| > 0.9

100%-
3
=
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< PV Power > 50%
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= )
@]
o
@] |
>
o
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PV Cell Voltage (% of W,y

Figure 3.3 Required operating power factor recommended by Standard IEC 61727

3.2.2 Grid Fault Ride-Through Capability

Grid-tied PV inverters shall have the capability to ride-throgiadh faults in order to
ensure safe and stable operation of the electrical nletWbe capability of grid fault
ride-through is an ability to remain transiently stabld atay connected to the grid
without tripping for a specified time during a grid fault dis@mce. The inverters
shall also be able to support the grid with a reactiveeatiuring fault and supply

power to the grid immediately after fault clearance [12, [EB-60].

Figure 3.4 shows the required “stay-connected” time according to the level of the grid
voltage based on the requirements of E.On-Netz 2006 grid codeTH&]nverter is
required to stay connected to the grid for 150ms when the gklgeodrops to zero
before the disconnection is permissible. A longey-stsnnected time is requireat
higher voltage levels (e.g. 750ms when the grid voltage doop8% of its nominal
level). The inverter must never disconnect from the dritid grid voltage is higher
than 90% of its nominal level. Active power must be imdctinto the grid
immediately after fault clearance wiimincreasing rate of increase of at least 20% of

the rated power per second.
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1009
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Disconnectionis permissible

Grid voltage level U/ (%)
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Time when a fault occurs

Time (ms)

Figure 3.4 Required stay-connected time for a particular level af goitage
required by the E.On-Netz 2006 grid code [12]

It should be noted that the stay-connected time for tiefgult ride-through varies
from country to country. For example, grid voltage drop88f of the nominal level
may last up to 625ms in the USA but last up to 140ms in the@dK [

Grid-tied PV inverters are also required to inject a reaaturrent to support the grid
when the grid voltage drops to less than 10% of the nor@wueal (outside the Dead
band), as shown in Figure 3.5. Inverters must inject aiveaairrentat a rate of 2%

of rated current for every one percent of grid voltaggpdFor example, a reactive
current of 50% of rated current is required for a gridagdtdrop of 25%. A reactive

current of up to100% must be possible if necessary.

~
R 100%fmmmmy ‘
N—r 1
= Dead band
= ead ban
E e
o 75%
E
>
o
(3]
2 50%
Q
i
2
°©
O  25%
= ’
= %
i A
0% ; T
0%  10% 25% 50% 75% 100%

Grid voltage drop\U/Uy (%)

Figure 3.5 Required reactive current for a particular drop of the goitage level by
the E.On-Netz 2006 grid code [12]
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3.2.3 Islanding Prevention

Islanding is the situation when the grid-tied PV inverterdinoa injecting electo
power from the PV cells to a subsection of the grid evehe main grid is already
tripped by the utility due to fault conditions or for mamaace purposes. Islanding
can be dangerous for the utility workers who may not re#iaethe grid section is
still powered and may damage equipment due to asynchronousgidsise [24] In
order to avoid these problems, inverters are required te &gwotection system to
disconnect the inverters automatically from the grid wiséanding is detected. This
protection system is known as anti-islanding. The standards IBE7 and UL 1741

provide the specification as follows:

e The inverter shall detect and cease to energise the grid within 2 seconds

There are several techniques available for islanding tilmted62-65]. Most
techniques utilise some combination of a sudden change imsfrsiguency, voltage
magnitude, rate of change of frequency (df/dt) and increaategof the active power

or/and reactive power well beyond the expected nominal level.

3.3 Other Characteristics

Besides the characteristics on the PV side and grid sitteegfower inverters, grid-
tied PV inverters are also required to have high power cdaveg$ficiency, accurate
MPP tracking and minimum costs. Details for these chariatits will be presented

in the following sections.

3.3.1 High Power Conversion Efficiency

Like most power electronic devices, grid-tied PV invertees r&quired to operate
with high efficiency at every operating point, which islee MPP of the PV cells in
this application. As the MPP of the PV cells varies dependin the levels of sun
irradiance (see Section 2.5), the efficiency of therteve operating at different levels

of sun irradiance can be different. Moreover, ddfdr inverter types may require
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different MPP ratings. These would lead to difficultycomparing the efficiency of
different types of grid-tied PV inverters.

The European Efficiencyfurg is one of the most widely used methods to calculate
the efficiency of grid-tied PV inverters [12]. This methddoaallows efficiency of
different types of grid-tied PV inverters to be compareds Thethod averages the
efficiencies of the inverters when they operate at MPiReuB%, 10%, 20%, 30%,
50% and 100% sun irradiance; where each of a particulareeffy is weighted with
the probability of seeing that sun irradiance level & ¢bntral Europe. The formula
for calculatingzeuro is shown in (3.3); wher@so,, 110%, 120%, M30%, Ms0% anNd 1009

are the efficiency of the inverter operating at MPP usdér 10%, 20%, 30%, 50%
and 100% sun irradiance; and the numbers are the probédilitiyose sun irradiance
levels in the central Europe.

Neuro = 0.03759, + 0.067199, + 0.137309, + 0.11300, + 0.48n500, + 0.2719094 (3.3)

From (3.3), the efficiency at 50% sun irradiance hashipbest contributiorio the
European Efficiency since this point has the highest probalufi almost a half
(48%) of the total probability. Inverters with efficiensiap to 98%canbe achieved
for sun irradiance over 25% [66]. An example of the cakimh for a 94.5%

European efficiency inverter is shown in Figure 3.6 [55].

100%

Nay=94.8% N5 90A% 0 =95.09%

S 95 — 0
\g Efficiency Curve
o 0.48
i3]
“...u:J 90% nlO%:9O-8%
(3
§ n5%:84.9%
£ 85% 0.2
0.13 .
0.06 0.1 Probability of
0.0 I each sun irradiance leys
80y
PS%PIO% PZO% PSO% PSO% I3100%

Percentage Load (%)

Figure 3.6 Typical efficiency curve of the 94.5% European efficiemsierter [55]
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3.3.2 Accurate MPP Tracking

Grid-tied PV inverters are required to include a systemdati@imum power point
tracking (MPPT) in order to ensure that the inverters ahwggsate at the MPP of the
PV cells. There are several MPPT techniques availablesititénature, many of them
are summarised iAppendix A [67]. However, among all of those techniques, the
Perturb and Observe (P&O) and the Incremental Conductance (Inc@chdjques
[68, 69] are the most simple and widely used MPPT technidliesse techniques are
presented in the following Sections.

3.3.2.1 Perturb and Observe (P&O) Technique

The concept behind the P&O technique [68] is to adjust theatipgrvoltage of the
PV cells until the MPP is determined. The algorithm floart of this method is
shown in Figure 3.7. This method provides the simplest itigorand the easiest
implementation. However, this method has the drawbackbaihthe output power
always fluctuates even in the steady state as well aschavrisk of tracking in the

wrong direction under rapid changes in solar irradianggde

] 1\
Increase Decrease
Operating voltage Operating voltage

Yes

<>

Px = current power value
Pk.1 = Previous power value

Figure 3.7 Flowchart of the Perturb and Observe algorithm [70]
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3.3.2.2 Incremental Conductance (IncCond) Technique

The IncCond technique [69] takes an advantage of the lattthe slope of the
power-voltage curve (dP/dV) is zero at the MPP, as show(3.4). The slope is
positive at the left of the MPP and negative at thbtrof the MPP as shown in (3.5).

@ _awi _ ﬂ -

= a —lw +i=0 (3.4)
a_ i I

dv - v ~ Vpv (35)

The flowchart of the IncCond technique is shown in Figure 3l& MPP is
determined by comparing the instantaneous conductance (I/V) tonchement
conductance (AI/AV). Once the MPP is determined, the system will maintain that
operating point without any fluctuation until the change in AI/AV occurs and the
system starts to search for a new MPP again. As a rékaltincCond technique
solves the problems of the P&O technique by obtaining the ME®uwtioscillating
in steady state as well as being able to withstand relpashge of sun irradiance.

However, this technique is more complicate to implementtiafP&O technique.

Increase Decrease Increase Decrease
Operating voltage Operating voltage Operating voltage Operating voltage

!—¢—\

Return <

Figure 3.8 Flowchart of the Incremental Conductance algorithm [70]
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3.3.3 Minimum Costs

Although the current cost of grid-tied PV inverters is th& main contributor to the
total cost of grid-tied PV system (forming only 6-9% of thaltabst), the cost of the
inverters should be still minimised. In some countriesrddkiction of the inverter
cost is set as a clear action plan, e.g. USA planshieaethe inverter price of $0.25
0.3/Wp by 2020 from the present (2010) cost of $0.716/Wp [71].

The cost breakdown of a grid-tied PV inverter (Figure 3.9) shitmatthe cost of
printed circuit boards (PCB) is the major contributor to tagital cost (31%) of the
inverter, followed by the costs of production (23%), enclos(ir®%), power
electronics components (12%), magnetic components (10&b}esh (5%) [72]. In
this thesis the estimate costs of PCB, power electiamdcmagnetic components for
different inverter types will be considered in Chapter 6.

Power electronics
components

Magnetic
components

Production

23%

PCB Boards

Figure 3.9 Cost breakdown of a grid-tied PV inverter [72]

Besides thaforementioned characteristics, grid-tied PV inverters shbale a small
size and light weight, which help to reduce the transpontaind installation cost
[29]. Grid-tied PV inverters should also have a long opmmatilifetime since most
PV module manufacturers usually offer a warranty of 20-25syear80% of initial
efficiency [6]. The electrolytic capacitors used inside thverters are the main
components that limit the lifetime of the inverters. if legperational lifetimes reduce
more quickly, by the factor of power two for every incregf ambient temperature
of 11-12°C [21].
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3.4 Summary

This chapter has presented the basic required characsarisgrid-tied PV inverters.
The characteristics are divided into three types: P¥ sitaracteristics, power grid
side characteristics and the other characteristics.

The PV side characteristics aim to achieve the maximis& output power and
connection compatibility between the inverter and the PWrc& The inverters
should always operate at the MPP, be able to opevatetibe whole MPP range of
the PV cells, have the power rating matching to the ratinth® PV cells and
withstand the maximum voltage of the PV cells regardlésang variationin the

ambient temperature.

The grid side characteristics are related to output powality and safe operation
complying with all relevant grid codes and standards. Thetergeshould not emit
high levels of harmonics at the grid connection overlithés specified in the grid

codes and standards (e.g. standard IEEE 1547). The invertarkl gitrovide an

average power factor higher than 0.9 when operating witbhutgut power over than
50% of the rated PV power (standard IEC 61727). The invertetddshlso be able to
ride-through grid faults as required by the grid codes (e@n{iletz) and have the
ability of islanding prevention (standards IEC 61727 and UL1741).

Inverters are also required to have high power conversianeeify when operating
at the MPP with good MPP tracking. Inverters are alspired to have low costs,

small size, light weight anallong operational lifetime.
These characteristics will be used in the choice efttpologies for grid-tied PV

inverters presented in Chapters 4 and 5 as well as in an tmalobthe performance

of the topologies as presented in Chapters 6 and 8.
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Chapter 4

Three-Phase Transformerless Grid-Tied PV
Inverter Topologies under Investigation

This chapter presents a review of transformerless inverpalogies used for three-
phase grid-tied photovoltaic (PV) applications. The topeginder investigation are
selected from those currently used or already presemtded published papers. Six
inverter topologies are examined, which are the voltage sdoxerter (VSI), the
current source inverter (CSl), the two-stage VSI witltoasb converter, the two-stage
CSI with a buck converter, the voltage fed Z-source invenel the current fed Z-
source inverter. Details of the circuit configuration, dumation and control
methodology and typical passive component design proceddureach of these

topologies are presented.

4.1 Introduction

The voltage source inverter (VSI) and the current sourcertew (CSI) are the very
basic power converter topologies presented in the literathat can convert DC
power into AC power in a single conversion stage. Howevesettopologies have
some shortcomings when required to operate with a largedéye variation source
such as a PV array. Below, the choice between theugimwerter topologies suitable

for connection of PV arrays to the grid is discussed.

The VSI is a DQo-AC voltage step down converter [73[his topology cannot
operate with a low PV voltage since the topology required?V voltage to be higher
than the peak lings-line grid voltage in order to enable power to be transleioehe
grid. Therefore, in practice a D©-DC boost converter (also called a boost

converter) is usually added to allow the resulting two-staget&/Step up a low PV
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voltage to the required level [74]. In contrast, the 631 DCto-AC voltage step up
converter [75] This topology can operate over a wide PV voltage radgevi to
zero) without the need of any additional components. Howéve PV voltage must
be limited upwards to be less than 0.866 of the peaktdihiee grid voltage.
Therefore, an additional D@-DC buck converter (also referred as a buck converter)
could be added to the CSI topology in order to step down a highoRagg when a
high voltage PV array is used. The addition of the boo$tuck converters however
adds cost, complexity and losses to these inverter topslogut has the advantage
that it allows the stabilisation of the DC-link voltaged therefore facilitates a better
usage of the VSI/CSI switches. Alternatively, Z-source irer{ZSl) are types of
converter topologies that can both step up and step dewottage from the DC side
to the AC side due to the use of an additional DC impedanu&tdi26]. This means
that the ZSI is able to operate over a wide DC voltagge of the PV source in order
to convert and feed power into the grid. Two basic configumatof ZSI topologies
have been proposed: the voltage fed ZSI and the curredBle®ne major drawback
of the ZSI topologies is that these topologies areestitdp high voltage and current
stress on their circuit components, especially théctimg devices [35, 36]This may
require a careful design or the use of components withehigoltage and current

ratings, which can be more expensive.

Table 4.1 summarises the list of inverter topologies thatimwestigated in this
chapter. It is noted that in Chapter 5, a new candidateagypohamed the CSI with
series AC capacitors, which is a modified topology of @® will be proposed.
Chapter 6 will evaluate the performance of the proposed topaiogpmparison with

the topologies presented in this chapter.

Inverter Topology Symbol
Voltage Source Inverter VSI
Current Source Inverter Csl

Two-stage VSI with a boost convertgd VSI+Boost
Two-stage CSI with a buck converte] CSI+Buck
Voltage fed Z-Source Inverter ZSI-V
Current fed Z-Source Inverter ZSI-l

Table4.1 Three-phase grid-tied PV inverter topologies under invegiigat
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4.2 Circuit Configurations

4.2.1 Voltage Source Inverter

Figure 4.1 illustrates the circuit configuration of a staddhree-phase voltage source
inverter (VSI). This topology is the most commonly used rireretopology for grid
interfacing applications [76]The circuit consists of six unidirectional switchesihg
fast recovery diodes connected in anti-parallel to prowederse conduction of the
AC current for the situation when the opposite swigchff. The topology is fed from
a DC voltage source connected in parallel with a DC-lmkage smoothing capacitor
Cue. The switching devices are arranged such that each AC ophase can be
connected to either the upper or lower DC-link voltage. imHactive filters L are
placed on the AC side to decouple the inverter and the gdidcasmooth the current
ripple created by the inverter switching. A diode is usudiyed in series with the

PV source to avoid reverse PV current which is likely tcuoduring night.

— ’ t 3~
_|G _M} _“3} Power grid

Ly
+ nmm ®—|
i L nmm
PV <>_ Cdc__ mm Og ) -

- 4(1} 43}

Figure 4.1 Circuit configuration of a standard three-phase VSI

4.2.2 Current Source Inverter

Figure 4.2 shows the circuit configuration of a standardetplease current source
inverter (CSI). Six unidirectional switches connectedsdanies with reverse voltage
blocking diodes are used in this topology. These diodem@raecessary if reverse
blocking switches (GTOs or IGBTs) are used to construct tdweep circuit. The

topology is fed from either a DC current source or a Dfage source connected in

series with a DC-link inductorgk. Filtering capacitors (are placed on the AC side to
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smooth the grid voltage ripple caused by the rapid change in the converter’s current
(di/dt) caused by the circuit commutation of the consB@tlink current. The AC
inductors, k, are added to smooth the AC line current ripple caused bgwtibehing

3...
éz éz Power grid
45 S

L

Figure 4.2 Circuit configuration of a standard three-phasé CS

of the inverter.

nmm
de

PV )
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4.2.3 Two-Stage VSI with a Boost Converter

Figure 4.3 shows the circuit configuration of the three-phaso-stage VSI with a
boost converter (VSI+Boost) [7.7A boost converter is added to the VSI topology in
order to step up and stabilise the DC-link voltage level wihenRV voltage is
insufficiently low. The boost converter consists afiade, a switch and an inductor
Lboost The duty time of the boost switch controls the volthgesting ratio: the higher
the duty time, the higher the DC side voltage that is ledlosthen compared to the
PV voltage. When the boost switch is turned on, the R¥csois shorted via the
boost inductance and the current in the inductor ineseasd stores energy. When
the boost switch is turned off, the DC voltage producedhbyinductance (-Ldi/{it
tops up the PV voltage and then all this energy is tramesfethrough the diode to the
boosted DC part as the current level in the inductor deesed he diode controls the
current direction to flow from the PV source to the grid pwligich is used to prevent
reverse conduction through the PV array. The size didlost inductor eostdepends
on the smoothing requirement of the input PV current batilsl be large enough to
provide continuous conduction current. Section 4.4.3 and $eét® contain more

details for the operation and component design for tpislogy.
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Boost converter
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Figure 4.3 Circuit configuration of the three-phase, two-stage Wilt a boost
converter
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4.2.4 Two-Stage CSI with a Buck Converter

Figure 4.4 shows the circuit configuration of the three-phaso-stage CSI with a
buck converter (CSI+Buck) [77RA buck converter is added into the CSI topology in
order to step down the DC-link voltage level during the periodevtiee PV voltage
is above the voltage transfer limit of the CSI fguaaticular given grid voltage level.
A buck converter consists of a diode, a switch and an iodug. which is shared
with the CSI circuit. The duty time of the switch tats the voltage reduction ratio:
the lower the duty cycle, the lower the DC side voltagst ik reduced when
compared to the PV voltage. The diode provides a freewigeedith for the operating
current when the switch is off. The inductog Ishould also be large enough to
provide a continuous conduction current. More details for dlperation and

component design for this topology are presented ind@edtdd.4 and Section 4.5.

Buck converter

P .-
+ T de _“52 _|éz _é? ,:;Y\ Power grid
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Figure 4.4 Circuit configuration of the three-phase, two-stage Wil a buck
converter
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4.2.5 Voltage Fed Baurce Inverter

A voltage fed Z-source inverter, or a ZSI-V, is a mdiftopology of the VSI [35]
An X-shaped impedance circuit is added into the DC sidn@fVSI as shown in
Figure 4.5. The X-shaped impedance circuit consists of twanBtors (L and L),
two DC capacitors (Cand G) and a diode. The value of Is equal to L and the
value of G is equal to gfor symmetry. The diode is connected in series WighRV
array to prevent reverse conduction current through the rRAy.arhis impedance
circuit allows the ZSI-V topology to be able to operatéhva shoot-through state
(short-circuit of the DC side of the inverter), whichaidorbidden switching state for
the standard VSI because a very high current powered by theb€apacitor will
occur and damage the switching devices. In contrast, thageofed ZSI topology
utilises the shoot-through switching states to provide thed®C voltage boosting
property (similar to a boost converter) by the controthef duty time of the shoot-
through switching state. More details for the operaéind component design for the

ZSI-V topology are presented in Section 4.4.5 and Section 4.

Ly
+ C( { 4@ 45} ﬂe} pover grid
v YT
- 4({} 45}

L,

3337
Zfﬁz)

Figure 4.5 Circuit configuration of the three-phase, voltage fetl ZS

4.2.6 Current Fed Z-Source Inverter

A current fed Z-source inverter, or a ZSl-l, is a mediftopology of the CSI [35An
X-shaped impedance circuit is added into the DC sideeoCBI as shown in Figure
4.6. The impedance circuit consists of two DC inductors dhd L), two DC
capacitors (gand G) and a diode. The value ofis equal to kL and the value of £
Is equal to @ for symmetry. The diode is connected in parallel withRhearray to

provide a freewheeling path for the current of the cursentce if the DC side of the
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inverter is opened. This impedance circuit allows the Zf@pblogy to be able to
operate with an open-circuit state (open-circuit of it side of the inverter), which
Is a forbidden switching state for the standard CSI sirveyahigh voltage will occur
and damage the switching devices. In contrast, the cuednZ$I| topology utilises
the open-circuit switching states to provide the GC voltage reduction property
(similar to a buck converter) by the control of the dutyetiof the open-circuit
switching state. More details for the operation and comapbdesign for the Z3lI-

topology are presented in Section 4.4.6 and Section 4.5.

L

\ \/_“57 _éz _éz n'{-;“ Power grid
PV (D & C\/ s

Ly

Figure 4.6 Circuit configuration of the three-phase, current fedl ZS

4.3 Modulation Strategies

In order to produce the desired AC sinusoidal waveforms atgtite side, the
switching of the devices in the power converters mustnbdulated in a suitable
manner [73] Several modulation techniques can be used for three-phase powe
converters [73, 78-82]. However, among those techniques thee Spactor
Modulation (SVM) [83, 84] seems to be the most popular technicuis.Would be
because the SVM allows a three-phase system to besadadg a whole instead of
each individual phase. The SVM is also able to operateailtime and digital-based
modulation which allows the SVM to have a fast on-linewakion using a software-
based controller (e.g. a microprocessor or a digital gneaessor) [85]. This section
highlights the modulation techniques used by each of thediffeircuit topologies
previously introduced. The principle of the SVM is firstlgscribed and then details
of the three modulation types used for the VSI-based ldgjgs, CSl-based
topologies and ZSI topologies are presented: VSI modualaG&l modulation and

ZSI| modulation.
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4.3.1 Principle of the Space Vector Modulation

Any balanced three-phase, sinusoidal time-varies wavefog(t} &(t) and x(t)) can

be represented by only a single rotating vegioas defined by (4.1).

X, = %[xa(t) +a-x,(t) +a*-x.(t)] ;wherea= /3 anda? = /5 (4.1)
This vectofx, rotates on a stationary complex plane (referred @ apace vector
plane) with the same angular speed (w,) as the three-phase waveforms. The magnitude
and direction of the vectaf change depending on the instantaneous values of the
three-phase waveforms, which can be obtained fronveb®rial summation of the
three phasors,, x, andx, as shown in Figure 4.7. The phasgris usually aligned
with the axis and the other two phasass andx, are placed with 120 degrees apart

in the same vector plan

0 X(1) X(t) _ N
1 P PN PN X

NN NS A
o/ = Mo, !

Normalised 3-phase waveforms

—> q-axis
Xa
N2 UAUA
0t
0 19 2n %
b —_ .
[Xay be Xc] Xr: Aa+J Aﬁ

Figure 4.7 Transformation process between the three-phase waneford the
representative vector rotating on th space vector plane

As a result, the vectad. can be derived in terms of the two elements ot plane
(% = Aq + jAg) using (4.2). Alternatively, if the rotating space vector elémsually
referred as a direct-quadrature or d-q plane) is usedgttierx, can also be derived
in terms of the two elements of the d-q vector plafie= 4, + jA,) using (4.3).

Aq] 2|1
AB _3

x,

2

3 [xb] 4.2)
0 — | Lxc

|
oG]l
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A1 o cos(8;)  cos (Gr — 2?”) cos (Hr + 2?”) Xa

a —sin(0,) —sin (Hr — ?) —sin (Hr + ?) X
The SVM utilises the advantage of the above knowledgsetect the suitable
switching states and calculate the duty time for edthose selected switching states

for the inverter. This can be achieved using the proceduvensinoFigure 4.8.

Reference 3-phase waveforms:
Xa*(1), Xp*(t) and x*(t)

Useful switching (SW)

/ states

SW state 0
SW state 1

SW state 2

| ':> Convert to switching vectors | | Transform 3-phase waveforms to the

and place on the vector plane | reference vector using Eq. (4.2) or (4.
SW state n-
SW state n ﬂ _ ﬂ
s p-axis
7ef \ ®o
0, a-axis

/4

Place the reference vector to the vector plane that having
the switching vectors on the plane

74

Select two adjacent active vectors that locate close to
the reference vector and one (or more) null vector

One switching time
period

\\
N -
\ a
l Ts=Ti+ T, +T,

Calculate duty time
for each of the
selected switching
vectors using Eq.
(4.4), (4.5) and (46

To"SWO T,-SW1

Figure 4.8 Procedure to select the switching states and calcukatiutly time for
each of the selected switching states in the SVM
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The procedure shown in Figure 4.8 is described below:

e Convert all the switching states that can be used fparéicular inverter
topologyto the switching vectors, which can be active switching orscor
null switching vectors. These vectors have the following cheristics:

o The active switching vectors allow the power to be traresfibetween
the DC side and the AC side. These vectors have identaghitudes
and are located by 60 degrees from each other on the wpeie
plane. These vectors split the vector plane intoexkoss.

o The null switching vectors do not allow any power to badierred
between the DC side and the AC side. These vectors have no

magnitude and no specific direction.

e Transform the reference three-phase waveformgtfxs*p(t) and x*%(t)) into
the reference rotating vectas., using (4.2) or (4.3). Then place the vector
X;¢r ON the vector plane that already contains the switchéugors on the

plane.

e The operating active switching vector is selected froenttbo adjacent active
vectors that create the sector where the referencerveg) locates. The null

switching vector that has the minimum change of switchiaggs compared to
the selected active vectors is usually selected in doderinimise switching

losses.

e Calculate duty time for each of the selected switchingtore using (4.4),
(4.5) and (4.6); where the parametersTh and T are the duty times for the
first active vectors, the second active vectors andntievector, T is the
switching time period, m* is the modulation index (havingadue between O
and 1) andy* is the angle of the reference vector within thetsethaving a

value between 0 and 60 degrees).

T, = m*T,sin (g —6)) ; for 0< 6} < /3 (4.4)
T, = m*Tgsin (6;) ; for 0<6; <n/3 (4.5)
To = TS - Tl - TZ (4.6)
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After the operating switching vectors and their duty times @etermined, these
switching vectors have to be sequenced and operate fomkhdated duty times.

These switching vectors can be split and sequenced ineditfpatterns as far as the
total duty time for each of the switching vectors is stjual to the calculated value.
This creates a number of possible switching sequencesslthdsis the criteria used

to form the switching sequence are:

e Only the minimum number of the switches (up to two switcies)lowed to
be switched (on and/or off) per one vector transition ideorto minimise

switching losses.

e The first and the last vectors of the switching sequencene switching
period must be the same in order to provide the contimiitye switching

sequence for the next switching cycle when repeated.

The SVM techniques and the switching sequences based orotrecaiberia applied
for the different types of the inverter topologies undedy are presented in the

following sections (Sections 4.3.2 to 4.3.4).

4.3.2 VSI Modulation

The techniques described in this section are equally ap@it¢akiboth the standard
VSI and the two-stage VSI with a boost converter. The bimitcdevices used in
these inverter topologies must be modulated such thabra atcuit of the DC-link
voltage source must never occur; otherwise, a high mufshoot-through) that is
powered by the DC-link capacitor will occur and damage the Bingcdevices. In
practical terms, this means that the upper switch andr lswitkch of any inverter leg
must never turn on at the same time, which also means that the “on” and “off” state of
an inverter leg can be represented by “1” or “0” showing the state of the upper switch.
This results in a total of eight switching states thet allowable for the VSI

modulation as shown in Figure 4.9.
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Sed S Sl sd s scpka s sd Scpia Sud S scpka
Vdc*g— i Vdc T i Vdci; ’L Vdc T ’L
L L L
Sanlt Sunlt Scnlt V=0 San.\ Sun1 S<:n1 V=V Sanl\ Snn} Scn}t V=0 }V SarJt Snn} Scnx V=V,
Vbc=0 Vb(::o Vbc= +Vdc Vbc= +Vdc
Vca:0 Vca:'vdc Vca:'Vdc Vca:O
SV0 (000) SV1 (100) SV2 (110) SV3 (010)
sAsdsd s s\ sd sd st s Jsapil ShERS
Vdcgg— i Vdc T i Vdcig— i Vdc T i
S R S S Sin S\ s\ s S St S
wd S Sy 2y, | S S Sy 20 o\ Sk Sy g | SN SN SA g
Vbc:O Vbc: 'Vdc Vbc= 'Vdc th:0
Vca:+vdc Vca:+vdc Vca=0 Vca=0
SV4 (011) SV5 (001) SV6 (110) SV7 (111)

Figure 4.9 Eight allowable switching states used in the VSI modurati

These eight switching states are classified into two groapsve switching states
(SV1 to SV6) and null switching states (SVO and SV7). The activelawg states
allow the power to be transferred between the DC voltagecs (M) and the grid
whilst the null switching states cause a short circuihefAC side and an open-circuit
of the DC side and thus do not allow any power to be tnaesfeFor example, the
active switching state SV1 will apply a voltage of;#&hd -\4 to the grid line abrad
line ca, but the null switching state SVO will connect all the grid dine the lower
DC-link voltage rail and thus no power can be transferredidmt the DC side and
the AC side.

In order to operate with the SVM technique, these eigbtvalble switching states
(SVO to SV7) are converted to the switching vectors: theastitching states SV1
to SV6 are converted to active vect6FA toSV6 and the null switching states SVO
and SV7 are converted to null vectag0 andSV7. These switching vectors have
characteristics as shown in Table 4.2. All of the activetors §V1 to SV6) have

identical magnitudes of (2/3)sMwhilst all of the null vectorsSg0 and SV7) have no

magnitude. The active vectSV1 is aligred with the a-axis and all the other active
vectors have 60 degrees displacement from each othet thiailaull vectors have no
specific direction. The active vectors split the vegiane into six different sectors

(Sector 1 to Sector 6) as shown in Figure 4.10.
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Switchin Switching | Vector . N PWM Output
Vector g Codo g Type Magnitude | Direction Ve | Vo v
S0 [000] Null 0 - 0 0 0
SVl [100] Active | (2/3)-Vie e/0 +Vg | O Ve
v [110] Active | (2/3)-Vie ein/3 0 | +Vae | Vi
SV3 [010] Active | (2/3)-Vie ej2m/3 Ve | +Vae 0
SV4 [011] Active | (2/3)-Vic el Ve 0 +Vge
SvE [001] Active | (2/3)-Vie ej4n/3 0 | Ve | +Va
V6 [101] Active | (2/3)-Vie e | Ve | Vae | O
Sy7 [111] Null 0 - 0 0 0

Table 4.2 Switching vectors and their characteristics used ®IS¥iM-VSI

[-axis

N\

> a-axis

SV5 SV6

Figure 4.10 Space vector plane for the SVM-VSI

For the given reference voltage ved?ﬁerf and with the use of the SVM procedure
described in Section 4.3.1, the switching vectors and the duggtfor each sector
used in the SVM-VSI will be determined as summarised in TableThe3parameter
m, refers to the VSI modulation index which is the ratiotlod peak linge-line
voltage seen at the AC side of the invert&y,(|) to the peak DC-link voltage seen at

the DC side of the invertei;.) as shown in (4.7).

_ |Vvsi|
Vdc

‘0<m<1 (4.7)

v
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Selected Switching Vectors :
Sector Duty Time
Active vectors Null vectors
1 SVi.sv2 | svo,sv7 ,T
2 V2 ,5v3 | svo,sv7 | = melsinGG=00
SN —— — —= | T, = m,Tsin (6;)
3 2 vESs L
S N I
4 Sv4 ,SV5 Ssvo ,sv7
5 SVE  SV6 Vo sy7 | where0 <6;<w/3and
—— l— —— l— 0 < mS l
6 sve ,SV1 Svo, sv7

Table 4.3 Switching vectors and duty times used in the SVM-VSI

By applying the criteria used to form the switching sequémaehave been presented
in Section 4.3.1, the seven-segment switching sequencerérefas a double-sided

symmetrical switching sequence) is used to operate over one switichéngeriod for

—_— s s s

svo (which has a switching code of 000-100-110-111-110-100-000) is used when the

*

reference vectoﬁef is located in Sector 1. This switching sequence allows oy
switches to turn on and off per a vector transition whilsirigathe vectosvo to be
the first and the last vectors of the sequence asrshiovrigure 4.11. The similar
switching sequences can be applied for the other sectec® (R to Sector 6) using
Table 4.4.

SV0  Svi SV2 Sv7 SV2 SVl S\VO
000 100 110 111 110 100 | 000
Sp o
Sp 0
Sep 0
Sio
S 0
S
Tdd T2 T2 Ty2 T,/2 T2 T4

Figure 4.11 Double-sided symmetrical switching sequence of the VSI modulation
over one switching period when the reference vectocstéd in the Sector 1
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Sector Double-sided Symmetrical Switching Sequence for SVM-V S|
1 SVO0 SV1 SV2 N4 SV2 SV1 SVo
000 100 110 111 110 100 000
5 SV7 SV2 SV3 SVO0 SV3 SV2 SV7
111 110 010 000 010 110 111
3 SVO0 SV3 SV4 SvV7 SV4 SV3 SVo
000 010 011 111 011 010 000
4 SV7 SV4 SV5 SVO SV5 SV4 SV7
111 011 001 000 001 011 111
5 SVO0 SV5 SVé6 SV7 SVé6 SV5 SVO0
000 001 101 111 101 001 000
5 SV7 SVé SV1 SV0 SV1 SV6 SV7
111 101 100 000 100 101 111

Table 4.4 Double-sided symmetrical switching sequences for each sdd¢ta o
SVM-VSI

Additionally, in order to avoid a shoot-through conditiondeday time called dead
time is added to the rising edge of the gate signal for ttwarimg switch. This is to
ensure that the outgoing switch is completely turnetefibre the incoming switch in
the same inverter leg can conduct. However, the added deadviihghorten or
lengthen the gate signal pulgelepending on the direction of the current). Therefore,
if this distortion is not compensated, the implemeotatf the dead time in the VSI
will cause AC current waveform distortion and degradeviBecapability to operate

at very low and at near maximubC-to-AC voltage transfer ratio [86].

4.3.3 CSI| Modulation

The techniques described in this section can be used fotHeosiiandard CSI and the
two-stage CSI with a buck converter. The switching devisesl for these inverter
topologies must be modulated in order to never open cirbaitXC-link current

source; otherwise, a high voltage (L*di/dt) will result andndge the switches. In
practical terms, one of the upper switches and on&efiawer switches, must be
always turned on in order to always provide the path forithalating current. This

results in a total of nine switching states that are alidevéor the CSI modulation as

shown in Figure 4.12.
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Sagt S’ka SCp\a Saplk S’F t SCp\a Sapk SUFJI SCpka
lch) i Ich*) L i |chD i
San‘\ Sbn‘\ Scnjt la: +|dc San Snn‘\ Scnjt la: 0 SarJ Snn‘\ Scn‘\ la: 'Idc
l l ;=0 l l lp=+lge | | 1= *lge
SC1 1= lge SC2 1= lge SC3 =0
s s s . sap|\ OES . 54 5. scp\a
RO, e ® L e, ® >
Saﬂx Sbn \ Scn.\ la: 'Idc San Sonx Scn.\ la: 0 San‘\ Snnj Scn‘\ la: +|dc
: : ;=0 l l lp=-lgc | 15=-lac
SC4 I = +lye SC5 | = +lye SC6 =0
Sapx SDPk Scp\a Saplk SJPK SCpka Saplk Sﬂp\ SCPx a
lch) ) bc Ich) L ] bc Idcc?) L i
Sanx Sbn l\ Scn‘l\ | = 0 Sanl Sonx Scn‘l\ | & 0 Sanl Snn'l\ Scn1 = 0
1,=0 1,=0 1.=0
SC7 =0 SC8 -0 S =0

Figure 4.12 Nine allowable switching states used in the CSI modulation

Similar to the VSI modulation, the nine allowable switchingtest for the CSI
modulation are classified into two groups: active switchitages (SC1 to SC6) dn
null switching states (SC7 to SC9). The active switching stdtes #ie power to be
transferred between the DC current sourge @nd the grid whilst the null states
causes a short circuit of the DC source via the DC-link irzshee and thus do not
allow any power to be transferred. For example, the ecwitching state SC1 will
apply a DC current of I4cto the grid phase a andly to the grid phase c, whilst the
null state SCO will cause a short circuit of the DC curssurce and therefore no

power can be transferred between the DC side and thed&C si

In order to operate with the SVM technique, the active switctates SC1 to SC6

are converted to the active vect@Gl toSC6 and the switching states SC7, SC8

and SC9 to the null vectol&C7 ,SC8 andSC9. These switching vectors have the
characteristics as shown in Table 4.5. The first andnskdetters used in the
switching codes indicate the location of the “on” switches for the upper and lower
switches respectively, e.g. the switching code [ac] melalts the switch 5 and

switch S, are on (see Figure 4.12).
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itchi itchi . . PWM Output
Sy/légth‘;rng SNgggéng \{re;:)%r Amplitude | Direction R ® 7
SC1 [ac] Active | (2/3) ke em/6 | 4 | 0 [ g
Sc2 [be] Active | (2/3) ke eIm/2 0 | +loe | luc
SC3 [ba] Active |  (2/3)-ke 0I57/6 Tee |+l 0
Sca [ca] Active |  (2/3)-k 76 | e | 0 | +lae
SC5 [ch] Active | (2/3) ke I3/ 0 | e | +ls
SC6 [ab] Active | (2/3)-ke e/ [ | -1 0
sc7 [aa] Null 0 - 0 0 0
SC8 [bb] Null 0 - 0 0 0
SC9 [cc] Null 0 - 0 0 0

Table 4.5 Switching vectors and their characteristics used ®IS¥IM-CSI

From Table 4.5, all of the active vecto{to 5¢6) have identical magnitudes of

(2/3)-lc whilst all of the null vectorsSC7 ,SC8 andSC9) have no magnitude. The
active vectors have 60 degrees displacement from dheh whilst the null vectors
have no specific direction. The active vectors splitiéetor plane into six different
sectors (Sector 1 to Sector 6) as shown in Figure 4.13. As theu&kénts obtained
from the CSI modulation will be displaced by 30 degreesidgadhen using the
same reference vector plane as the SVM-VSI, all switchectors of the SVM-CSI
therefore are compensated by 30 degrees leading in ordesvictiadl CS1 modulation

to be analysed in the same way as the VSI modulation.

p-axis

\
»

a-axs

SGS

Figure 4.13 Space vector plane for the SVM-CSI
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For the given reference current veofggc and with the use of the SVM technique
described in Section 4.3.1, the switching vectors and the duoggtior each sector
used in the SVM-CSI will be determined as summarised in TableThe parameter
m refers to the CSI modulation index which is the ratiothe peak lineto-line
current seen at the AC side of the inver{ér,{) to the peak DC-link current seen at

the DC side of the inverteri{.) as shown in (4.8).

miz% L 0<mel (4.8)

Sector Selected Switching Vectors Duty Time

Active vectors Null vectors
SC6 ,SC1 SC7,5C8, SC9 T, = m;T,sin (E_ 6
SC1 ,S5C2 SC7,5C8, SC9 3
SC2 ,SC3 SC7,5C8, SC9
SC3 ,S5C4 SC7,5C8, SC9
SC4 ,SC5 $C7,5C8, SC9 | ; where0 <6, <n/3 and
SC5 ,SC6 SC7,5C8, SC9 |0< m<1

T, = m;Tssin (6;)
TO = TS - Tl - T2

OO~ WIN|F

Table 4.6 Switching vectors and their duty times used in the SVM-CS

By applying the criteria used to form the switching sequence miegben Section
4.3.1, a four-segment switching sequence (referred as a sidgkk-asymmetrical
switching sequence) is required to operate over one switchmegperiod for the CSI
modulation. For example, the sequesce — 5¢6 — SC1 — S¢7 (which has a switching
code of aa-ac-ab-aa) is used when the reference \/Iég}ds located in Sector 1.
This switching sequence allows only two switches to turn on dhgen vector
transition whilst having the null vect8IC7 to be the first and the last vectors of the
sequence as shown in Figure 4.14. Similar switching sequentée @gplied for the

other sectors (Sector 2 to Sector 6) using Table 4.7.

70



CHAPTER 4

SC7 SCs SC1 SCr
aa ab ac aa
Sp o
Sp 0
Sp 0
Sin 0
Sho
Sen 0
To2 T, T, Ty2
< Ts >

Figure 4.14 Single-sided asymmetrical switching sequence of the CSI @auiwiul
over one switching period when the reference currenbweéctocated in the Sector 1

Sector Single-sided Asymmetrical Switching Sequence for SVM -V SI
] SC7 SC6 sc1 SC7
aa ab ac aa
) SC9 sc1 sC2 SC9
cc ac bc cc
3 scs sc2 Sc3 Sc8
bb bc ba bb
4 sc7 sc3 SCa sc7
aa ba ca aa
c SC9 SC4 SC5 SC9
cc ca cb cc
6 SC8 SC5 SC6 SC8
bb cb ab bb

Table 4.7 Single-sided asymmetrical switching sequences for eatbr s6¢he
SVM-CSI

Additionally, in order to prevent a high voltage caused keyden-circuit of thé®C-

link current, a delay time called overlap time is added to thedadldge of the gate
signal to the outgoing switch to ensure that a freelvigepath is always provided for
the DC-link current. In other words, the overlap time isduso ensure that the

incoming switch is completely turned on before the omtgswitch is turned off and
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thus gives the continuity of the DC-link current. Howed®pending on the sign of
the lineto-line AC voltage that controls the commutation procéss,commutation
can take place before or after the overlap time andhoif compensated, the
implementation of the overlap time in the CSI modufatwill cause waveform
distortion and degrade the capability to operate at wavyahd at near maximum DC-
to-AC current transfer ratio [87].

4.3.4 ZSI| Modulation

The modulation techniques used for the voltage fed ZSI headctrrent fed ZSI

depend on the PV voltage conditions as shown in Table 4.8.

Topology PV Voltage Condition Modulation Type
> peak lineto-line grid voltage VSI modulation
Voltage fed ZSI ZSI modulation using

< peak line-to-line grid voltage shoot-through switching statg

<+/3/2 peak lineto-line grid voltage CSI modulation

Current fed ZSI . . . ZSI Modulation usin
> V/3/2 peak lineto-line grid voltage | oo circuit switching s%ates

Table 4.8 Modulations types required for the voltage fed ZSI and:tieent fed ZSI
under different PV voltage conditions

From Table 4.8, as the voltage fed ZSI is the VSI-typeperation, when the PV
voltage is greater than peak liteline grid voltage, the VSI modulation presented in
Section 4.3.2 can also be used for the voltage fed ZSkh®rther hand, as the
current fed ZSl is the CSl-type of operation, when tWevBltage is lower thar/3/2
peak lineto-line grid voltage, the CSI modulation presented in Secti@.3 can also

be used for the current fed ZSI.

This section presents the modulation for the voltagezteldwhen the PV voltage is
lower than the peak line-line grid voltage using the shoot-through switching states
and the modulation for the current fed ZSI when the BNage is greater thayi3/2

peak lineto-line grid voltage using the open-circuit switching states.
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As presented in Sections 4.2.5 and 4.2.6, the shoot-througthigitstates can be
used to step up the low PV voltage for the voltage fed Z&invthe PV voltage is
insufficient whilst the open-circuit switching states canused to step down the high
PV voltage for the current fed ZSI when the PV voltageseds the voltage transfer
limit. The shoot-through switching states are obtained wiherswitches in the same
inverter leg (of one or two or all of inverter legs) ammed on at the same time whilst
the open-circuit switching states are obtained when alhefstvitches on the same
DC-link rail (either upper and/or lower) are turned off atshene time. Table 4.9 and
Table 4.10 show the shoot-through switching states and open-ewdtching states
that are used in the voltage fed ZSI modulation and tinesrat fed ZSI modulation
[88, 89].

Shoot-through Switching State Short-Circuiting

Switching State | Sy, | Sop | Sep | San | Son | Sen Inverter Leg(s)
STO1 1 0 0 1 1 1 phase “a”
STO02 0 1 0 1 1 1 phase “b”
STO3 0 0 1 1 1 1 phase “c”
ST04 1 1 1 1 0 0 phase “a”
STO5 1 1 1 0 1 0 phase “b”
STO06 1 1 1 0 0 1 phase “c”
STO7 1 1 0 0 1 1 phase “a” and “b”
STO8 1 1 0 1 0 1 phase “b” and “c”
STO09 0 1 1 1 0 1 phase “c” and “a”
ST10 0 1 1 1 1 0 phase “a” and “b”
ST11 1 0 1 1 1 0 phase “b” and “c”
ST12 1 0 1 0 1 1 phasé‘c” and “a”
ST13 1 1 1 1 1 1 | phase “a”, “b” and “c”

Table 4.9 Shoot-through switching states for the voltage fed ZSI nadidul

Open-Cir cuit Switching State Open-Cir cuiting
Switching State | Sy | Sop | Sep | San | Son | Sn DC-link rail (s)
0OC01 1 0 0 0 0 0 Lower
0C02 0 1 0 0 0 0 Lower
0OC03 0 0 1 0 0 0 Lower
0OCo04 0 0 0 1 0 0 Upper
0OCO05 0 0 0 0 1 0 Upper
0OCO06 0 0 0 0 0 1 Upper
0OCo7 0 0 0 0 0 0 Lower and Upper

Table 4.10 Open-circuit switching states for the current fed ZSI matiturh
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The SVM-VSI and SVM-CSI techniques described in Sections 4.3124éh3 can
also be used for the ZSI modulations. The only differasitiee addition of the shoot-
through in the voltage fed ZSI modulation or the opeoudirswitching states in the
current fed ZSI modulation. The rate of the BEEAC voltage boosting in the voltage
fed ZSI modulation and the rate of the D&=AC voltage reducing in the current fed
ZSI| modulation are proportional to the duty time of theagkthrough switching state
(Tsy) and duty time of open-circuit switching state{l

Since both the shoot-through and open-circuit switchingsto not allow the power
to be transferred between the DC side and the AC side wehitle icharacteristicsfo
the null switching state, these switching states thereshoelld be implemented as
part of the null switching state time intervalp.TFigures 4.15 and 4.16 show the
switching sequences used for the voltage fed ZSI modulatidrthe current fed ZSI
modulation when the reference vector is located in Sedtion

SVo  svi SV2 | SV Sw»2 SVl SV
000 100 110 111 = 110 100 ¥ 000
STo1< | | ST0 $T0 sT06 | ,ST07 | ,ST01
N 7\ N ¥ ¥ /
Sap 0
Sop 0
Scp 0
San 0
Sin 0
Scn O H H
(Ty-Ter)d T/2 T2 TR T/2 (Ty-Ter)d
*» < > " 2t > e > <f
- - - <« - -
Tef6 Te6 Tol6| Tl To 6 To 6
(To-Tsp/2
) Ts

>
< >

Figure 4.15 Double-sided symmetrical switching sequence of the voltageSéd Z
modulation for one switching period when the referencéoves located in Sector 1
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SC7 SC6 SC1 SC7
aa N ab ac K aa

oC1 oci oC1

Sep 0
Sop 0
Sep 0
Sin 0
Son 0

S 0
(ToTod)2

T, Ty | p (ToTod2

Tod3 Tod3 Tod3
Ts

Figure 4.16 Single-sided asymmetrical switching sequence of the cueeiSI
modulation for one switching period when the referencéoves located in Sector 1

It can be seen from Figures 4.15 and 4.16 that:

The switching sequence of the voltage fed ZSI modulatiderised from the
sequence of the VSI modulation. Only the shoot-through switchaigssare
inserted “during” every vector transition of the VSI modulation, which allows

the voltage fed ZSI sequence and the VSI sequence to hawartie total

number of the switchings per one switching period.

The switching sequence of the current fed ZSI modulatioerived from the
sequence of the CSI modulation. Only the open-circuitctimit states are
inserted “during” every vector transition of the CSI modulation, whitbvas

the current fed ZSI sequence and the CSI sequence to esame total

number of the switchings per one switching period.

Since the shoot-through switching states and the openta@iiiching states
are implemented as part of the null state duty timerwal, these switching

states do not affect the operating modulation depth.
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Similar switching sequences to the sequences shown in Figuresnd. 2518 can be

applied for the other sectors (Sector 2 to Sector 6) éowdltage fed ZSI modulation

and the current fed ZSI modulation using Table 4.11 and Table 4.12.

Sector

Switching Sequences for the Voltage Fed ZSI

modulation

SVo

STO01

svi

STO07

sv2

ST06

sv7

ST06 | SV2

STO07

SV1 | STO1

SV0

sv7

ST02

sv2

STO08

sv3

ST06

SV0

ST06 | SV3

STO08

SV2 | ST02

sv7

SVo

STO02

sv3

ST09

Sva

ST04

sv7

ST04 | SV4

ST09

SV3 | ST02

SV0

sv7

STO03

Sva

ST10

NE

ST04

SV0

ST04 | SV5

ST10

SV4 | ST03

sv7

SVo

STO03

NE

ST11

N

STO05

sv7

STO05 | SV6

ST11

SV5 | ST03

SV0

OO |~ |W|IDN|PE

sv7

STO01

A

ST12

svi

ST05

SV0

STO05 | SV1

ST12

SV6 | STO1

sv7

Table 4.11 Double-sided symmetrical switching sequences for each sedtw of
voltage fed ZSI modulation

Sector Switching Sequences for the Current Fed ZSI modulation
1 sc7 oc1 SC6 oc1 sc1 oc1 SC7
2 SC9 0cé6 Sc1 3 sC2 0C6 SC9
3 sc8 0c2 sc2 0c2 SC3 oc2 SC8
4 sc7 0C4 Sc3 0C4 SC4 0C4 SC7
5 SC9 0c3 SC4 0c3 SC5 0c3 SC9
6 sc8 | o0cs SC5 ocs SC6 0C5 SC8

Table 4.12 Single-sided asymmetrical switching sequences for eatbr sg¢he
current fed ZSI modulation

4.4 Control Strategies

This section presents the control methods used forithewerter topologies which

have been previously introduced in this chapter. The purpdsks oontrol methods

presented in this section are to control the AC line atsréo be in phase and

synchronised with the grid voltages and to control the Ri& sopltage to have a

suitable level for the different types of the invettgologies to operate.
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4.4.1 VSI Control

The method that is used to control the AC currents ton hase and synchronised
with the grid voltages for the three-phase VSI topologlyisconverting the three-
phase AC currents into a single current vector rotatiripe grid voltage space vector
plane using the technique described in Section 4.3.1 and using #blleos to
control the current vector to be in phase and syncledmisth the grid voltage vector
[90, 91] The schematic for the VSI control is shown in Figure 4viffich can be
described as below:

e The grid voltages @anc) are measured and transformed into a single vector

rotating in theu-f vector plane using the technique described in Section 4.3.1.

e The actual line currentss@n;) are measured and transformed into a single
vector rotating in the grid voltage d-q rotating referemaen&, which give the

d-q current componentsyireal current) andy (reactive current).

e The PI current controllers compargy and iy with the reference current
demands i and kg*). The real current demanddi is generated from the
maximum power point tracking (MPPT) controller and the reactiurrent
demand d5* is set to be zero in order to control the AC curreatbe in phas

with the grid voltages, by means of unity power factor opmnati

e The output of the real current controller is fed forwhydwg which is offset
by isqwlL and the output of the reactive current controlleoffset by eLisq.
The offsets are added in order to compensate for the phéseaused by the
voltage drop across the inductive AC filteksThis results in the referenceqd-

voltage components % and vg*).

e Then, v¢* and vq* are transferred back into the stationary fram®e () and
supplied to the VSI modulator to determine the suitable bwgcvectors and
calculate the duty times for the switching devices using tleeepiure

described in Section 4.3.1.

e The PI controllers control the errors between theiadcAC currents and the
reference current demands to be zero and thus give tlmidénts that are in

phase and synchronised with the grid voltages as required.
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The VSI modulation index (¢his the parameter that is used to control and match the
different voltage levels between the DC side of the \¢8Bh¢tant if the grid voltages
are stable) and the PV array (variable depending on thermaxpower point of the
PV array). mis defined in (4.7), and nfor this case can be estimated using (4.9).

v*
m, = | r(abc)| ;0<m<1 (4.9)
Vpy
3-Phase VSI Bridge
K)_
Power grid L _H} _"J} B
. nm +]e,
\ M C T — PV
A3 ” | &
L Lot d
VIVIM O ﬁ_ 3|43 %} .
Vs(abc) ‘ IS(ab‘? % f]
i i

v,
o 95 ab Sdi ,_ﬁ oL ” VS| Modulatorl'ipv
— sq

a dg alt i
pv
-95'5 ] v r(abc)
aﬁ Vsd )é v* rd

dg,
0s é ) ab

PWM Signal Generator

MPPT

* © Controller
seo—O-E—

Figure 4.17 Schematic for the VSI control

4.4.2 CSI Control

The CSI control utilises the same concept as the VStralan order to control the
AC currents to be in phase and synchronised with the gridged. However, as the
CSI topology usually has a constant DC-link current, the €@8&trol can synthesise
the current vector using the measured PV current ratherugiag the measured AC
currents. As a result, a single PI controller cauged to control the DC-link current
level for the CSI control [92]Figure 4.18 shows the schematic for the CSI control,

which can be explained as the following process:
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e The grid voltages unc) are measured and transformed into a single voltage
vector rotating in the-p vector plane using the technique described in Section
4.3.1. This creates the rotating anglethat can be used to be the reference
angle for the AC line current vector.

e The phase shift caused by the capacitive currents in theafp@citors Cis
compensated usingg! = wCsq in order to achieve unity power factor
operation. Then the reference current demangisand k;* are used to
determine the reference rotating angle for the line ntirrector ¢;*); where

isq* is received from the MPPT controller.

e The actual PV currenty) is compared with the reference PV current demand
(ipv*) that is generated from the MPPT controller. This githeserrors to the
PI1 controller to determine the reference modulation ddpthand (i).

e m* in conjunction withé* produces the duty times for the switching devices

using Table 4.6.

As the CSI can synthesises the reference current vesittg the PV current, the line
current transducers are no longer necessary. This imipiasthe CSI topology
potentially has a simpler control circuit and an easgy to interface with the MPPT
controller compared to the VSI topology, as the DC-link euriethe only parameter.
Moreover, as the DC-link current level is controllec BC-link voltage level will be

automatically adjusted according the change of the oper&@®l modulation index

(m) and for this case can be determined from (4.10); whérés the output error

from the DC-link current PI controller.

_ (vpp—AV)

t 1.5v¢q

;0<mel (4.10)

79



CHAPTER 4

3-Phase CSI Bridge
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Figure 4.18 Schematic for the CSI control

4.4.3 Two-Stage VSI with a Boost Converter Control

A two-stage voltage with a boost converter is corgtbin the same manner as the
VSI when the PV voltage is sufficiently large to force #mi-parallel diodes in the
VSI to be reverse biased and enable operation in inverter mbidé requires the
DC-link voltage to be higher than the peak lioeline grid voltage. When the PV
voltage is insufficient, the PV voltage can be boostétth whe use of the boost
converter. The voltage boost ratiop{8) is dependent on the ratio of the DC-link
voltage to the PV voltage. In practical terms, thg,d&is the ratio of the turn-on time
(Ton) to the switching cycle time of the boost switckdTas defined by (4.11). The
longer the boost switch is on, the higher the PV voliadgp@osted.

Bhoost =2 = (o  Bhoost = 1 (4.11)
Figure 4.19a shows the operation of the two-stage VSI withost converter when
the boost switch is turned on. The inductgs.dis charged and stores energy whilst
the capacitor g supplies the power to the grid. Figure 4.19b shows the situati
when the switch is turned off. The boost inductgg.ddischarges its stored energy
and produces an additional voltage) (that tops the PV voltage to match the highe
DC-link voltage level (¥). If the inductor is large enough and/or the switching

frequency is high enough, a continuous inductive currentv{il be achieved [77].
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Lboost _B’l_ Lboost 7 D1 l ‘
} . .
1 VS| — ,,+ VSI —
PV TVoy S| G Vge | 3-Phase[— PV TVew SN\ CuF vy | 3-Phase—
Bndge B”dge
[ l
(a) (b)

Figure 4.19 Diagrams of the two-stage VSI with a boost converter vihemoost
switch is (a) turned on and (b) turned off

The scheme for the two-stage VSI with a boost convertrown in Figure 4.20. The
DC-link voltage level adapter is added into the VSI control Whias been already
presented in Section 4.4.1. The actual DC-link voltage is cadpar the reference
DC-link voltage (vc*) and then the resulting error is put into the DC-link voli&de
controller to generate a suitable turn-on time for bbest switch (§n) over one

switching period (¥g). The reference DC-link voltagey¥) is usually set to be higher
than peak linge-line grid voltage, which is the minimum required voltage lldoe

the VSI.

3-Phase VSI Bridge Boost converter
Kl

oh
53 f ok ML L py
*%&E ) P} ki !

Ve lis(abc) | T
i @ 1THz B m

v,
abg/|*®_ 6,[ab =8 1 oL || vsiModul
1.8l i ] @ odulator v
aﬂ dq sq (DL dc ipv
Osf S V¥ (abo) Ton Generato

aﬂ Vsd Vkrd
da, : Y |d
% ! ab

PWM Signal Generator
MPPT

i* o4 L@_ Controller
V-
i* oF 0 4'6_: - dc @_.Il‘

Figure 4.20 Schematic for the two-stage VSI with a boost convexetrol
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£

|m+
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4.4.4 Two-Stage CSI with a Buck Converter Control

A two-stage CSI with a buck converter is controlled in $hene manner as the CSI
when the PV voltage is less than the limit (lower th@m2 peak lineto-line grid
voltage) in order to operate in the inverter mode as wseadvaid over modulation. In
this situation the buck converter stage is disabled (tlo& Bwitch is continuously
turned on). When the PV voltage is over the CSI voltagaster limit, the buck
converter will operate in order to reduce the DC-link voltagéhe level that allows
the CSI stage to operate properly. The voltage reduciim (B, is dependent on
the ratio of the PV voltage to the DC-link voltage lewelpractical terms, the g« is
the ratio of the turn off time Ekf) to the switching cycle time €& of the buck
switch as expressed by (4.12). The longer the buck svatctif,i the lower the PV

voltage is reduced.

v
Bbuck = Vidz =1- (TOFF/TSB) ; Where Bbuck <1 (4-12)

Figure 4.21a illustrates the operation of the two-stage @8lanbuck converter when
the buck switch is turned on. At this time the inductgyig connected between the
voltage from the PV source(y and the DC-link voltage §). The stored inductor

energy is increased. Figure 4.21b shows the situation wheswitwh is turned off

and the PV source is disconnected. The inductgrdischarges its energy and
supplies the current to the grid. In average, this resulisiower voltage than the PV
source. If the inductor is large enough and/or the switcmeguéncy is high enough,

a continuous inductive current will be produced.

Iy e e P S N
S| L | s [ ‘
. ¥ ’
; csl |=— * . CSl =
PV — Vpy B D, V4o | 3-Phase— PV _"__va &D, Vdc 3_P_hase -
- Bridge [ Bridge
I |

(a) (b)

Figure 4.21 Diagrams of the two-stage CSI with a buck converter wheibtick
switch is (a) turned on and (b) turned off
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The scheme of the two-stage CSI with a buck convertetralois shown in Figure
4.22 The DC-link voltage level adapter is added into the CSlrobatheme which
has been already presented in Section 4.4.2. The actuahb@sdltage (\;) after

filtered using a low pass (LF) filter is compared to thierence DC-link voltage
(Vac*) and then the resulting error is put into the DC-link agé& PI controller to
generate a suitable turn-off time for the buck swiitk:f) over one switching period
(Tse). The reference DC-link voltageq(¥) is set to be less thars/2 peak lineto-line

grid voltage, which is the maximum voltage transfer limithef CSI.

3-Phase CSI Bridge Buck converter

M .
Power grid L 45 45 ~ Lac T
f
. e
= nmm S Ga PV
= . nm T h
% -+ -+ C ==
e TIT Fi‘ «Q é
Vs(abc I[j T
\Y
CSI Modulator |[+— va ipv
9*
Veep) m* | '
= L] D P me= sy, |
ap| Her {21 da, | o MPPT
s Controller
isd*L,d
05 m abd @ TOFFGenerato&
PWM Signal Generator @

VE e @»{ PI UTggHz

Figure 4.22 Schematic for the two-stage CSI with a buck converdatrol

4.4.5 Voltage Fed Z-Source Inverter Control

As presented in Section 4.3.4, when the PV voltage is highgén(greater than peak
line-to-line grid voltage), the voltage fed ZSI will behave in game manner as the
standard VSI. Therefore, the VSI modulation presented inioched.3.2 and the
control method presented in Section 4.4.1 can be used. Gatlteehand, when the
PV voltage is too small for correct operation, the shboiugh switching states will

also be used in order to step up the PV voltage to reacuitable level.

Figure 4.23a presents the operation of the voltage fedap8lagy when operating in
one of the eight allowable (non-shoot-through) switchimdgest In this situation, the

topology operates in the same manner as the VSI and thigesutput voltage and
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current to the grid where the DC-link voltage is sufficifamtthe VSI-type inverter to
operate. Figure 4.23b shows the situation when the topapgsates in the shoot-
through state. In this situation, the AC side termimdlishe VSI 3-phase bridge are
short-circuited that causes a zero voltage at the O€ @i the inverter and thus no
power transferred between the DC side and the AC side. AD@zhnk current (jc)

IS created but its rate of rising is limited by the indnce of the X-shaped impedance
circuit. The summation of the voltage of the two capasi(G ard G) is greater than
the PV voltage (y), where the diode is reversed bias and does not allow trentitw
flow back in the PV array. The capacitors @d G) release their power to charge
the inductors (Land L;). The rate of the voltage boosting.{B is dependent on the
shoot-through time which can be determined using (4.13).

Vdc 1
stz—v Vo (1-2Tgr/Ts) y Basiv 21 (4-13)
L i .
i» l(ic lqc
+ + +
VSl |= /e,
3-Phase — V=0
Bridge |
|

(b)

Figure 4.23 Diagrams of the voltage fed ZSI when operating with (&) stwot-
through switching states and (b) shoot-through switchingsstate

There are several control methods to implement thetghoough time in order to
step up the PV voltage to match the DC-link voltage leveldB588, 93]. The choice
of the control method is dependent on the tradeoffsvdmt the voltage boost
capability, voltage stress across the switches, outpulergopd control complexity.
The simple boost control [35] has the simplest contobleme but this method
provides the highest voltage stress on the circuit commen&he maximum boost
control [88, 93] can achieve the minimum voltage stresghieutnethod has problems
with low frequency ripple. The maximum constant boosttiad [36] can eliminate

the low frequency ripple and minimum voltage stress, butnieiod has a complex
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control scheme. The modified VSI SVM control [37] providesip@e switching
sequences, the highest boost capability and maximum modulpth operation
capability, but the method produces high voltage sti@ss third harmonic injection
technique could be used for a further voltage stress reduasiovell as an increased
boost capability; however, this method has a much more esmphtrol [94] In this
thesis, the modified SVM control method is used.

The scheme of the voltage fed ZSI control is shownigurié 4.24. The control used
for the voltage fed ZSI is similar to the VSI control. Th#edence is only that the
DC-link voltage level adapter block and the shoot-through tifeg generator have
been inserted. If the PV voltage is lower than the requix@edink voltage level y*
(lower than peak lings-line grid voltage, which i§/3vsd + isqwL;), the shoot-through
switching states will be implemented for the time @f & shown in the control
scheme (derived from (4.13)). The limiter is used to ensateltr is implemented as
part of the null state time interval, which is lessnthize time of (1-m*)-g The filter
capacitor Gyalso is added to decouple the inverter and the PV source amdooth
the PV voltage and PV current during operating in the shwoti#gh switching states.

3-Phase ZSI Bridge

Power grid L %g} %g}% Ly
iGN il o

Vs(abc) is(abc)

(l-m)*Ts T -
ZSI-V Modulator ]
\— 0 ‘

; v*
Vs(@p) Isq L) If (Vpu<V* g0 { MPPT
2 &abc isq | oL B -1 Controller
aff dq oL Vd % — _zsiv’ T.
dc T ST ZBZ S
05 : + } Sk
of /vy | | else{
A _
da, _.é ‘vs Tsr=0}
X N |d
0, ~O— ab
PWM Signal Generator

O

Figure 4.24 Schematic for the voltage fed ZSI Control
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4.4.6 Current Fed Z-Source Inverter Control

Similar to a voltage fed ZSlI, a current fed ZS| can operaboth, DCto-AC voltage
step-up mode and step-down mode [89, 95, B6ihe voltage step-up mode where
the PV voltage is below the limit for correct operatidw turrent fed ZSI will behave
in the same way as the standard CSI. Therefore, them@8ulation presented in
Section 4.3.3 and the CSI control method presented inoSet#.2 can be used. In
the voltage step-up mode where the PV voltage is ovelirttie the open-circuit
switching states have to be used in order to step dowrMhelige to be lower than
the limit level.

Figure 4.25a shows the situation when the current fed Z$aopg in one of the nine
allowable (non open-circuit) switching states. In this siutthe topology operates
in the same manner as the standard CSI and delivers power goid. Figure 4.25b
shows the situation when the topology operates in oribeobpen-circuit switching
states. In this situation, The DC side of the topolegypen circuit, which then causes
a zero DC-link current 4=0) and delivers no power to the grid. A high DC-link
voltage (¥c) is created but it is limited by the impedance of the Xpsbecircuit. The
diode operates and conducts the current of the two indudtgran@ L), which is
greater than the input PV curreng,(i Since the average power seen at the input side
and the output side of the X-shaped circuit should be equal wWe current of the
inductors increases, the DC-link voltage seen at the DCdditlee inverter will be
reduced. The rate of the voltage reduction;(Bis dependent on the open-circuit time

which can be determined using (4.14).

Edf de Ll | :O
— M, P YV _dc
+ - + -
™ Hoy v
* +
PV T v PV —v n Ve

(b)

Figure 4.25 Diagrams of the current fed ZSI when operating in (a)ap®n-circuit
switching states and (b) open-circuit switching states
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Bysie; = 2% = P2 = 1 — 2T /T, ; By <1 (4.14)

Vpv ldc

The scheme of the current fed ZSI control is showhigure 4.26. The control used
for the current fed ZSI is similar to the CSI contrdhe difference is only that the
DC-link voltage level adapter block and the open-circuit tifig)(generator have
been inserted. If the PV voltage is greater than thenejC-link voltage levely*
(greater tharnv3/2 peak lineto-line grid voltage, which is.5vsd), the open-circuit
switching states will be implemented for the time et Bs shown in the control
scheme (derived from (4.14)). The limiter is used to ensiateTpc is implemented as
part of the null state time interval, which is lessithiae time of (1-m*)-& The filter
inductor Ly is used to decouple the topology and the PV source andotatisie PV
voltage and current during operating in the open-circuitckwig states.
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Figure 4.26 Schematic for the current fed ZSI control
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4.5 Design Methodology for the Passive Components

4.5.1 Filtering Component Design

4.5.1.1DC-Link Filtering Component Design

Normally, the criteria for the selection of the fillewmponents can be based on the
required limit of the ripple, the damping effect, or taeanant frequency [97Figure
4.27 shows the equivalent circuit of the filter when rgactomponents (Js and G)

are used. The input DC filter should be rated to be able ty tt@rinput inductor
current (i) in continuous mode and keep the ripple to be less tispecified value.
The ripple of the output capacitor voltage)(less than a specified value should also
be taken into account.

de
YYYN
— -
T i l iy
PV L Inverter
Source T\, CocT ¢ \r

Figure 4.27 Equivalent circuit of the LC filter

Assuming that the PV source provides a constant voltageapwd the DC-link filter
inductor (L) is small, the minimum value of the input filter capaci@¥c) for the

three-phase power converters, the standard VSI and the ag®-€SI with a boost
converter can be calculated using (4.15) [98here AVgmax IS the maximum

permissible peake-peak voltage ripple and it the converter switching frequency.

_ i
Cdc(min) - 6fsDVc(max) (4.15)
On the other hand, assuming that the DC-link filter capa¢ffa,) is large and the
input filter inductor (ly) is used to reduce the current ripple, the minimum reduir
value of the inductor {4 for the three-phase power converters, the standarca@El

the two-stage CSI with a buck converter, can be determinassing (4.16) [9§]
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where Aiymay IS the maximum permissible pe#édpeak current ripple,sfis the
switching frequency of the inverter anghdds the grid lineto-line rms voltage.

\/EVline

: (4.16)
4fsAl(max)

de(min) =
In the case that both the inductor and capacitor aw insene DC-link filter circuit,
the resonant frequency of the filter should be well beloevawitching frequency of
the inverter as expressed by (4.17)

1
21\ /LgcCac < f“; (417)

4.5.1.2 AC Filtering Component Design

The reactive AC components (AC inductors and/or AC capagitoe usually used to
construct the AC filters for most power converters in ptdesuppress the switching
harmonics at the AC side [82, 99-10The resistors (commonly known as damping
resistors) are sometimes required to attenuate theamtsefiect of the filters and to

improve system stability.

For the inverters with the VSI-type of operation (trendtrd VSI, the two-stage VSI
with a boost converter and the voltage fed ZSl), onlyindective filters Lk could be
used. These inductors should be chosen such that theypsarb all of the switching
ripple cause by the VSI switching and cause a current ripgakéo-peak) to be
below the imposed limit. Therefore, the design presemie8ection 4.5.1.1 can be
used. Alternatively, the AC inductors can be designed using FfieaRalysis of the
PWM voltage and should be chosen such that their imgedanthe worse harmonic
of the AC currents is below an imposed limit [99]. In thisdik, the design based on

the current ripple limit is used.

For the inverter with the CSI-type of operation (thendard CSI, the two-stage CSI
with a buck converter and the current fed ZSl), LC filiames usually used [99]. In this
thesis the design method used for these filters basefeoariteria of high output

power factor in order to eliminate effect of reactive aurrawn by the filters. The
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reactive current drawn by the capacitive filtemlist never cause the power factor to
be less than a specified allowable limit. The maximum allosvablue of Ccan be
determined using (4.18); where,,Pis the rated output active powepmax IS the
maximum allowable power factor angle (greater than'(@895) is used in this
thesis), fis the line frequency ands 6 the rms line voltage. And with the designed
cut-off frequency of the_C filter (f.c), the required Lcan be determined by using
(4.19) [82].

Poyctan (Pmax) (4 18)

Cf(max) < 67TfiV52

1
f— 4Cf7T2fLZC

(4.19)

It is important to note that the cut-off frequency of L filter (f.c) should be well
below the switching frequency of the converter and provide loippte less than the
required limit. The optimum design for the cut-off frequerfoy the CSlI-type
topologies could be found in [1Q@amping resistors (&ny with a resistance higher
than the inductive filter impedance as defined in (4.20) arellyst@nnected in
parallel with the filter inductor 4[101].

Rdamp > (,()Lf (420)

4.5.2 Additional Component Design

4.5.2.1 ABoost Converter

The minimum required value of the boost inductgyused in the two-stage VSI with
a boost converter shown in Figure 4.3 can be determined (#dth) [77] where
Aiymax and AVomax) are the maximum peak-peak DC-link current and voltage ripple
respectively, § is the turn-on time of the boost switch. The maximuaiue of Ty

is usually used in the calculation. Section 4.5.1.1 alrpaelsented the design used to
determine the minimum required value of the capacitgruSing (4.15), here the
required value for the capacitox.@h terms of the turn-on time of the boost switch is

presented, as shown in (4.22).
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YpyToN

Ly = 4.21
dc AiL(max) ( )
Cpe > —2Ton_ (4.22)
AVo(max)

4.5.2.2. ABuck Converter

In Section 4.5.1.1 the minimum required value of the inducgemused in the two-
stage CSI with a buck converter has been already presasieg (4.16), here the
required value for the inductorygdin terms of the turn-off time of the buck switch
(Tore) is presented, as shown in (4.23) [77].

Lge = 20 (4.23)

AiL(max)

4.5.2.3 X-Shape Impedance Circuits

The minimum required values of the inductors and the capadaitdiigure 4.5 (for a
ZSI-V topology) and Figure 4.6 (for a ZSI-1 topology) candstermined by using
(4.28)-(4.29) and (4.30)-(4.31) respectivglh02]; where Aiimax iS the maximum
allowable inductor current ripple and Avemayx iS the maximum allowable capacitor
voltage ripple. & and B¢ are the shoot-through time and the open-circuit time

respectively. Tand £ are the switching time cycle and the switching frequency.

For the ZSI-V topology:

_ vcTst
L= Ly 2 7T (4.28)
C oo, > _itTsr (4.29)
1 2= 20V¢(max) '

For a ZSlI-1 topology:

_ s %5 Too)
R (4.30)
C3 — C4 > 1 . vo(Ts—Toc) (431)

T 16Lgc  fsAvo(max)
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4.6 SUmmary

In this chapter the transformerless, grid-tied PV ireretbpologies selected from

those already proposed in the papers and suitable cerssédm the literature have

been presented. These are the Voltage Source Inverter (¥i8ICurrent Source

Inverter (CSI), the two-stage VSI with a boost convertiee two-stage CSI with a

buck converter, the voltage fed Z-Source Inverter andctmeent fed Z-Source

Inverter. Details of the circuit configurations, modulatand control strategies and

the methodology to design the passive components rddoiréhese topologies have

been presented. A brief summary of the details arelasvb

The VSI and the CSI have the simplest circuit configunatidiowever, since
the VSI requires a PV voltage greater than the peakduliee grid voltage in
order to transfer power from the PV source to the grid, atbhmowerter is
usually added to step up and regulate the PV voltage to the requarestiant)
DC-link voltage level. In contrast, the CSI is a D&AC step up converter
that can operate over a wide PV voltage range (down &) ket a PV voltage
lower than 0.866 peak lin@-line grid voltage must be used to avoid CSI
overmodulation and thus a buck converter could be used podsten and
regulate the PV voltage to be less than the limit fer@%I. The addition of a
boost or buck converter adds more cost, complexity andsldsse¢hese two-
stage VSI/CSI topologies. Alternatively, the two types of 28 topologies,
the voltage fed ZSI and the current fed ZSlI, have dipakility of both DCto-
AC voltage step-up and step-down regardless of the D@gmltevels and
thus can operate in a wide PV voltage range. This cachievad by the use
of the added X-shaped impedance circuit and the use of thm-tsinough
switching states (for the voltage fed ZSI) or the opetuit switching states
(for the current fed ZSI). However, the ZSI topologies iiehdy have high
voltage and current stress on the circuit componentsaahiggh number of

passive components used in the circuits.

The switching devices of the power converters must be nteduia suitable
manner in order to provide desired sinusoidal AC currents grithside. The

principle of Space Vector Modulation (SVM) and the créearsed to form the
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switching sequence in this thesis have been presented, thiichs applied
for the different types of the inverter topologies unsterdy in this chapter.
Three types of the modulation techniques have been peesevhich are the
VSI modulation, CSI modulation and ZSI modulation. Brietadle are as

follows:

o The SVM utilises the fact that any three-phase sinusewdakforms
can be converted into a single vector rotating on the agdane. If
the switching states of an inverter also are converteddoattive
vectors (allow power to transfer) and the null vectors r{db allow
power to transfer), and then properly placed on the comgpace
plane with suitable magnitudes and directions, the rotagator can
be used to select two of the most suitable activéove@and one null
vector (or more) and calculate the duty times fooathe switches.

o After the switching vectors are selected and the duty tifmeshe
selected switching vectors are calculated, those switchirngredtave
to be sequenced and operate for the calculated duty times. Th
switching sequences used in this thesis must allow oelyninimum
number of switching (up to two switching) per a vector transitm
minimise switching loss and must have the same vectothéoffirst
and the last of the sequence in order to provide the cdamgtiion the

next switching period when repeated.

o VSI modulation must never cause a short circuit of DC-imkage
source since a high current will occur and damage the sitevhich
means that the switches on the same inverter leg must hen on at
the same time. This creates a total of eight allowabiéching states
for the VSI modulation. Using the SVM technique, these teigh
allowable switching states are converted to six active veetad two
null vectors. The active vectors split the vector plarto six sectors
whilst the null vectors have no magnitude and direction.réfexrence
voltage vector rotating on the plane is used to selectattige vectors

and null vectors from a particular sector. When applyimg defined
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criteria for switching sequence, the seven-segment (dcuddel

symmetrical) sequence is required.

o CSI modulation must never cause an open circuit of DRElink
current since a high voltage will occur and damage thielsas. This
creates a total of nine allowable switching states for thé CS
modulation. Using the SVM technique, these nine allowable lsingc
states are converted to six active vectors and thu#evectors. The
active vectors split the vector plane into six secawrsloes the SVM-
VSI but having 30 degrees twisted in leading compared to the VSI
space plane to correct the phase of the AC currentsfolinesegment
(single-sided asymmetrical) sequence can be used for Ble C

modulation in order to satisfy the defied switching sequerntia.

o ZSI modulation used for the ZSI topologies is dependenthe PV
voltage conditions. As the voltage fed ZSI is the VSI-tgpeperation,
when the PV voltage is sufficiently higher than peak timdine grid
voltage the VSI modulation will be used; otherwise, theostihrough
switching states will also be used. On the other hamthecurrent fed
ZSl is the CSlI-type of operation, when the PV voltageuser than
0.866 of the peak lints-line grid voltage the CSI modulation will be
used; otherwise, the open-circuit switching state wigbabe used.
Since the shoot-through or opeineuit switching states do not allow
the power to be transferred which is the characterigticghe null
switching state, these switching states are inserted a®fpdre null
switching state time interval. The shoot-through ammkenacircuit
switching states are implemented during every vector iti@msin
order to have the same number of switchings per switchirigdoas
the VSI or CSI modulation.

e The passive component design methodology used in the intep®ibgies
under investigation has been also presented in this chaptse Ticlude the
calculation of the passive components used in the DC filkeEsfilters, the

inductor in the boost converter, buck converter and thehaped impedance
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circuits. The criteria of the ripple limit and the tadale cut-off frequency are
used for the design of the DC components whilst the mimrmpower factor
criteria and the suitable cut-off frequency are usedHherdesign of the AC

components.
The performance of the inverter topologies under investigat this chapter will be

evaluated and compared against the proposed CSI with A€ieapacitors topology

in Chapter 6.

95



CHAPTER 5

Chapter 5

The Current Source Inverter with Series AC
Capacitors

In Chapter 4, six power inverter topologies selected fluosd currently evaluated in
research papers for three-phase transformerless,igplidRV applications have been
presented. In this chapter, an alternative candidatdomporeferred as the Current
Source Inverter with series AC capacitors (CSI+SCapg)roposed. This topology
was firstly used in [38] to reduce voltage stress on semictmddevices for the
shunt active power filter application but the topologyinstly introduced for the PV
inverter application in this thesis. This proposed topolegg modified topology of
the CSI topology. Three AC capacitors are added ies@onnection with each AC
phase of the standard CSI as shown in Figure 5.1. The tppaltlises the
advantages of the CSI topology in order to achieve a simiptuit, potential high
efficiency with a single stage power conversion and ojperatver the whole (down
to zero) voltage range of the PV array without the neetiditional components. The
added AC capacitors are used to improve the efficiencyhefinverter during
operation with a low PV voltage and to provide better AQvgroquality, lower
voltage stress on the circuit components and low inputcBVent/voltage ripple

compared to the standard CSI topology.

3-Phase CSI Bridge

Added series AC Capacitors L
/ dc
—éz ~|§Z .

Cs

—p—
r —|
' ~f——m
3- L l
Power Grid C === ._EZ ._EZ o

Figure 5.1 Circuit configuration of the CSI with series AC capaist(CSI+SCaps)
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CHAPTER 5

This chapter contains details of the operating charatsrisanalytical model and
equations, modulation and control methodologies, dedigerees AC capacitors and
other potential applications for the CSI+SCaps topolddwe performance of this
topology will be evaluated via simulation in Chapter 6, whieli be compared

against the six other inverter topologies that have bezsepted in Chapter 4.

5.1 Fundamental Char acteristics

When the standard CSI topology is used to interfacePMearray to the grid, the
voltage across the AC side of the topology is the guithge. This AC voltage level
cannot be changed to match the large variation of thagmlevel of the PV array at
the DC side as shown in Figure 5.2. This leads to an ireffigower conversion and
non-optimum voltage transfer between the DC side andAfDeside across the

inverter.
Y Vdc
° V. or
\_ —
/ s
N — —
~ AC 3-Phase |/ PV
L filter [ | CSIBridge Array
\, I
Power Grid

Figure 5.2 Standard CSI when operating with a low or high PV voltage! le

In contrast, the presence of the series AC capacitothe CSI+SCaps topology
allows the voltage level at the AC side of the topoltmpe adjusted. This is possible
because when the AC current flows through the series &d@attors, the voltage
across the capacitors will be created. This voltage eansbd to add to or subtract
from the grid voltages and thus provide an adjustable phadtage seen at the AC
side of the inverter to be low or high to respond tovado high PV voltage level at
the DC side as shown in Figure 5.3. As a result, the CZ3pS@Gas a possibility to
always operate with an optimum voltage transfer betweerDIC side and the AC

side.
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ol o L

L7 I filter [ |

Power Grid Series AC capacitors

ot Lt

Vdc
3-Phase / PV
CSI Bridge Array
(@)
Vdc
3-Phase / PV
CSIBridge Array

LT O filter [

Power Grid  Series AC capacitors

(b)

Figure 5.3 CSI+SCaps when operating with (a) a low PV voltage lendl(b) hidn

PV voltage level

5.2 Analytical Model and Equations

To facilitate the explanation of the operation and kmnmethodologies and the

design of the series AC capacitors used for the CSIp§G& analytical model and

equations are derived. The model based on the phasor diagrased to show

magnitudes and phases of the AC side parameters when th8@Is- operates in

different situations whilst the equations are used irctdm¢rol methodologies and the

design of the series AC capacitors.

The circuit configuration of the CSI+SCaps in Figure Safh be represented by the

per-phase equivalent circuit as shown in Figure 5.4. Thestefmihe parameters

shown in the figure are described in Table 5.1. These paesmwill be used to

derive the model and equations for the CSI+SCaps topology.
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Cs L¢ ls ey Loc
[ M T M
1 I | |dc T
\ cf Csl
Powe ¢ %
gr\il\cljl ~)| Vs C = VCSIJ 3-Phase| V. PV
1 1 | Bridge

Figure 5.4 Per-phase equivalent circuit of the CSI+SCaps topology

Parameter Description
Vs grid voltage phasor
Is AC line current phasor
Ve AC voltage phasor across the series AC capacioari@ the filter inductor L
lct AC current phasor drawn by the filter capaciter C
Vesi AC voltage phasor seen at the AC side of the inverter
lcsi AC current phasor seen at the AC side of the inverter
Ve DC-link voltage
lgc DC-link current

Table 5.1 Parameters used for the analysis of the analytical Inamdeequations of
the CSI+SCaps topology

By applying the phasorial summation theorem for the paemein the AC side of
the equivalent circuit in Figure 5.4, model based on the phasor diagram for the
CSI+SCaps can be derived as shown in Figure 5.5 and the magrofuithe phasors
can be derived as shown in (5.1)-(5.4); wheead ¢ refer to the phase displacement

angle betweendand k (power factor angle) and betweegshand ks

Figure5.5 Phasorial diagram representation of the analyticalahof the
CSI+SCaps
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Ve = X, y Xe = (1/wCs) — wly (5.1)

Vesi = V& + (IsXc)? — 2VslgXosind (5.2)

Ies = X—zf JVE + (IsX()? — 2VslsXcsin 5 Xep = (1/wCy) (5.3)
2 2

o = jlsz (102 (22) - 2t (14 2) (22) sno 54

By applying the complex AC power theorem and using (5.2) and {hd)active
(Pcs) and reactive power (£) seen at the AC side of the inverter can be derived as
shown in (5.5) and (5.6).

PCSI = SVSISCOSQ (55)

=3 i X\ LV, 2 Xc
Qcst = —3 [Vslssme (1 + ch) + Xer + I§Xc (1 + ch)] (5.6)

When considering the situation of the power equilibrium betwbe AC side and DC
side of the inverter, the components of the AC curpdasor (g and i) can be
derived as shown in (5.7) and (5.8); whege i the power seen at the DC side of the
inverter. The componentsyiand iq are used in the modulation and control for the

CSI+SCaps (see more detail in Section 5.3).

; 2P 4.

isq = IgcosO = ﬁ (5.7)
. . . _ Vs 2, XCXCf(XCf+XC)

lsq = IsSind = [(XCf+2Xc) $ vs(xcp+2xc) (8

The terms of the componeng in (5.8) can be simplified where the estimated value of
the AC current ) can be derived using the definition of CSI modulation xn@ma).

The mis the control parameter used to provide the desired ntutraensfer ratio
between the DC side and the AC side for the CSlI-type engenivhich is defined as
the ratio of the AC current magnitude seen at the A€ sf the inverter to the peak
DC-link current seen at the DC side, as shown in (5.9). Angubsgtituting (5.9) for
(5.4), the estimated AC current can be derived as sho(&nli@).

mi=% 0<m; <1 (5.9)
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Vssin9+\/(mi1chCf)2 —(VscOSQ)Z
I =
S (ch"'Xc)

—m/2<0<m/2 (5.10)

The analytical model based on the phasor diagram istossldown the magnitudes
and phases of the AC side parameters when the CSI+S@apstes in different
operating points. The equations are used in the modulationcamuaol! for the
topology presented in Section 5.3 and the design of thes &€ capacitors presented
in Section 5.5.

5.3 Modulation and Control Methodologies

Since there are no additional switches or switchingestased in the CSI+SCaps
when compared to the standard CSI, the modulation technicpeesfor the standard
CSI topology (Section 4.3.3) can be used also for thet&Shps topology. This

section presents the control principle and the possdi&éa methods that could be

used for the CSI+SCaps topology.

5.3.1 Control Principle

As presented in Section 5.1, in order to control the CSIpS&a that the AC voltage
level seen at the AC side of the inverter can be asfjust match the voltage level at
the DC side, the voltage across the series AC capadis to be controlled. Since
the magnitude of the series AC capacitor voltage is depemethe AC current, as
defined in (5.1), it means that the magnitude of this voltagebe controlled via the
control of the AC current. By substituting (5.10) for (5.the magnitude of the
voltage across the series AC capacitokg (Ml be derived as shown in (5.11) whilst
the phase of ¢/can be derived from the phasor diagram shown in Figbreshich is
shown in (5.12).

Vgsinf +\/(mIdCXCf)2 -(Vs cos6)?

(Xcp+Xc)

V, Xc (5.11)

Ve =(6-7) (5.12)

101



CHAPTER 5

It can be seen from (5.11) and (5.12) that for the givesh grltage (¥), available
DC-link current (k) and known values ofeXand X, the magnitude and phase of the

Vccan be controlled using the power factor ang)eafid the modulation index (m

Figure 5.6 shows how the power factor angledan be used to control the series AC
camcitors (\¢) and provide the AC voltage at the AC side of the CSIHS@apology
(Vcs) matching the voltage level at the DC sidgJMn the situation that ¢¢ is high
(Figure 5.6a), the leading éfcan be used to adjust the phase @&Nd increase &
to be higher than the grid voltages(Vh order to match the highyy/ Alternatively, in
the situation that ) is low (Figure 5.6b), the lagging éfcan be used to adjust the

phase of ¥ and decreasecy to be lower than Mn order to match the lowgy

17 24 CGA)’

Ve Ve
<+ <+—

_| |__
CSl v CSl v
3-Phase dc 3-Phase dc
Vs Ves Bridge Vs Ves Bridge

(@)

Csl Csl
v Vv 3-Phase ‘A’ Vv “A’1 3-Phase
S “=1 Bridge Ve S Ves| | Bridge Ve

(b)

Figure 5.6 Diagrams to show how the power factor angle can coneoA@ voltage
level of the CSI+SCaps topology to match (a) a high Di&age level and (b) a low
DC voltage level
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Table 5.2 shows the range of the power factor an@legquired for a particular
increase/reduction rate ofcy/ when compared to sVwhered, (5.13) refers to the
power factor angle that causegs\vto have the same magnitude as Which is
derived from (5.2),(5.4) and (5.10) by considering the differatios between 34
and \¢&.

6, = sin~! (5.13)
Ratio of Vcg/Vs Power Factor Angle (6)
> 1 Onh<0<m/2
=1 0 = 6,
< 1 '7[/2 < 0 < en

Table 5.2 Required power factor angl@)(for a particular rate of 34/Vs

Besides the power factor ang®,(the magnitude of the AC line curreng)(is also
the important parameter that affects the level gfadd \ts. The parameter that is
used to controldis the modulation index (jnas shown in (5.1) and (5.10): the higher
the modulation index, the higher the level §ahd \¢, but the magnitude o§ tannot
be greater than the peBIC-link current (k) as restricted by the definition of fsee
(5.9)). Figure 5.7 shows the effect gfoin the level of ¥ and \g. It can be seen that
whend is constant, a higher AC line currengylcauses a larger series AC capacitor

voltage (\&2) but a smaller amplitude oY than a lower AC line currentdf).

Figure 5.7 Diagrams to show how the magnitude of AC line currefitcéin affect the
voltage level at the AC side of the inverteg{y
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The control method for the CSI topology is normallyiglesd to achieve unity AC
power factor [103], and so called the Unity Power Factor (URtral (the

schematic and operation of the UPF methods has beemimesr Section 4.4.2).
The UPF control can be used also for the CSI+SCapsogypaHowever, if the UPF
control is used for the CSI+SCaps, the higher voltagel lthan the grid voltage will
be created at the AC side of the inverter as shown byltasor diagram in Figure
5.8. This high AC voltage may lead to higher voltage stwesthe switching devices

and increases switching loss.

<

RS

— \
=0 Vg Y /
/
’
’
~~~~~

Figure 5.8 Phasor diagram when the CSI+SCaps operating with UPFotont

In this section, two novel control methods suitable ¢oused for the CSI+SCaps
topology are proposed: the Minimum Switching Voltage (MSV) congémodl the

Optimum Power Factor (OPF) control. These methods haveaithedffs between the
minimum switching voltage (AC side voltage of the invertemyl ahe maximum

power factor. The MSV control aims to control the CSTafs topology to achieve
the operation with the minimum switching voltage and the ©®M#rol be used to
achieve the operation at the optimum point between loiiclsiwg voltage and high

power factor.

5.3.2.1 Minimum Switching Voltage Control

The Minimum Switching Voltage (or MSV) control allows the IESCaps topology
to operate with the minimum switching voltage, by meansiofmum voltage level
across the inverter. This leads the topology to achledowest voltage stress on the
circuit components (power semiconductors, DC-link inductafdsg.control utilises
the fact that the AC side or switching voltage)/of the topology will have the

minimum level when the maximum voltage across the sé&{@scapacitor (V) is
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created and hence can be used to subtract from the grdj@dkg), as described by
(5.14):

VCSI(min) =Vs— VC(max) (5.14)

Therefore, in order to maximise-Mhe series AC capacitors have to be rated to carry
full AC line current (§), as described by (5.1). In practical term, this canchéesed

by setting the CSI+SCaps topology to always operate Wihrtaximum modulation
index (m=1) so that the AC line current can fully draw the curfesn the DC side

as suggested by (5.9).

Figure 5.9 presents the schematic of the CSI+SCaps tppoloen operating with the
MSV control. The MSV control has the same schematitha UPF control (Figure
4.18). The difference is that the AC line current componggtsand ikq* calculated
from (5.7) and (5.8) are used to be the reference curemowvfor the SVM-CSI

modulator that sets the modulation index to operate neaaksnum value (f ~1).

3-Phase CSI Bridge

N
Power grid Lac
J = L 45 452 .
I o e
|| M -) PV
L 1T
N . I} AN (>
LTIl T C = L L
gt TIT €|«
Vs(abc I T
V]
CSI Modulator|._
* .
Vsg m*~1 Vov pv
qu m*=(VpV-AV)/l.5V5d AV Pl
[
is using (5.7) 0* i *
pv

—— da [ MPPT
lsq" using (5.8) abd IE Controller

PWM Signal Generator

Figure 5.9 Schematic of the CSI+SCaps topology when operatirty tivdi MSV
control
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5.3.2.2 Optimum Power Factor Control

In some applications where the allowable range of theepdactor is restrictedhe
Optimum Power Factor (or OPF) control would be more preferablfidrcase both
the modulation index (jnand the power factor anglé)(are controlled in order to
enable the CSI+SCaps topology to maximise the power facibrto minimise the
switching voltage at the same time.

The point that the CSI+SCaps can provide the optimum lmaldmetween the
minimum switching voltage (by means of the minimum amplitud®®f) and the
maximum power factor (by means of the highest valusg) is the point where the
phasors ¥, Vc and \¢s form a right triangle shape as shown in Figure 5AtQhis
point, the phasorsiwill be in-phase with the phasorcy and the ratio of ¥s/Vs will

be equal to cog (power factor). In practice, this control method canachieved by
controlling the AC line current phasok)to be always in phase with the AC voltage
phasor seen at the AC side of the invertesfV

~
‘‘‘‘‘

Figure 5.10 Phasor diagram for the CSI+SCaps operating with the ©ORf#rol

The concept of the OPF control has been firstly utilieedHe control a shunt active
power filter in [38]. The method directly measured thaialckcs from the circuit
and used the phase-locked loop (PLL) techniques [104, 105] to sigaththe
reference current vector for the SVM-CSI modulator tmegate the switching
signals, which is complicated and required additiorg| %ltage transducers.

In this thesis, a simpler technigque to implement the OPE@oas proposed. Unlike

in [34], the proposed technique directly synthesises theedepower factor angle
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(60*) from the measured DC-link currentyd and the operating modulation index
(m); whereé,* can be determined using (5.15), which is derived from (5.2) when
using \ts/Vs=cod. Therefore, this control technique does not require anyiawialit

transducers for measuringsy

(5.15)

Figure 5.11 shows the schematic of the CSI+SCaps whentiogevath the OPF

control. The OPF control has the same control schenastithe UPF control. The
difference is only that the reference current vectorthe SVM-CSI modulator is
synthesised using (5.10) and (5.15).

3-Phase CSI Bridge

YN
é éz de
G

CSI Modulator |
Vsd m*

Power grid c

L)

PV

333

—

C L L

!
[V]

va .pv
dCls mr= (va'Av)/l-svsd AV
e

o q (510) isd* 0.*
i using r i *
0,* using (515) d —»@ MPPT >

i * aba Controller

sq

PWM Signal Generator

Figure 5.11 Schematic of the CSI+SCaps topology operating witfQtRe control

5.3.3DC-Link Current Control Design

This section presents the analysis for the designRdfcantroller used in the DC-link

current control. This control method can be used fah lioe standard CSI topology
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and the CSI+SCaps topology. Figure 5.12 shows the DC gideagent circuit of the
topology; where Ris the internal equivalent series resistance of Rhe source
(Section 2.4).

lac Lgc Rs ipv
T — Csl
0 3-Phase Tl
Power = —| pwm | |Vac Voo | G PV
Grid _| Bridge -

Figure 5.12 DC side equivalent circuit of the CSlI-type topology

Applying the Kirchhoff’s voltage law, the dynamic equation of the DC side
equivalent circuit can be derived as shown in (5.16). Teammsg (5.16) into the S-
domain and rearranging terms, the open-loop DC-link cutransfer function Gs
will result as shown in (5.17).

dige

—vpv + idC . RS + de . ? + Vic = 0 (516)

_lac(®) _ 1 . _ B
G(S) =305 = stor }AV(S) = 1y (S) = Vac(S) (5.17)
Figure 5.13 shows the control diagram when a PI contrisliesed to control the DC-
link current. The PI controller is expressed in the S-alaras shown in (5.18) [106]

where k and krefer to the proportional gain and the integral gain efcintroller.

PI(s) = k,, +% (5.18)
lgc" i(S) AS)
RN PI(S) » G(S) >
idc

Figure 5.13 Diagram of the DC-link current control for the CSI-typpdtogy
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Applying the closed-loop control theorem and using (5.17) ad@)5the closed loop
transfer function (&s)) can be derived as shown in (5.19).

P(5)-G(s) r (1)

/ _ §)-G(s) _  Lac\ kK

G'(s) = 14P(5)G(s) Sz+S<Rs+kp) R (5.19)

Lgc Lgc

If k >>k, is used, (5.19) can be simplified as shown in (5.20).
ki
L

G'(s) = i - (5.20)

Lgc Lgc

As a result of comparing (5.20) to the standard second tetefer function (&s))

as shown in (5.21); wher®,, is the natural frequency ardis the damping factor

Hence,
Gs(s) = 52+2§aa))is+w% (6.21)
Hence, kand kcan be formulated as (5.22) and (5.23) respectively.
ky = 28wy Lac — R (5.22)
k; = w2Lg, ; where > k, (5.23)

The selection of andw, will be made by considering the specifications that define
the step response shown in Figure 5.14. The paramegereférs to the peak
overshoot (in % of the final value), to the time to the peak valueto the equivalent
time constant and to the rise time (from 0.1 to 0.9 of the final valueg time unit is

in seconds. These parameters are defined as shown in (5.24){106]
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\ Mp $5% i 204

(

Step response (no units)

Time (in seconds)

Figure 5.14 Specification parameters for the step response

M, = exp (%) X 100% (5.24)
A
b= A (5.25)
T=— ; settles to 5% of the final value in 3t= =
wn {wn
; settles to 2% of the final value in 41= (% (5.26)
t, = Z—i - for 0.6 <{ < 0.9 (5.27)

Figure 5.15 shows the simulation waveforms of the DC-link atirdemand @*)
and the corresponding DC-link curreng(lwhen the PI controller with the design

specifications and the simulation parameters in Tablerg.8sed for the CSI+SCaps

topology.

[tem Parameter Value and Unit
. L On 350 rad/sec
Design specifications
=0.7 0.7
Vs 415V/50Hz
Ve 425V
Simulation parameters Lgc 10mH
Rs 0.5Q
Cs 500uF
Calculated PI parameter kifflgzdfs -

Table 5.3 Design specifications and simulation parameters used tovebse
functionality of the designed PI controller
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(A):t(s)

400 -
Ide

350 Tdc*

300 A

(&)

250 A

200

0.1 0.2 03 04 0.3 06 07 0.8 09
i(s)

Figure 5.15 Comparison of the DC-link current demang¥)l and the corresponding
DC-link current (k) obtained from the CSI+SCaps when operating with the P
controller using the simulation parameters from Tal8e 5.

Table 5.4 shows the comparison of the step response pararmvt t,, ©(2%) andt,
between the calculation using the design specificatioB4 ) §5.27) and the measured

values from the waveform in Figure 5.15.

Parameter Design Value | Measured Value Unit
Mp 4.6 4.9 %
tp 12.5 11.8 msec

(2%) 16.5 17 msec
t 6 6.5 msec

Table 5.4 Comparison of step response parameters between the dakigs and the
measured values

It can be seen from Figure 5.15 that the designed PI c@ntoalh control the DC-link
current levels to have the same final le\ad demanded. Similar results between the
design and the measured values of the step response pasaimdtable 5.4 confirms
that theDC-link current Pl controller design presented in this sectian provide the

correct response as the design specifications require.
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5.4 Design of the Series AC Capacitors

This section presents detailed analysis and design skties AC capacitors used in
the CSI+SCaps topology. All other circuit components useithe topology can be

designed using the procedures presented in Section 4.5.

To facilitate the design, the parameter a is defined, whitlte ratio of the magnitude
of the voltage seen at the AC side of the invertereanhgnitude of the grid voltage,
as shown in (5.28). This parameter is used to indicate how thacAC side voltage

level of the inverter is reduced in comparison to the gvithge level. By substituting

(5.28) for (5.2) and using (5.5), the required value of thes&C capacitors can be
formulated as shown in (5.29). Therefore, the required vafuéhe series AC

capacitor is dependenn grid voltage and frequency {\dndw), power factor angle

(9), required AC voltage level (a), load powegdRand AC filter inductance ¢

q = Zest a>0 (5.28)
Vs

2Pg4¢
C, = 5.29
S 2w2LgPyc+ 3wVE cos O(sin8+VaZ—cos?0) ( )

Figures 5.16a and 5.16b show the required value of the seriesgecitors for the
different grid voltage and frequency levels. It can lendbat a smaller AC capacitor
is required for a higher grid voltage and a higher grid fraquédevel. This implies
that a smaller size of series AC capacitors could barezhjfor aerospace and aircraft

applications where high supply frequency of 400Hz is usually i€4.

1300 15007

1000

Cs (uF)

500+

) i i ;
i(l() 400 600 300 0 200 400 600

Vs(V) o/2n (H2)

(a) (b)

Figure 5.16 Values of the serie&C capacitors required for different (a) grid voltage
Vs and (b) grid frequency ®; where 6 = n/4, a=0.8, R=20kW and k=1mH
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Figures 5.17a and 5.17b show the required value of the seriempeCitors for the

different power factor (c@8 and different AC voltage (a). It can be seen that:

e The largest size of the series AC capacitors is requirhen the power factor
(cosh) is low and then becomes smaller when the power fa@srahlow-
medium value. The capacitors’ size becomes larger again when the power
factor has a medium-high value and reaches the lasgesin the high power
factor range at the point where “cosf=a”; (see Figure 5.17a whetesf=a=

0.8 for this case).

e A smaller series AC capacitor is required for a loweel®f the required AC
side voltage (a). If differentiating the terms in (5.B9)a, it will be found that
the maximum value of the series AC capacitors will berdeteed at the point
where “a=cos6” (see Figure 5.17b where aosf= 0.707 for this case).

1500 800
600F
—~ 1000 —
LL LL
2 400
(%] (%]
L. 11| SO — o 3
0 : : . : 0 : : ,
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 |
Cos0 (no unity a(no unit9
(a) (b)

Figure 5.17 Values of the serie&C capacitors required for different (a) power factor
6 and (b) required AC side voltage compared to the grid vol{egehere
Vs=415V/50Hz,w/27n=50Hz, R=20kW and k=1mH

Figures 5.18a and 5.18b show the required value of the seriempeCitors for the

different load power () and different AC filter inductance LIt can be seen that:
e A larger series AC capacitor is required for a higheratpey load power.

e The value of AC filter inductance fLdoes not affect to the required size of

the series AC capacitors.
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1500 : : : : - 600

1000 400

Cs (uF)
Cs (uF)

500 200

0 10 20 30 40 30 0 10 20 30 40 50

Py (KW) L (mH)
(a) (b)

Figure 5.18 Values of the serie&C capacitors required for different (a) load power
(P4e) and (b) different AC filter inductance fl.where Vs=415V/50Hzp/2n=50Hz,
6= m/4 and a=0.8

As mentioned previously and shown in Figure 5.17, the largesi$ite series AC
capacitors is required for the condition where a=sf. Using this constraint for
(5.29), the largest value of the series AC capacitorsishatquired for a particular
level of the AC side voltage of the inverter can benidlated as shown in (5.30

2Pg4¢
C = 5.30
SMAX - 2w2LPgc+ 3wVia(Vi-a?) (5.30)

Figure 5.19 shows the plots of (5.30), which indicate the maximalues of the
series AC capacitors required for the different AC siolkage of the inverter (0< a
1) and different DC load power {8 levels.

3000

2000

1000

Maximum Cg (nF)

AC voltagereductionrate (Veg/Vy)

Figure 5.19 Maximum values of the series AC capacitor required fiberéint AC
side voltage of the inverter and different load poweele \s=415V/50Hz, l=1mH
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It can be seen from Figure 5.19 that the size of the s&@lesapacitors required for
all the load power levels can be minimised when the reqédide voltage of the
inverter is in the range of 0.5-0.9 when compared to the gitdgen In fact, this
reduced voltage range is the required operating range fagridheied PV inverters
since it is the range where the PV array delivers maximutput power (see more
detail in Section 3.1). This means that the reduced sizdsdferies AC capacitors

are even favoured for practical applications.

5.5 Operating Results of the CSl with Series AC capacitors

In Section 5.3 three alternative control methodolofpeshe CSI+SCaps (UPF, MSV
and OPF control) have been presented. In this sect®@sithulation results of the
CSI+SCaps when operating with these control methodssaayie presented. There are
two operating scenarios considered in this simulation wdr&: dperation under

normal grid voltage and the operation under low grid voltage. s

5.5.1 Operating Results under Normal Grid Voltage Conditions

As mentioned in Section 3.1, under normal grid voltage thetgratlPV inverters are
required to operate at the maximum power points (MPP)eoPt array as well as
at/near the maximum PV voltage (no load voltage) wherentherters start-up their
operation. In this section the operating results of@Bé+SCaps when operating with
the UPF, MSV and OPF control at three different MPPs (1@ and 10% power
levels) and near no load PV voltage are presented. Budtgef the standard CSI
with the UPF control when operating at the same pai@slso presented and used to

compare with the results of the CSI+SCaps.

5.5.1.1 Operating Results at Different Power Levels

Figure 5.20 presents three operating points (OP1, OP2 and OP3)ehadear to

observe the performance of the CSI+SCaps with the WY, and OPF control and
the standard CSI with the UPF control when operating witardnt power levels at
MPPs (100%, 50% and 10%). Table 5.5 presents the conditidnsaaameters used

in this simulation. The value of the series AC capasit® calculated using (5.30).
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OP1 (400V, 40A, 16kW)

50 - -
Sun irradiance
100%
40 1
30 A1
50% OP2 (390V, 21A, 8kW)
20 A1
10 4
OP3(360V, 4.5A, 1.6kW)
10%
0

100

200 300 400 0

PV Voltage (V)

Figure 5.20 Three operating point©F1, OP2 andOP3) used to observe the
performance of the inverter topologies under investigatiafifferent power levels

Grid-PV Specifications

Inverter Circuit Components
Topology | Lyph | Ci/ph | Cdph Lgc Grid PV Array
22 strings of 24 series
Standard CSI| 1mH | 10uF - 10mH connected PV panels:
module BP SX30
3-phase
415V/50Hz
PmaleekVV, Vmax=508v
CSI+SCaps ImH | 10uF | 560puF | 10mH and |,=45A @STD
25°C

Table 5.5 Simulation model parameters used to observe the perfoentdhe
inverter topologies under investigation at different poleeels

Figures 5.21, 5.22 and 5.23 show the simulation waveforms at theideGand the
AC side of the standard CSI and the CSI+SCaps when fhemate at the operating
points and simulation conditions shown in Figure 5.20 andeTald. The DC side
waveforms are the PV voltagey()/ the PV current ) and the DC-link voltage @V
and the AC side waveforms are the AC side inverter volfslgg), the grid voltage

(Vs) and the AC line current gl The mean values and the ripple of the PV voltage

and current as well as the peak values of the DC-link voltageftuaccording to the
DC side waveforms are presented in Table 5.6, whilst the dguoiahasor diagrams

according to the AC side waveforms are presented in Tahle 5.
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Figure5.21 DC side (left) and AC side (right) simulation waveforofighe standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and &@/PEol when
operating at 100% load power (OP1)
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Figure5.22 DC side (left) and AC side (right) simulation waveforofighe standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and €iPEol when
operating at 50% load power (OP2)

118



CHAPTER 5

R 380 ‘ 7 500 -
- A
—~ | z 30 P
L = \
o 340 250 A
-]
N . 6 a
—_— < 5 ¥
U) z 4 < 0
@) R =
-c% 800 250
&
-8 3 400
2 :
-g 0 300 4 T T T ]
(f) 0.36 037 038 039 04 036 037 0.38 0.39 0.4
Time (sec) Time (sec)
380 - 500 i
E 360 Vp\
- 7 .
=" i
—~~ > :
LL 340 250 - ;
o i
6 s g
=) 2 s Ipy F ;
PRI T R T T T ;
2| : |
(L/J) 800 | 250 §
= |
+ o400 !
= 3 ;
0 = 500 :
O 0 [ T I T 1
036 037 038 039 04 0.36 037 0.38 039 04
Time (sec) Time (sec)
380 500 -
0
ol | | NN <, S —
=5
— -
> 340 250
n
S |z ¢ | Ly g
< 5 4 *
\U-)/ g 1 I ¢f. 0
o |7 il =
(]
(?) 800 250 b
B p
— -
0l 0 “ “ I | ' |l | 500 :
O T T T T T T T T 1
036 0.37 038 0.39 04 036 0.37 038 039 0.4
Tume (sec) Time (sec)
380 500 T
= Vp\' :
T 360 ;
=5 H
—~ | = :
El: 340 250 - :
O |. s B
~ | =< 5 by 0 ¥
[%)] z 4 < :
2 |* :
(L/)) 800 250 |
= :
+ 5 400 :
= :
% p -500 :
@) T \ T T \
036 037 0.38 039 0.4
Time (sec) Time (sec)

Figure5.23 DC side (left) and AC side (right) simulation waveforofighe standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and €ipirol when
operating at 10% load power (OP3)
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Operating Resultson the DC Side

PV
Oper ating Topology Vv lov | YAV, | %Al | Ve l e
Point and Control (mean) (mean) (ripple) (ripple) (peak) (peak)

M | A M) (A) B

Standard CSI (UPF} 400 40 0.2% 3.5% 673 | 40.7

(0]241 CSI+SC (UPF) 400 40 0.2% 4.3% 725 | 40.8
(MPP 100%) CSI+SC(MSV) 400 40 0.1% 1.7% 520 | 405
CSI+SC(OPF) 400 40 0.1% 2.3% 539 | 40.4

Standard CSI (UPF) 390 21 0.2% 6.2% 633 | 21.7

oP2 CSI+SC(UPF) 390 21 0.3% 6.7% 650 | 21.8
(MPP 50%) CSI+SC(MSV) 390 21 0.1% 3.8% 510 | 215
CSI+SC(OPF) 390 21 0.2% 5.2% 608 | 21.6

Standard CSI (UPF) 360 4.5 0.2% 28.9% | 595 5.2

OP3 CSI+SC(UPF) 360 4.5 0.2% 28.9% | 596 5.2
(MPP 10%) CSI+SC(MSV) 360 4.5 0.1% 24.4% | 558 5.1
CSI+SC(OPF) 360 4.5 0.2% 28.9% | 595 5.2

Table 5.6 Mean values and ripple of the PV voltagg,¥nd current {l) and the
peak values of the DC-link voltageqtVand current () collected from the DC side
waveforms shown in Figures 5.21, 5.22 and 5.23

Standard CSI CSI+SCaps
(UPF control) UPF control MSYV control OPF control

Operating Point

OP1

A
400V, 40A
16kW (100%)

PV Current (A),

PV voltage (V)

390V, 21A
8KW (50%)
~,OP2

PV Current (A)

PVvoltage (V)

360V, 4.5A
1.6kW (10%) a3y
\ OP3 (339v)

D, -l S -l S
PV voltage (V) (3.3A) 4 6=0° =00 & (3.3A)

PV Current (A)

Table 5.7 Equivalent phasor diagrams representing the operatioe standard CSI
with UPF control and the CSI+SCaps with the UPF, MSV and kol according
to the AC side waveforms shown in Figures 5.21, 5.22 and 5.23
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It can be seen from Figures 5.21, 5.22 and 5.23 and from Tablesd 5.7 that:

e The standard CSI with the UPF control can achieve opesadibanity power
factor (kis in-phase to ¥ for all the investigated operating points. However,
the AC side voltage of the inverterdd=342-358V) remains high and almost
constant with the similar magnitude to the grid voltage=839V) even if the
PV voltage level at the DC side is reduced (from 400V to 360V) when t
load power decreases (from 16kW to 1.6kW). These mismatebltage
levels between the DC side and AC side can be adjusted byingdbhe
operating modulation index {mbut this can cause a high peak DC-link
voltage (595-673V) at the DC side. In addition, reducing the tatido index
means that larger zero voltage intervals are createtiteo®WM waveforms
due to a longer operating time of the CSI null switchingestésee Section
4.3.3). These larger zero voltage intervals require gelotime to be filtered
and thus cause a high petakpeak ripple in the PV current,() waveforms
for the standard CSI (3.5%-28.9%).

e The CSI+SCaps with the UPF control can achieve opestbminity power
factor for all the investigated operating points as doesstlandard CSI.
However, the voltage drop across the series AC capadstetsmmed to the
grid voltage that causes a larger AC side voltagge£843-402V) compared
to the standard CSI. This results in an even higher peaknR®@oltage (596-
725V) and the higher peak-peak PV current ripple (4.3%-28.9%) for the
CSI+SCaps with the UPF control compared to the standard CSI

e With the control principle presented in Section 5.3.thg, CSI+SCaps with
the MSV control can achieve low AC side voltage levalssE270-320V)
matching to the change of the PV voltage levels at the @& $herefore, the
CSI+SCaps with the MSV control can always operate wid dptimum
voltage transfer ratio (by means of maximum modulatiai@x) m=1). This
reflects by the lower peak DC-link voltage levels (520-558V) aedidiver
peakto-peak PV current ripple (1.7%-24.4%) compared to the standard CSI
However, the power factor obtained from the CSI+SCaps thith control
method is relatively low (0.68-0.81) compared to the stand&id Which is
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also reflected by a larger phase shift betwegrand k as shown in Figures
5.21, 5.22 and 5.23.

e With the control principle presented in Section 5.3.th2, CSI+SCaps with
the OPF control can achieve low AC side voltage levels£284-339V)
compared to the standard CSI and the CSI+SCaps with theds®el, whilst
providing an improved power factor (0.84-0.98) compared to tHe STxps
with the MSV control. However, the CSI+SCaps with theFO&bntrol
provides higher peak DC-link voltage (539-608V) and higher pegleak PV
current ripple (2.3-28.9%) compared to the CSI+SCaps wativiV control.

If the level of the AC side voltage £%) and the peak DC-link voltage {¥ designate
the level of the switching voltage stress across theteng the CSI+SCaps with the
MSV control would provide the lowest switching voltage stressthe switching
devices and thus potentially has the lowest switching lpdedlswing by the
CSI+SCaps with the OPF control, standard CSI with thd- WBntrol and the
CSI+SCaps with the UPF control. If the PV current ripgidsignates the size of the
inductor required the DC-link current filter, the CSI+SCap$ WSV control would
require the smallest size of the inductor; following bg CSI+SCaps with the OPF
control, standard CSI with the UPF control and the CSEs with the UPF control.
However, when evaluating in terms of power factor, the logpes with the UPF
control should be used whilst the CSI+SCaps with the M8Ntrol provides the
lowest power factor among all the control methods. TBé+6Caps with the OPF
control would be the best choice if both high power faatat low switching voltage

stress are considered. Table 5.8 presents a summahg fabdve comparisons.

Comparison I tem Stan((LjJaFr) I(:j)CSI CS(I J;(::;a\ps CS(I I\;lrgcv?ps CS(I Sgg)aps
Switching voltage stresg High Highest Lowest Medium-Low
Size of the DC-link filter Large Largest Smallest Small
Power factor Highest Highest Lowest Medium-Low

Table 5.8 Comparison of the potential switching voltage stress,sIiC-link filter
and power factor among the standard CSI with the UPF camtdolhe CSI+SCaps
with the UPF, MSV and OPF control
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5.5.1.2 Operating Results during Start-up

This section presents the simulation results whensthadard CSI with the UPF
control and the CSI+SCaps with the UPF, MSV and OPF @looperating near no
load voltage (maximum voltage) of the PV array whereethegerter topologies start-
up their operation. The simulation circuit components thedgrid-PV specifications
used in Section 5.5.1.1 and the operating point (OP4) at theoRage/current and
power of 500V (98% of the no load voltage), 1A and 0.5kW are usethis
simulation work. Figure 5.24 shows the simulation wavefooithe standard CSI
and the CSI+SCaps when they operate with the afor@nendtsimulation parameters
and operating point. The mean values and the ripple ofMheRage and current and
the peak values of the DC-link voltage/current according teide waveforms in
Figure 5.24 are presented in Table 5.9, whilst the equivalentoplthiagrams
according to the AC side waveforms are presented in Talle 5.

Operating Results on the DC Side

PV
Point and Control (mean) (mean) (ripple) (ripple) (peak) (peak)

M | A V) (A) VM | A

Standard CSI (UPF] 500 1 0.1% 68.0% | 578.3| 1.36

OP4 CSI+SC (UPF) 500 1 0.1% 73.0% | 5819 | 1.39
(500V,1A,0.5kW) CSI+SC(MSV) 500 1 0.1% 67.0% | 5780 | 1.36
CSI+SC(OPF) 500 1 0.1% 67.0% | 5780 | 1.36

Table 5.9 Mean values and ripple of the PV voltagg,J¥énd current {l) and the
peak values of the DC-link voltageqt/and current (k) collected from the DC side
waveforms shown in Figure 5.24

; ; Standard CSI CSI+SCaps

Operating Point

P g (UPF control) UPF control MSYV control OPF control
< Ve Ve Ve
€ vV Vv
2 OP4 S Vv V] Vv csl
5 339V csl csl csl
3| s00v, 1A, @3N lazen| (341 3&% @) |\ (333V) y
>| o.5kw . ( _IS) I (€ELY I (338

PVvoltage (V) | (L.4A)W 6=44°( 6=44.7°W (1L.4A) | (LAA)W 9=45° (LAA)W g=450

Table 5.10 Equivalent phasor diagrams representing the operatide gtandard CSI
with UPF control and the CSI+SCaps with the UPF, MSV and kol according
to the AC side waveforms shown in Figure 5.24
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Figure5.24 DC side (left) and AC side (right) simulation waveforofighe standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and @fEol when
operating near no load PV voltage (OP4)

124



CHAPTER 5

It can be seen from Figure 5.24 and Tables 5.9 and 5.10 thae abpologies and
control methods have a similar operation when operatiag ne load PV voltage
(OP4), reflected by the similar operating waveforms and opgratiasor diagrams.
This is because both of the standard CSI and the CSI+Sspepate with a small
fraction of the PV current ()=1A) when operating near no load voltage (500V). The
small PV current can be used to create only a small ACclmeent (1.4Aea) and
thus a small voltage across the series AC capacitahei€SI+SCaps topology. This
small series capacitor voltage therefore does not preigpeficant difference in the
operation of the CSI+SCaps and their associated cometthods compared to the
standard CSI. Only a slight deviation of the AC side voltagplitude (¥¢s=333-
341V) compared to the grid voltage amplitude=389V). As the voltage across the
inverter topologies are similar, the topologies operateseclto the maximum
modulation index and thus the phase shift betwegmn¥l k (9=44°-45°), by means of
reducing power factor, have to be used to avoid over modulation.

5.5.2 Operating Results under Low Grid Voltage Sag Conditions

As mentioned in Section 3.2.2, grid-tied PV inverters shoule hlae capability to
ride-through low grid voltage faults (sags) to ensure sadestable operation of the
electrical network as required by the grid codes. The ingestasuld be able to stay-
connected to the grid during a significant grid voltage fauly)($ar a given time
before a trip is allowed, support the grid with reactiverenir during the fault and
supply power to the grid immediately after the grid voltaget falearance. In this
section, the operating results of the CSI+SCaps in cosgpato the standard CSI

when operating during low grid voltage sags are presented.

As the reactive current is required at the grid side duriegdtv grid voltage faults
the unity or optimum power factor control is no longelevant. This leads the MSV
control to be the most obvious choice for the CSI4&Cwahilst the phase shift
between ¢ and \4{ must be used for the standard CSI. In this secti@nofferating
results of the standard CSI and the CSI+SCaps when tmgeiduring low grid
voltage sags are presented. The simulation circuit coempsrand the PV array used
in Section 5.5.1.1 are also used in this simulation work. T4 shows the

simulation conditions for the grid and the PV array usdtiis simulation work. Two
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operating points when the grid voltage dips by 30% (OP5) and(@i®6) from the

nominal levels (415V/50Hz) are investigated; where the reactisrert required to
support the grid during these grid voltage dips based on.@w Eetz 2006 grid code
[12] (see Figure 3.5) are used.

Operating Point Grid Condition PV Condition
Vs Required Reactive Currer] Vo, | lpy Pov
OP5 30% dip| 60% (equivalent t§=54") | 200V | 44.5A | 8.9kW
OP6 70% dip| 100% (equivalent t6=9C°) | ~ 0V | 45A | OkW

Table5.11 Simulation parameters used to observe the operatite standard CSI
and the CSI+SCaps when operating during the grid voltags sage

Figures 5.25 and 5.26 show the simulation waveforms at thad@@sd the AC side
of the standard CSI and the CSI+SCaps when they opéthte @erating points OP5
and OP6. The mean values and the ripple of the PV voltabewarent as well as the
peak values of the DC-link voltage/current according to thesid€ waveforms are
presented in Table 5.12, whilst the equivalent phasor diagrecesding to the AC

side waveforms are presented in Table 5.13.

Figure 5.25 DC side (left) and AC side (right) simulation waveforofithe standard
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CSI and the CSI+SCaps when operating during 30% grid voltag©Bb)

126




CHAPTER 5

N 20 500 -
- NO— i . e — - - "
T 0 :
2 Vpv ‘
20 ! 250 4 ;
47 _
— |z Ip B :
7 DT I A < 0 !
O 43 [ ;
-E _ s ] 250 i :
@ | = 40 Vde P
© g | e s | | 1l :
SRR T L LU :
® 400 - - : - T T T T ]
5 0.36 037 0.38 0.39 0.4 0.36 0.37 038 0.39 0.4
Time (sec) Time (sec)
20 500 4
[ === =
B 0 V
> m )
-20 250 1
o 1 N
> 2 Ipv =
U) | T 05 et s g < 0
= |- Z
= 43 f
U 800 B D | EERCRRn LN SRR,
N Z 400 Ve
B e B B s00 | !
(7) -400 | , | i T T T T 1
U 0.36 037 038 0.39 04 0.36 0.37 0.38 0.39 0.4
Time (sec) Time (sec)

Figure 5.26 DC side (left) and AC side (right) simulation waveforofighe standard
CSI and the CSI+SCaps when operating during 70% grid voltad©B6)

Operating Resultson the DC Side

Point and Control

(mean) (mean) (ripple) (ripple) (peak) (peak)

M | A %) (A) VM | A

Standard CSI 200 | 445 0.3% 2.5% | 488.4| 45.2
CSI+SC (MSV) | 200 | 445 0.1% 1.6% | 298.6| 45.3
Standard CSI 6 45 5.0% 1.6% | 220.1| 454
CSI+SC (MSV) 6 45 4.7% 1.1% | 177.2| 45.3

OP5

OP6

Table 5.12 Mean values and ripple of the PV voltage.J¥nd current () and the
peak values of the DC-link voltageqy/and current (k) collected from the DC side
waveforms shown in Figures 5.25 and 5.6

127



CHAPTER 5

PV Operating Point Standard CSI CSI+SCaps with MSV control
<
g /?
| ops 0.7Vs
O | 200V, 44.5A, (23N) || Vs
Z | 8.9kw (266V)
-1 S
PV voltage (V) (45A) 9=54°
<
€
5} 0.3Vg
£| OP6 (102/) ¥ Veg
O | ~0V, 45A
O | ~0v 45, (148V)
a | Okw -lg
(45A)
PV voltage (V) 0=90 0=90°

Table 5.13 Equivalent phasor diagrams representing the operatidre standard CSI
and the CSI+SCaps with the MSV control according toAfieside waveforms shown
in Figures 5.25 and 5.26

It can be seen from Figures 5.25-5.26 and Tables 5.12-5.13 that

e During a grid voltage dip of 30% (OP5) and 70% (OP6), both thelatd
CSI and the CSI+SCaps can inject a reactive curfes®% and 100% of the
rated current to support the grid as required. This are redldry the phase
shift between Yand k of approximately 54when operating at OP5 and 90
when operating at OP6 for both the converters, as showigumes 5.25-5.26
and Table 5.13.

e However, with the use of the voltage drop across sé&i@sapacitors (¥)
which can be used to reduce the AC side voltage of the €CalsSto match
the low voltage level at the DC side as shown by the plthagrams in Table
5.13, the CSI+SCaps provides lower peak DC-link voltage |e8I8.4V,
177.2V) compared to the standard CSI (488.4V, 220.1V) as well as laver P
current ripple levels (1.1-1.6%) compared to the standard (C8-2.5%)
when operating at OP5 and OP6.
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In summary, during a low grid voltage fault, both the stechd@SI and the

CSI+SCaps can inject the correct amount of the reactiveent into the grid.

However, the CSI+SCaps topology provides a lower peak DCwyoltage and a

lower PV current ripple than the standard CSI. The pewdoce of the CSI+SCaps
and the standard CSI in terms of the capability to rideutyh the low grid voltage
faults will be evaluated in Chapter 8.

5.6 Other Potential Applications

5.6.1 Reduced Component Voltage Rating

Since the CSI+SCaps topology has the capability to rettheceoltage level at the AC
side of the converter, the voltage across the comp®nsed in the converter should
also be reduced. This leads to the possibility of usingrthester topology in order to
achieve reduced component voltage rating. In,[8%&] CSI+SCaps topology was used
to reduce the voltage rating of the IGBTs for a three-lsésint active power filter
application. In that application, the CSI+SCaps topplags connected to a DC
inductive load (k) that forms a shunt active filter generating harmogucrent
waveforms to cancel the actual current harmonics produoed dr non-linear load
(e.g. a full bridge diode rectifier with an RL load)s A result, the sinusoidal supply

currents (§) can be produced.

VS lS IL LS I-Ioad
~ — —>
= & . |:| RIoad
R nmm
Power llCS' 2IS ZIE *
Supply Non-linear Load
Cs L AL HL A TV
\ igh
L —rma_Col
E M % de
' =1 1 T
GTITT Aa 4% .4%

CSI +SCaps Shunt Active Power Filter

Figure5.27 The CSI+SCaps shunt active power filter
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Figure 5.28 shows the simulation waveforms obtained fromC&E-SCaps shunt
active power filter and the traditional CSI shunt aegpower filter. A 20kVA non-
linear load connected to the 690V/50Hz three-phase power supply émdthei
simulation parameters in Table 5.14 is considered. The wawek refers to the
nonlinear load currentcé refers to the harmonic current generated from the shunt
active filter, \5 and k refer to the phase supply voltage and phase supply curegnt, V
refers to the voltage at the AC side of the CSI+SCnmit active filter and ¢ is

the voltage across the IGBT and series diode.

Symbol Description Value
Ls Series inductor 1.5 mH/ph
Cs Series AC capacitor 30 uF/ph
L+ AC filter inductor 2.3 mH/ph
C AC filter capacitor 6 uF/ph
Lyc DC inductor 140 mH

Lioad Load inductor 20 mH
Rioad Load resistor 50 Q

Table 5.14 Circuit components and their values for the CSI+S@aysthe traditional
CSI shunt active power filter
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Figure 5.28 Simulation waveforms when compensating 20kVA RL-typel Ima690
supply voltage with the harmonic generated from (a) thetivadl CSI active power
filter and (b) the CSI+SCaps active power filter
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From Figure 5.28, both the traditional CSl filter and the+S&laps filter generate the
similar harmonic current waveformcd) to cancel the actual harmonics for the load
current waveform () and hence produce similar sinusoidal supply currghtatithe
supply side. However, the CSI+SCaps filter can achiewavarlpeak voltage across
the IGBT (M) (up to 526V) when compared to the traditional CSI filter (up to
1071V). Therefore, lower voltage ratings of the IGBT camged for the CSI+SCaps
shunt active filter. In addition, only small series AC capacitors (30uF) are used for

this application.

5.6.2 High Frequency Harmonics Reduction

Figure 5.29 shows the per-phase equivalent circuit of thdil®€ of the CSI+SCaps
topology when the damping resistor)(Bnd series resistor {Rare also considered.
By applying the voltage divider theorem, the transfer fonodf the filter in terms of

jw for the CSI+SCaps topology and the standard CSllaggqwithout G) can be

derived as shown in (5.31) and (5.32).

. N _ VesiGw) _ Ret+jwLys
Hesiysc(jw) = VsGa) C/Ry ) P (5.31)
<Rf+C_S_ wZLfo(RS+Rf)>+j(a)CfRSRf+ Cg +wa)
B R +ijf
Heg(jw) = L 5.32
cstd (Rp- @2LpCr(Rs+Rf))+j(@CrReRp+wLy) (5.32)

L
Vg G — Vg

Py

®

Figure 5.29 Equivalent circuit of the AC filter of the CSI+SCappdtogy
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Figure 5.30 presents the plots of the filter gain for thé+&Saps topology and the
standard CSI topology when these topologies operateeamt#dximum PV power
point (OP1) with the parameters in Table 5.5; whered’ 2 and Rs=0.5Q. Both

filters are the second order low-pass filters; havingnalai cut-off frequency at

around(1/2m,/L;C;) , which is 1.59 kHz for this case.

20
0 | Standard CSJ .
£ CSI+SCaps \
5-40 P IR R NN
H H \\ \\\
s : ™ \
-()() H h 1”:7::111 Lo 1:117:1” H 17”5”111:11 IL [ h Lo 1:11\:7 ‘ H :11:%
i i NP
h ity
_8(‘) S 1 1 : L L ;
10" 10" 10° 10° 10" 10 10"
Frequency (Hz)

Figure 5.30 Comparison of the harmonic amplitude attenuation perfocemaf the
AC filters used in the standard CSI topology versus B-SCaps topology

It can be seen from Figure 5.30 that the filter of the S8hps topology provides
better high harmonic attenuation than the conventib@afilter of the standard CSI
topology, which is reflected by lower filter gains at higfrequencies. This implies
that the CSI+SCaps topology should produce better AC optpwér quality with a
low harmonic distortion when compared to the standard CSlogypo

Figure 5.31 shows the comparison of the harmonic profile3)(leF the AC line
current produced by the standard CSI topology and the CSIsS0pplogy when
operating at the maximum PV power point (OP1) and using the $ianufzarameters

in Table 5.5.
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Figure 5.31 Supply current harmonic amplitudes of (a) the standarddp8logy and
(b) the CSI+SCaps topology when operating at the maxiPdmower point (OP1)
and using simulation parameters in Table 5.5

From Figure 5.31, it can be seen that the filter oi@B&+SCaps topology can reduce
the amplitudes of the switching harmonics above theoffutrequency and higher
frequencies compared to the standard CSI topology. Theoharmmplitudes around
the sampling frequency (10 kHz) and the multiples of tmepsiag frequencies (e.g.
20 kHz) are significantly reduced by approximately 50%.

5.6.3 Reduced Size of the DC-link inductor

Figure 5.32 shows the waveforms of the PV voltagg)(Y¥he DC-link voltage (M)
and the DC-link current {)) of the standard CSI topology and the CSI+SCaps
topology when they operate at the maximum power point (ORdl) vaith the

simulation parameters specified in Table 5.5.
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simulation waveforms when (a) the CSI topology andl{p)CSI+SCaps operate at
the maximum PV power point (OP1)
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From Figure 5.32 it can be seen that even if the oper®ihgoltage and current
levels are similar (400V and 40A), the CSI+SCaps provides & fower peak DC-
link voltage (Mcpeak=520V) and a much lower DC-link switching current ripplg. (I
ripple=0.12A at 10kHz and 0.04A at 20kHz) compared with the standard C3ogypo
(Vdc,pear=673V and {c, rippie=0.41A at 10kHz and 0.12A at 20kHz). This is because of
the fact that the CSI+SCaps topology can operate witddaced voltage at the AC
side of the inverter due to the use of the voltage dragsacthe series AC capacitors.
Since the CSI+SCaps topology provides a lower DC-link atimipple than the CSI
topology, the smaller and lighter magnetic cores coulduged for the DC-link
inductor for the CSI+SCaps topology compared to the standalrtb@ology.

5.7 Summary

In this chapter, an alternative three-phase, transfiesse grid-tied PV inverter
topology to the current source inverter (CSI), callel@SI with series AC capacitors
(CSI+SCaps), has been proposed. Details of the cirounitiguration, fundamental
characteristics, analytical model and equations, madualatand control
methodologies, design of the series AC capacitors, laiion results and other
possible applications of the proposed topology have beserided. The following

lists are a brief summary for each of these details:

e The CSI+SCaps topology has the same circuit configurats the standard
CSI topology. The difference is only that three AC capasiare added by
connected in series with each of the three AC phat®edESI topology.

e When the AC currents flow through the series AC capagitbe AC voltages
will be created across these capacitors. These voltagese controlled to add
to or subtract from the grid voltage and cause the voltsegs at the AC side
of the inverter to be higher or lower than the grid voltdgeels. This
characteristic allows the voltage at the AC side ef@$1+SCaps topology to
be adjusted to response to the high or low level of thedttage at the DC
side. As a result, the CSI+SCaps topology can opevite the optimum

voltage transfer ratio between the DC side and the A€ af the converter,
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which leads to a lower switching voltage stress on tloelicicomponents and
a lower input DC current ripple compared with the standaidd@i®logy.

e The analytical model of the CSI+SCaps topology is taonsed based on the
phasor diagram. The analytical equations are derived fnemanalysis model
using the phasorial summation theorem. The analyticalel is used to show
the magnitudes and phases of the AC side parameters Wwaetodology
operates in different situations. The analytical equatae used to design the
series AC capacitors and the modulation and controbgies.

e The same modulation techniques used for the standard CSldgpotsented
in Chapter 4 can also be used for the CSI+SCaps topoldgee control
methodologies: the Unity Power factor (UPF) control, thEnimum
Switching Voltage (MSV) control and the Optimum Power FactOPK)
control have been presented in this chapter.

o The UPF control is the commonly used control techniquettier
standard CSI topology in order to provide unity power factgputs at
the grid. However, this control method can cause a problamexfing
a higher AC side voltage than the grid voltage when usingher
CSI+SCaps topology.

o The MSV control set the modulation index to the maximuchallows
only the phase of the AC current to be adjusted. Witk way this
control method always provides the lowest switching voltagel land
a better matching of the AC side voltage to the DC sidagelbf the
topology in both the normal grid voltage and the grid gatsags.

However, the MSV control provides a low output power factor.

o The OPF control allows the CSI+SCaps topology to alwaperate
with the optimum point between a high power factor and a low

switching voltage level.

e However, only the MSV control can be used for the CS&% topology
during the situation of low-voltage grid faults where tleacative current
(partial or full rated level) is required to be injectetbithe grid to support

voltage recovery.
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The required size of the series AC capacitors for tBé+8Caps topology
depend on five parameters: the grid voltage level, the grgludmcy, the
power factor, the level of voltage reduction at the irereAC side, and the
DC power level. Smaller series AC capacitors are regdoe a higher grid
voltage level and a higher grid frequency. Larger seriescAgacitors are
required for a higher DC power level and the largest aieerequired for the
point that the power factor angle is equal to the amplitatie between the
AC side voltage of the inverter and the grid voltage ¢bs6=a).

The operation and control principle of the CSI+SCappolbgy when
operating with the UPF, MSV and OPF control have beeniegrifia the
simulation and in comparison to the standard CSI topollggn operating
with the UPF control. The operating results show supporsglts to the

theoretical control principles.

The CSI+SCaps topology could be used in applicationsreveduced
component voltage rating or improved high frequency harnatténuation or

smaller DC-link inductor are needed.

o The potential to use the CSI+SCaps topology to reduce dhage
rating of the IGBTs in a shunt active power filter applmathas been

demonstrated.

o It was also shown that the added series AC capacitors @n
CSI+SCaps topology are also part of the filters whichvideo better
capability to attenuate high frequency switching current harceard
therefore provide a low harmonic distortion of the AQtput

waveforms compared with the traditional LC filters ie g8tandard CSI

topology.

o As the CSI+SCaps topology also provides low DC-link currimtle
compared to the standard CSI topology which is where #esnxC-

link inductor could be used.

137

th



CHAPTER 6

Chapter 6

Evaluation of the CSI with Series AC
Capacitorsin Comparison to the Other Inverter
Topologies under Investigation

In Chapter 5 an alternative inverter topology to the CGurSmurce Inverter (CSI) for
transformerless grid-tied PV applications, called the CSI séthes AC capacitors
(CSI+SCaps), has been proposed. This chapter presenevadmation of the
performance of the CSI+SCaps in comparison with thedatdnCSI and five other
inverter topologies (which have been presented in Chaptd@ral)e 6.1 shows a list
of all the candidate inverter topologies. To facilitdte evaluation, the topologies are
divided into two groups based on the type of core PWM bridtgeits (VS| based

inverters or CSI based inverters) as shown in Table 6.1.

Core PWM Bridge Circuit Inverter Topology Symbol
Standard Voltage Soce Inverter VSI
VSI based Two-stage VSI with a Boost convertg VSI+Boost
Z-Source Inverter (Voltage fed) ZSI-V

Standard Current Source Inverter CSl
Two-stage CSI with a Buck converte| CSI+Buck
Z-Source Inverter (Current fed) ZSl-

CSI with Series AC Capacitors CSI+SCaps

CSI based

Table 6.1 Candidate inverter topologies under evaluation

In this study, all of the candidate inverter topologies wiesigned to convert and
feed the power from a PV source into a 415V/50Hz power grid. A PV aeuitc the
specifications shown in Table 6.2 was used (definition of RNe specification

parameters can be seen in Section 2.7.1).
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PV specifications Value
Peak power under 10%-100% sun irradiance 1.8 -16 kW
Voltage at peak power under 10%-100% sun irradiaj 0.6-0.8 of rated maximum voltage
Fill Factor 0.7

Table 6.2 Specifications for the PV source used for evaluation

All the candidate inverter topologies were modelled in 8®BER simulation
program. The simulation results are used as part ofvakiation and analysis. The
candidate topologies are evaluated in terms of the reljiké voltage and current
ratings, operating modulation depths, required circuit compisn input and output
power quality, voltage and current stress on power semicbmdi estimated cost of
power semiconductors, semiconductor power losses, Europemieneies and

overall performance.

6.1 Comparison of PV Voltage and Current Ratings

As presented in Section 3.1, grid-tied PV inverters should halkage and current
ratings higher than the voltage and current rating oPMesource in order to provide
proper connection compatibility between them. Therefbigher PV voltage and
current ratings require higher voltage and current ratofgfe inverters and hence
cause higher losses within the inverters. In addition, laehi§V voltage can lead to a
higher resistance within the PV cells (see Section 2.ar8), hence cause higher

losses within the PV source.

With the given specifications of the PV source in Tablea®@ the grid, the voltage
and current ratings required for each candidate topology wherating at the same
power levels can be determined as shown in Figure 6.1. Th@@ara Wpp, |mpp and
Pmpp refer to the output voltage, current and power of thes®yce at the rated MPP,
Voc and kc refer to the open circuit voltage and the short dircurrent (maximum

voltage and current) of the PV source.
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Figure 6.1 PV voltage and current ratings required for each catdiinverter
topology

From Figure 6.1 it can be seen that:

e The CSI+SCaps requires the same PV ratings as a stab@hrd

e The CSI+SCaps and a standard CSI have a lower PV valtdigpg but a

higher PV current rating compared to all the other catelitgpologies

As the CSI+SCaps has the same PV ratings as a stan8§rth€ topology can be
directly connected to the PV source in the same wayssanglard CSI. A lower PV
voltage rating may lead the CSI+SCaps and a standardoG#tentially have lower
switching losses within their circuits and lower intertwdses within the PV cells.
However, since the CSI+SCaps and a standard CSI havkighest PV current
rating, these topologies potentially have the highestlwttion losses within their

circuits (this issue is discussed in more detail iniSe@.8).
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6.2 Comparison of Operating Modulation Depths

Modulation depth or modulation index (m) is a control parameter used in the

modulation for all the candidate inverter topologies ffeesented in Section 4.3 and

Section 4.4). The definitions of m are as follows:

For the VSI based topologies, m is the ratio of the é@put voltage
magnitude |f..|) “seen” at the AC side of the PWM circuit of the topologies to
the peak DC input voltag#,() as shown in (6.1).

_ [Vl
Musiy =5

5 0< m(,,sl-) <1 (61)

dc

For the CSI based topologies, m is the ratio of the é@put current
magnitude |f,.|) “seen” at the AC side of the PWM circuit of the topologies to

the available DC input current,() as shown in (6.1). Assuming no power loss
within the topologies and under power equilibrium between@eside and

AC side @,. =|P,.|), m for the CSI based topologies can be also defined as
(6.3).

or Mcsiy = 75 ; if pdc = ?dcidc = |l7ac||f/:1c| = |pac| (63)

From the definitions of m, a higher m designates a higtikzation of the DC input

voltage (or current) from the PV source and a more optimoltage and current
levels between the DC side and the AC side. For exanfipig.s)=1, the required DC
input will be equal to the AC output magnitudg, & |7,.|) but if me=0.5, the DC

input current with two times higher than the AC output magnitedeeeded if;, =

2|1,))-

Using (6.1) and (6.3), m as a function of operating PV vol(&gg¢ for each candidate

topology can be derived as shown in Table 6.3. The suppiggeohmplitude (§ is

assumed to be constant. The voltages drops acrossltdrendi components are

neglected. The plots of the functions in Table 6.3 wigrvaries from 0.6 to 1 of the

rated no load voltage (rated maximum PV voltage) are showigure 6.2.
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Inverter Topology M odulation Depth (m)
3V,
Standard VSI | m ~ V3V
Vow
7)) 3V
(g VSI+Boost m(boost) =~ 1; m(buck) = \/I: .
PV
ZSI-V m(shoot through) = M; m(buck) = V3k
Vow Vow
ZI/;W
Standard CSI | m = ETa
2V,
CSI+Buck m(boost) ~ —= ; m(buck) = 1
D 3Vs
O _21/;;1;. . N ZVpV(I_ZDO)
ZSlI-l m(boost) = 3, m(open circuit) = —
27,
CS|+SCapS m= W ~

Table 6.3 Theoretical modulation depth (m) as a function of opegdV voltage
(Vpy) of each candidate inverter topology; parameters the phase grid voltage
amplitude D, is the switching duty cycle and ¢bis the output power factor

VSI+Boost CSI+SCaps
(Boost)
s L L
ZSI-l
- e
S 00l 7SIV .~ (Open-circuit)
8 (Shoot-through)
c
.0
<
= 084 VSI+Boost (Buck)
3 and and
= ZSl-1 (Boost) ZSI-V(Buck)
0.7 L /,
Standard CSI
0.6 ; | | I
0.6 0.7 0.8 0.9 1

PV \Voltage ( per unit of rated no load voltage)

Figure 6.2 Plot of modulation depth (m) curves as a function of ajiey PV
voltages for each candidate inverter topology (accoriricable 6.3)
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It can be seen from Figure 6.2 that:

e The CSI+SCaps can operate with the highest modulatiom deptl) for the
whole PV voltage operating range.

e |If the candidate inverter topologies are prioetiso operate within a typical
MPP range (0.6-0.8 of rated no load voltage) and then a higMeroltage
(0.8-1 of rated no load voltage), the candidate invertpologies which
provide the best performance in terms of high operatingutation depth
would be ordered as follows: CSI+SCaps, VSI+Boost, ZSI-V,+86¢k,
ZSl-1, standard VSI and standard CSI respectively

The presence of the series AC capacitors in the C3pS allows the AC output
converter voltage to be adjusted to have almost the leagleas the DC input voltage
from the PV source. This is the reason why the CSI+S@&la@sy/s operates with high
operating modulation depth regardless of any change of inpwoR&e (see more

details in Section 5.4 and Section 5.5).

6.3 Comparison of Circuit Components

6.3.1 Number of Active Components

Active components in this study are considered to be power semiconductor
devices, voltage and current transducers and controllécglinthe power circuits and
control circuits of the candidate topologies. A largember of active components
would represent higher complexity and power consumption ircaéhnéol circuits of

the topologies.
According to the control schematics of the candidap®logies presented in Section

4.4 and Section 5.5.2, the required active components fartepclogy can be found

in Figure 6.3.
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Figure 6.3 Required active components for each candidate invergetogy

It can be seen in Figure 6.3 that the CSI+SCaps and dhdastl CSI require the
minimum number of active components compared to all ther aéndidate inverter
topologies. With the possibility of using RB-IGBTs [34], tG&I+SCaps and all the
CSI based inverters (a standard CSI, a CSI+Buck and d)Z&uld no longer

require any series power diode for their circuits and hamsed fewer power
semiconductors than the VSI based inverters (a standard VSI;+8oost and a ZSI-

V). As a result, the CSI+SCaps and the standard CSldwtaue the simplest power
circuits and control circuit configuration as well as tbwest control circuit power

consumption compared to the other candidate topologies.

6.3.2 Size of Passive Components

The PV voltage and current ratings presented in Sectibondiild be used to predict
the size of passive components (inductors and capaciforsihe candidate

topologies. If this is the case, the VSI+Boost, CSI+Bu&-¥ and ZSI-l may have a
preferable size of passive components when compared toatigasd VSI, standard
CSl and CSI+SCaps as a result of their optimum P¥VigatiHowever, in most cases,

the passive components used in the converter topologiassaady part of a filter,
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used to provide an improved power quality of input and output wawefoAs a
result, the size of passive components based on the pmaéty criteria is worth
considering, which is discussed in this section.

The size of passive components required for the candidatéotpes in order to meet
a specific input and output power quality can vary dependingeonferating point of
the PV source. Figure 6.4 shows three different PV operatimgspavhich are used
to observe the size of passive components for eachdea@dopology in this study.
These operating points are chosen from the extremeitioorsd of the operating
voltage and power of the converters within their normataipey ranges.

FPFS

16

= .

< 100% Sun Irradiance

T 124

=

o

o

Z 8-

5

= 1o 50 i LPFS

O ag S S% | pLg ;
0 T T T 3 l1 : T

0 0.2 0.4 0.6 0.8 1.0

PV voltage (per unit of no load voltage)

Figure 6.4 Three different PV operating points for observing the sfzgassive
components required for each candidate topology

As shown in Figure 6.4, the first point is called Full Powad &ull Sun (FPFS),
which is where the candidate topologies operate witmt@e@mum output PV power
(16kW) at rated MPP under 100% sun irradiance. The second iposatled low

Power and Full Sun (LPFS), which is where the candidatdagies operate close to
the maximum PV voltage (0.95 of rated no load voltamyel with low output PV
power (4kW) under 100% sun irradiance. The third point is called Bghter and

Light Sun(LPLS), which is where the candidate topologies operate tiothe lowest
PV voltage (0.65 of rated no load voltaged with low output PV power (2kW) at

MPP under 12.5% sun irradiance.
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With the use of the circuit component design procedwsented in Section 4.5 and

the given operating points shown in Figure 6.4, the valtiéseogpassive components

required for each candidate topology in order to provide puatiRV voltage and

current ripple of 0.5%WM.pxand 10%Ap and an output line current THD of 5% are

shown in Table 6.4.

PV

Required Passive Component

- Inverter AC side DC side
Oppecr) iar:;ng Topology L C Lac Cac Additional Component
(mH/ph) | (uF/ph) | (mH) | (uF)
Standard VSI 1.6 - - 280 | -
VSI+Boost 1.4 - 1.3 300 | -
ZSI-V 1.35 - - 170 | C1=C2=150uF; L1=L2=0.2mH
FPFS Standard CSI 1.1 5 3.2 - -
CSI+Buck 0.65 5 0.9 | 120 |-
ZSlI-I 0.55 5 1.8 - C1=C2=10uF; L1=L2=0.5mH
CSI+SCaps 0.65 5 2.2 - 3xCs=500 pF/ph
Standard VSI 17 - - 170 | -
VSI+Boost 8.5 - 0.025| 40 |-
ZSI-V 5.5 - - 300 | C1=C2=50pF; L1=L2=0.2mH
LPFS Standard CSI 0.45 5 11 - -
CSI+Buck 0.65 5 11 650 | -
ZSlI-I| 0.6 5 13 - C1=C2=60uF; L1=L2=2.5mH
CSI+SCaps 0.45 5 11 - 3xCs=200uF/ph
Standard VSI 25 - - 90 |-
VSI+Boost 25 - 38 | 1000 | -
ZSI-V 22.5 - - 6000 | C1=C2=500uF; L1=L2=0.2mH
LPLS Standard CSI 15 5.5 24 - -
CSI+Buck 1.5 5 6 130 | -
ZSl-| 0.6 5 13 - C1=C2=30uF; L1=L2=2.5mH
CSI+SCaps 0.45 5 13 - 3xCs=100puF/ph

Table 6.4 Required passive components for each candidate inveptdotyy when
operating at PV operating points in Figure 6.4 (FPFS, LateSLPLS)

If the maximum values of the required passive componentotinthe AC side and
the DC side in Table 6.4 are selected in order to provide iigplé rand output TIB

lower than specified values over the whole consideredatipgrrange, and if the

sizes of those components vary with their values,sthe of total required passive

components of each candidate topology (after normahsdthe maximum value of

total passive components) has a result as shown in Fidgure 6.
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1.0
0.71
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ZSl-l | CSI+Buck @ StandardCSl 'CSI+SCaps Standard VS VS| +Boost Z9-V

Figure 6.5 Size of total required passive components of each caedinlalogy

It can be seen from Figure 6.5 that, in order to reachgéeification required:

e The CSI+SCaps and all the CSI based topologies (a stb@&ir a CSI+Buck
and a ZSlI-l) have a smaller size of total passive compsrmampared to all
the VSI based topologies (a standard VSI, a VSI+Boost and-&¥ZS

e The CSI+SCaps has the largest size of total passive cemisocompared to
all the other CSI based topologies

The series AC capacitors leads to the larger size &laSaps (approximately 40%
larger) compared to a standard CSI. However, if theddizaeDC-link inductor (lu) is
considered (see Table 6.4), the CSI+SCaps would requiralesmC-link inductor
(2.2-13mH) compared to all the other CSI based topologies2dntH). The
CSI+SCaps also requires the smallest AC filtering indu¢tgy (0.45-0.65mH)

compared to all other candidate topologies (0.45-25mH).

6.4 Comparison of Input Power Quality

In this section, the input power quality of the CSI+SCQapsvaluated in comparison
to all the candidate topologies. The input power qualityims of input voltage and
current ripple is considered. A high level of input voltagel current ripple can
reduce the accuracy of the MPP since the “real-time” voltage and current are usually

measured and used for the MPP computations in most MRéhgaontrollers [108]
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The high input voltage and current ripple also reduces workmgf the PV cells
[21]. Therefore, high input voltage and current ripple sthdxel avoided.

In Section 6.3.2 the different sizes of passive compsneghich are required to meet
a specified ripple content for the input voltage and curienall the candidate
topologies has been presented. In this section, theasigizles of passive components
are used and the input voltage and current ripple are obsemee selected
components are primitively designed to provide similar input angububower
guality for a standard VSI and a standard CSI at the ratd®l Miken, the same sets of
the components are used for all the same type tops|aggeshown in Table 6.5. The
additional components are used to ensure proper opefatitime topologies. All the
candidate topologies are modelled and tested in the A8mulation at the same
operating points described in Section 6.3.2. Simulated wavefoirthe input voltage
and current are shown in Figures 6.6-6.8 and measured input valtdgeurrent

ripple are presented in Table 6.6.

Passive Component
Inverter AC side DC side
Topology L C Lac Coe Additional Component
(mH/ph) | (uF/ph) | (mH) (1F)
Standard
~ VS| 5 - - 1000 | -
‘Q VSI+Boost 5 - 10 1000 | -
C1=C2=50QF;
ZSI-V 5 - - 1000 L1=12=0 2mH
Standard
CS| 2 5 10 - -
g CSI+Buck 2 5 10 1000 | -
ZSI-I 2 5 10 - C1=C2=50pF; L1=L2=2.5mH
CSI+SCaps 2 5 10 - 3xCs=500 pF/ph

Table 6.5 Passive components used for an evaluation of input poweétydqoaleach
candidate inverter topology
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Figure 6.6 Input voltage and current simulation waveforms for al¢andidate
topologies operating at Full Power and Full Sun (FPFS)
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Figure 6.7 Input voltage and current simulation waveforms for al¢andidate
topologies operating at Low Power and Full Sun (LPFS)
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Figure 6.8 Input voltage and current simulation waveforms for al¢andidate
topologies operating at Light Power and Light Sun (LPLS)
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M easured Input Voltage and Current Ripple
Inverter Topology at FPFS at LPFS at LFLS
V(%pk-pk) | [(Yopk-pk) | V(Yopk-pk) | 1(Yopk-pk) | V(%opk-pk) | 1(Yopk-pk)

_ | Standard VSI 0.04 2.9 0.00 1.7 0.00 1.1
‘g VSI+Boost 0.17 7.3 0.00 0.2 0.20 44.7

ZSI-V 0.05 2.3 0.01 3.0 0.20 44.3

Standard CSI 0.16 3.1 0.09 10.5 0.22 23.6
7 | CSI+Buck 0.01 0.3 0.03 6.3 0.01 2.4
O | zSsI- 0.11 3.6 0.04 7.1 0.08 12.7

CSI+SCaps 0.12 2.5 0.08 9.2 0.17 18.3

Table 6.6 Measured input voltage and current ripple for each candiojptdogy

It can be seen from the waveforms in Figures 6.6-6.8 an@ Bablthat:

All the candidate topologies produce different wavefornpekaand different
ripple levels despite the use of similar passive compendiiiese are the
effects of different modulation and control strategieedudetween the

topologies.

Most candidate topologies provide the lowest input voltggee (up to 0.9%)
at LPFS, which is where the input voltage is sufficitoit the VSI based
topologies and most CSI based topologies can operatehigih modulation
depths. On the other hand, most candidate topologies pritnvdgghest input
voltage ripple (up to 0.22%) at LPLS, which is where the inmitage is
insufficient for the VSI based topologies and thus thaiitage step-up
mechanism has to operate, leading to increased fluctuatibe input voltage

level.

Most VSI based topologies have the lowest current rifygeo 3%) at LPFS;
where these topologies can operate with high modulatiomslephilst most
CSI based topologies have the lowest current ripple (368b) at rated MPP
(FPFS); where these topologies can operate with metfigm-modulation
depths and high operating current at the same time (a ideat current
source). On the other hand, most candidate topologiesdprahe highest
current ripple (up to 44.7%) at LPLS, which is the sametpama has the

same causes to where these topologies provide the higliagfevripple.
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e The CSI+SCaps provides the better input power quality ghatandard CSI

with both a lower input voltage ripple and a lower input enirrripple for all

the considered operating points.

e A clearer comparison for the input power quality of all ttendidate

topologies can be made by considering the average DC inpuatgeoand

current ripple of the three considered operating poirite results are shown

in Figures 6.9-6.10. It can be seen that:

o

The CSI+SCaps gives a relatively high level of input gdtaipple
and is ranked'Bout of the seven candidate topologies (see Figure 6.9).

The CSI+SCaps gives a medium level of input current eigpid is
ranked & out of the seven candidate topologies (see Figure 6.10).

The CSI+SCaps has a lower input voltage ripple and input current
ripple compared to a standard CSI by approximately up to 20%.

The input voltage and current ripple of the CSI+SCapsbheaimproved by adding a

DC-link capacitor into the DC side of its circuit. The l€SCaps provides lower input

voltage and current ripple than a standard CSI becaudepbldgy can operate with

a higher modulation depth than a standard CSI, as desamilsedtion 6.2.

Input PV Voltage Ripple (% peak-to-peak)

0.20% 1

0.15%+

0.10%+1

0.05% 1

0.00% +

0.15%

0.13%

0.12%

0.02%

0.02%

Standard VSI CSI+Buck ZSlI-l ZSI-V CSl+Scaps VSI+Boost Standard CSI

Candidate Inverter Topology

Figure 6.9 Average input PV voltage ripple for each candidate topology
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Standard VS| CSI+Buck ZSl-| CSl+Scaps Standard CSI  ZSI-V VSI+Boost

Candidate I nverter Topology

Figure 6.10 Average input PV current ripple of each candidate topology

6.5 Comparison of Output Power Quality

As mentioned in Section 3.2.1, grid-tied PV converters areregtjto produce high
output power quality complying with all relevant grid codesl atandards. In this
Section the output power quality in terms of Total Harmongtddtion (THD) and
Power Factor (PF) produced by the CSI+SCaps is evaluatednpatcison to all the
other candidate topologies. In this study, the topologriesequired to operate with a
current THD lower than 5% (specified by IEEE 1547) and proaid¥®- higher than
0.9 for the PV power greater than 50% of the rated po\g€r @1727).

Similar to the evaluation in Section 6.4, all the candédabpologies were
implemented in the SABER simulation program using the sitimul parameters in
Table 6.5 and the same operating points as described i086c3i2. Since an ideal
balanced and harmonic free utility connection is used in ithelation, the only

source of harmonic distortion is from the power coterst As a result, the THD of
the supply current can be used to represent the output pmaktly of the candidate
topologies. Simulated waveforms for the output phase supptage (4, phase

supply current () and FFT spectra for the phase supply current (EjT{or each

candidate topology are shown in Figures 6.11-13. Measured supphentc

fundamental amplitude bsor), THD and PF are presented in Table 6.7.
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Measured Output Supply Current Parameters

I nverter at FPFS at LPFS at LPLS
Topology lsosorz | lsqro) | PF | ls@sorz | lsqro) | PF | leosorz | lsqroy) | PF
(A (%) () (A (%) () (A) (%) ()
[ Standard vSI| 28.3 [ 1.57 | 1.00] 3.0 | 17.04] 1.00] 1.7 | 2555 1.00
D | VSi+Boost | 29.2 | 143 [1.00| 5.0 | 8.68 | 1.00| 1.7 | 2550 1.00
ZSI-V 31.4 | 1.35 | 1.00| 7.9 | 551 | 1.00| 4.5 | 15.45 1.00
Standard CSI| 31.8 | 4.13 | 1.00| 7.8 | 3.14 | 0.99] 40 | 532 | 0.98
7 | CSI+Buck 31.3 | 3.11 | 1.00| 80 | 3.78 | 0.99] 4.0 | 4.61 | 0.98
O [zSK 31.7 | 3.37 | 1.00| 7.9 | 3.06 | 1.00] 4.0 | 3.19 | 0.99
CSI+SCaps | 38.0 | 2.99 | 0.84] 8.4 | 2.80 | 0.94] 6.3 | 3.32  0.62

Table 6.7 Measured phase supply current parameters: fundamental anglitude

(Is@sony, THD and PF

It can be seen from the waveforms in Figures 6.11-6.13 antfigires in Table 6.7

that:

All the candidate topologies can achieve quasi sinusoidal ouyeply
current waveforms for all the operating points but wiffecent amplitudes,

phases and quality.

The CSI based topologies operate with higher supply migr(@1-38A) than
the VSI based topologies (28-31A) for all the operating poirnthe
CSI+SCaps operates with the highest supply current (38&)ngnall the

topologies.

All the CSI based topologies can achieve lower supply cuifelid levels

(2.8-5.3%) than the specified limit (5%) at all the opepoints. All the VSI
based topologies can achieve lower THD levels (1.3-1.6&6) tine specified
limit only at rated MPP (FPFS) whilst providing the high anérewigher
supply current THD levels at LPFS (5.5-17%) and LPLS (15-25.5%)

All candidate topologies can achieve a high PF in the rah@98-1, except
the CSI+SCaps, which has a low PF in the range of 0.62-0.94.
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Figure 6.11 Output phase supply voltaged\and phase supply curreng) imulation
waveforms and the FFT spectra of phase supply currem{ighFor all the candidate
topologies operating at Full Power and Full Sun (FPFS)
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Figure 6.12 Output phase supply voltaged\and phase supply curreng) imulation
waveforms and the FFT spectra of phase supply curref{idpFor all the candidate
topologies operating at Low Power and Full Sun (LPFS)
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Figure 6.13 Output phase supply voltaged\and phase supply curreng) $imulation
waveforms and the FFT spectra of phase supply curref{idpFor all the candidate
topologies operating at Light Power and Light Sun (LPLS)
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The comparison of the average supply current THD and thmuopbwer factor for
all the three operating points (in Table 6.7) for all thadidate topologies are shown
in Figures 6.14-6.15.

20.00%-

14.72%

15.00%+

11.87%

10.00%+

3.04% 3.21%

Output AC Line Current THD (%)

0.00%
CSl+Scaps ZSI-I CSI+Buck Standard CSI ZSI-V VSI+Boost Standard VSI

Candidate Inverter Topology

Figure 6.14 Average output supply current THD of each candidate invepedogy

1.2

1.000 1.000 0.999 0.994 0.992 0.992

Output Power Factor (no units)
°
[}

0.0
VSI+Boost ZSI-V Standard VSI  ZSI-| Standard CSI CSI+Buck CSI+Scaps

Candidate Inverter Topology

Figure 6.15 Average output power factor of each candidate invertetdgpo

It can be observed from Figures 6.14-6.15 that:

e The CSI+SCaps provides the lowest (the best) average tostpply

current THD among all of the candidate topologies

e The CSI+SCaps provides the lowest (the worst) average outppoier

factor among all the candidate topologies
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The low output current THD of the CSI+SCaps is a resuthe addition of the series
AC capacitors to the CSI circuit. As presented in Secto/.2, the series AC
capacitors form a narrower low-pass band filter with treditional LC filters.
Therefore, the switching frequency harmonics generated fieradnverter are better
attenuated using the CSI+SCaps topology. However, as pedsenfection 5.5, the
power factor is one of the control parameters used ®rQ8I+SCaps in order to
achieve the minimum switching voltages and the optimum geltrrent transfer
ratio (high modulation depth). As a result, the output pdaetor in the case of the
CSI+SCaps cannot be independently controlled.

6.6 Comparison of Stresson Power Semiconductors

This section evaluates the voltage and current streskeopower semiconductors
used in the CSI+SCaps in comparison with all the other caedidpologies. High
voltage and current stress may shorten the workingnigetof the semiconductor
devices more quickly and increase the potential for dewasérutction, which should
be avoided. In this study, the voltage and current stneshe semiconductors are

measured from the peak DC-link voltage and peak DC-link current.

Similar to the evaluation in Sections 6.4 and 6.5, all sr&iclate topologies were
modelled and tested in the SABER simulation with the Eitimn parameters shown
in Table 6.5 and the operating points explained in Sect®a.6Simulated waveforms
of the DC-link voltage (%) and DC-link current ) for all the candidate topologies
are shown in Figures 6.16-6.18 and measured peak DC-link voltaggeeakdC-

link currents are summarised in Table 6.8.
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Figure 6.16 DC-link voltage (Vi) and DC-link current (t) simulation waveforms for
all the candidate topologies operating at Full Power atidStn (FPFS)
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Figure 6.17 DC-link voltage (Vi) andDC-link current (k) simulation waveforms for
all the candidate topologies operating at Low Power aidSien (LPFS)
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Figure 6.18 DC-link voltage (Vi) and DC-link current (t) simulation waveforms for
all the candidate topologies operating at Light Powerlaght Sun (LPLS)
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M easured Peak DC-Link Voltage and Current
Inverter at FPFS at LPFS at LPLS
TOpOlOgy Vd(;pk id(;pk Vdek id(;pk Vd(;pk id(;pk
V) (A) V) (A) V) (A)
_ | Standard VSI 733 31.0 928 6.6 635 4.0
‘g VSI+Boost 601 31.4 696 7.6 620 3.9
ZSI-V 625 59.8 696 8.4 719 28.9
Standard CSI 752 40.1 611 8.9 614 6.8
7 | CSI+Buck 659 31.8 613 8.6 605 55
O | zSI-I 1023 37.0 1207 11.8 596 7.7
CSI+SCaps 587 39.6 586 8.8 557 6.8

Table 6.8 Measured peak DC-link voltage and current for each candojadéogy

It can be seen from the waveforms in Figures 6.16-6.18 anfigires in Table 6.8

that:

In most cases, the VSI based topologies have an almostant DC-link
voltage but a large variation of the DC-link current, vihilse CSI based
topologies have an almost constant DC-link current buiga keariation of the
DC-link voltage. However, when the ZM-operates with the “shoot-through”
states (at FPFS and LPLS) and the ZSlithwhe “open-circuit” states (at
FPFS and LPFS), these topologies have a large varmitibath the DC-link
voltage and DC-link current (see Figures 6.16 and 6.18 for thevZ&id
Figures 6.16 and 6.17 for the ZSI-I).

When not considering the ZSI topologies, the VSI baspdlagies have the

highest levels of voltage stress (up to 94J\at the no load (LPFS) whilst the
CSI based topologies have (up to 753d\at the rated MPP (FPFS). All the
candidate topologies have the highest current stre$e aated MPP (FPFS).
However, the CSI based topologies have the higher custeess (up to

40A,) compared to the VSI based topologies (up topgILA

The ZSI-1 provides the highest voltage stress (120a¥LPFS) and the ZSI-
V provides the highest current stress (5Q8Aat FPFS) among all the

candidate topologies.

The CSI+SCaps have lower voltage and current stress (58739a58) than
the standard CSI (752V and 40A) at all the operating points.
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The maximum values of peak DC-link voltage and peak DC-link cuwémtach
candidate inverter topology in Table 6.7 can be used to msyprése maximum
voltage and current stress on the power semiconductors, a rigonpaf the
maximum voltage and current stress on power semiconduatorsaé¢h topology,si
shown in Figures 6.19-6.20.

1500

1,207

=
o
o
o

Peak Input DC-link Voltage (V)
a
o
o

CSl+Scaps CSI+Buck VSI+Boost ZSI-V Standard Standard ZSl-1
Csl VSI

Candidatelnverter Topology

Figure 6.19 Maximum voltage stress on power semiconductors for emutidate
topology

[ee]
o
)

59.8

(%]
o
1

Peak Input DC-link Current (A)

Standard VSIVSI+Boost CSI+Buck ZSl-1 CSl+ScapsStandard CSI ZSI-V
Candidatelnverter Topology

Figure 6.20 Maximum current stress on power semiconductors for eaatlidate
inverter topology

It can be seen from Figures 6.19-6.20 that:

e The CSI+SCaps has the lowest voltage stress on powecoseuctors

among all the candidate topologies (see Figure 6.19).
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e The CSI+SCaps has the high current stress on power setactors and

is ranked §' out of the seven candidate topologies (see Figure 6.20).

The low peak DC-link voltage (stress) on power semicondsictbthe CSI+SCaps is
a result of its high operating modulation depth, whichdienrs power from the DC
side to the AC side with an optimum voltage and currewell (as described in
Section 6.2). The high peak DC-link current (stress) on pogmicenductors is the
effect of high operating PV current rating of the CSI+HCdlowever, despite the
same PV current rating as a standard CSI, the CSI+S@apgles lower (better)

peak DC-link current than a standard CSI.

6.7 Comparison of Estimated Cost of Power Semiconductors

Besides high efficiency and high performance, minimum destlso a main
requirement of an ideal grid-tied PV converter. As preskem Section 3.3.3, power
semiconductors are the most expensive components fguater circuit (12% of
total converter cost). In this section, the estimatest obpower semiconductors for
the CSI+SCaps topology is assessed in comparison tof ale other candidate

topologies.

The power semiconductor cost estimation method proposedlOB] s used. The
method utilses the maximum voltage and current stress (pEaknk voltage and
current) to identify a specific power installed in the power semiconductors (XPs/Pin)

as expressed by (6.4). The parametgisithe number of power semiconductors used,
Videpk is the peak DC-link voltagewd pi) is the peak DC-link current,p¥and |y are

the average input voltage and average input current of thedes

(2 Ps_w) — % max (Vgcpk) max (gcpk) (64)

SwW 7T
Pin Vovlpy

Using the information in Table 6.8 and the equation (6#) estimated cost of power
semiconductors based on the specific power installed in psaraiconductors for

each candidate topology can be calculated as shoRiguine 6.21.
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Figure 6.21 Specific power installed in power semiconductors (Esehabst of
power semiconductors) of each candidate inverter topology

It can be seen from Figure 6.21 that the CSI+SCaps hdswibst power installed in
the power semiconductors. This result in the lowest cbgiower semiconductors
compared to all the other candidate topologies. The lovaliedt power of the
semiconductors for the CSI+SCaps is a result of the eedusumber of
semiconductors used in its circuit and the capability to opeviah high modulation
depth.

6.8 Comparison of Estimated Semiconductor Power L osses

This section evaluates the power losses of the powerceeduictors for the
CSI+SCaps in comparison with all of the other candidatpolégies. The
semiconductor power losses are the major losses thaterdtiecoverall power

conversion efficiency of the power converters.

The semiconductor power losses can be divided into two tgpaduction power loss

(Pcong and switching power los¢Ps,) [77]. The conduction power loss is that
associated with the device conduction of current whareaswitching power loss is

a result of the imperfect operation of the semicondsctanen changing from the

“on” to “off” (or “off” to “on”) states. In this study, the semiconductor power losses

for all the candidate topologies were estimated usiegntkthods proposed in [34,
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110, 111]. These methods define the conduction power loss arsvitthing power
loss as (6.5)-(6.9); where the parameters in (6.5)-(6.9)emeribed in Table 6.9.

1 (T
Peona = Tsim fo Slm[(VcEO +7q- Ic—on) : Ic—on] -dt (6.5)
Paw-on = 57— 2e2 [ (Vee—on * Ie—on) * tonsrr] (6.6)
Sw—on 2T$im t=0 ce—on c—on on+rr "
Pow-ors = g7 2020 (Vee-ors * Te-ors) * tosy] (6.7)
SW=off = o, St=0 ce—off " fc—off off :
2-(Eon+tErec)
t =_——°n Tee 6.8
ontrec {VCE'IC}datasheet ( )
2:(Eoff)
tyfp = ——————— 6.9
off {VCE'IC}datasheet ( )
Parameter Description Type | Unit Data Source
t simulation time variable | sec | -
collector-emitter voltage .
V ceonvoff during turning onfoff s?ate variable \Y from measurement
collector current .
lconoff during turning on/off state variable A from measurement
Tsim ending time of the simulation constant | sec | defined by user/program
Vceo gﬁg? cl)r?gﬂwdiggtr"\]/glt age constant V estimated from datashesg
rq device conducting resistor constant Q estimated from datashee
Ton+rec turn on + reverse recovery time | constant| sec | estimated from datashee
Toff turn off time constant| sec | estimated from datashesg
Eon+rec turn on + reverse recovery Energ| constant J taken from datasheet
Eos turn off Energy constant J taken from datasheet
Ve fr? él (igtsct)régnméﬁi%rnvoltage at constant V taken from datasheet
Ic collector current at constant A take from datasheet

the test condition

Table 6.9 Parameters and description of the parameters usedefestimation of the
semiconductor power losses

From Table 6.9, the parameterseMorf and L can be directly measured from the

simulation waveforms whilst the other parameters candéermined from the

datasheets. The method to determine the estimated valude fparameters o, I,

ton+rr @and b from the datasheets can be determined using the proceduerédd in
Table 6.10 and Figures 6.22-6.23 [34].
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Parameter Procedure
Considering thedVce curve in the datasheet. Using a straight ling
Vv represent the averageVce curve as shown in Figure 6.22¢24 can be
CEO | found at the crossing point between the line and theaXis (where d
IS equal to zero)
‘s Using the same procedure used to determigg\out 1 is the slope 0
the straight line (see Figure 6.22).
Considering the Ereclc curve in the datasheet. Using the opera
forire current (k) to find B, and Ee from the curve and using the giveregV

specification for that test condition in the datashsee (Figure 6.233a|
ton+recC@n be determined from (6.8).

tof“f

Considering the &-lIc curve in the datasheet. Using the opera
current (k) to find Ex from the curve and using the givencgV
specification for that test condition in the datasheet (Figure 6.23b)]
tor can be determined from (6.9

Table 6.10 Procedure used to determine the parametegs, Vi, ton+rr @and ts for the

estimation of the semiconductor power losses

39.4A

70 Ve = ff— 17V
19\;%& 15V
A ////——-13\1
T °0 / v
(&)
o Af /’F’—Fﬁ_
. 7/
ﬁ'/ ri=Slpe=35.2mQ
20
gV
10
. 2.8|22\;
o 7 2 4 6 v 8
Ve 0=1.414\ Veg —

Figure 6.22 Methods used to determinedo and g for the estimation of the

semiconductor power losses
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Figure 6.23 Methods used to determine (&)t and (b) & for the estimation of the
semiconductor power losses

In this study, the IGBTs and Diodes of type MWI25-12E7 [1128]wsed for the VSI
based candidate topologies and the RB-IGBTs of type IXRH 40NIPE] pre used

for the CSI based candidate topologies. These poweic@atictors have similar
typical Vce and t ratings (1200V and 52-55A), which are selected to match to the
specifications of the electricity network and the PV sewrsed for the evaluation in
this chapter (as presented in Table 6.2). By following thegquhare shown in Table
6.10 and Figures 6.22-6.23 and using the specifications of dleeted power
semiconductors, the values of the parameters used feethieonductor power loss
estimation at the operating points described in Secti8r? Gor all the candidate

topologies are determined, as shown in Table 6.11.
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Parametersand Their Values

Inverter at FPFS at LPFS at LPLS
T Op OI Ogy Veeo-1GBT, l4-GBT, t t Vce-168T, l4-1GBT, t, t, Vew-168T, l4-16BT, t t
(ch_ ) (r y ) -ON+Irec off (ch_ ) (I’ ! ) n+rec ff (Vcs)- ) (r ' ) ON+rec off
V| ey | @9 | 09 |G gy | 09 | 09 ] T | ey | 09 | 09
Standard | 1.208 | 38.1 1.208 | 38.1 1.008 | 38.1
Vsl (1.120)| (29.4)| 790 | 288 l120)| (29.4)| 999 | 48| (1.120)| (20.4) | 1994] ©63
5 1.208 | 38.1 1.208 | 38.1 1.208 | 38.1
D | vsi+Boost | 1750 | (36.4| 696 | 253 | 1720y | (2.4 | 816 | 414| 1720)| (204y| 103L | 496
1.208 | 38.1 1.208 | 38.1 1.208 | 38.1
ZSkV (1.120) | (29.4)| 096 | 253] (1.100)| (29.4) | 816 | 414] (1.100)| (29.4) | 1031 ]| 496
g‘;”dard 1.414 | 352 | 2470| 114| 1.414 | 35.2 | 3095| 63 | 1.414 | 35.2 | 3388 55
_ 1414 | 352
7 | CBuck | 1950) | (o0.4| 2709| 95 [ 1414 | 35.2 | 3383 55 [ 1414 | 352 | 3673 68
© 7Sk 1414 | 352 | »o09| o5 | 1.414 | 35.2 | 3383 55 | 1.414 | 352 | 3673/ 68
(1.120) | (29.4) : : : :
CSi+SCapd 1.414 | 352 | 2470] 114| 1.414 | 352 | 3095| 63 | 1.414 | 35.2 | 3388 55

Table 6.11 Parameters and their values used for the estimatithe gfower
semiconductor power losses for all the candidate topa@githe operating pomit
FPFS, LPFS and LPLS

With the use of the equations (6.5)-(6.9) and the parametei@ble 6.11, the

estimated conduction power loss.{f), switching power loss (&), power losses

caused by the additional componentssdPand total semiconductor power loss4P

i) for each candidate topology can be calculated aralredat as shown in Table 6.12.

Figure 6.24 shows the graphical presentation of the informatidrable 6.12. It is

noted that Ry is the summation of the conduction losses and switdbsges of the

semiconductors in the additional circuits.

Inverter Estimated Semiconductor Power losses
Topology at FPFS at LPFS at LPLS
Psw I:)cond I:)add I:)Iossf(t Psw I:)cond Paldd Ploss{t Psw I:)cond Pgdd I:)Ioss{t
Standard 196W 113w 38W 348W 50W 10w 6W 65W 25w 6W 4w 35w
VSI (1.23%) | (0.71%) | (0.24%) | (2.18%) | (1.21%) | (0.24%) | (0.14%) | (1.58%) | (1.21%) | (0.30%) | (0.19%) | (1.70%)
) VSI+Boost 158W 119w 193W 471W 16W 15W W 39w 21w 6W 59W 86W
> (0.99%) | (0.75%) | (1.21%) | (2.95%) | (0.41%) | (0.38%) | (0.19%) | (0.97%) | (1.03%) | (0.29%) | (2.83%) | (4.15%)
7SIV 467W 133W 55W 655W 60W 22w AW 86W 91w 16W 6W 114w
(2.92%) | (0.83%) | (0.34%) | (4.09%) | (1.50%) | (0.54%) | (0.10%) | (2.13%) | (4.37%) | (0.78%) | (0.30%) | (5.45%)
Standard 236W 220W 457TW 47TW 29w 76W 34W 20w - 54W
CSlI (1.47%) | (1.37%) (2.84%) | (1.15%) | (0.71%) (1.86%) | (1.69%) | (0.98%) (2.67%)
_ CSI+Buck 192w 159w 79W 430W 50W 41W 96W 188W 30w 15W 8w 53wW
) (1.20%) | (0.99%) | (0.50%) | (2.69%) | (1.24%) | (1.01%) | (2.37%) | (4.62%) | (1.47%) | (0.77%) | (0.38%) | (2.62%)
O ZSI-| 736W 162W 1w 899W 291W 29w 2W 322W 42W 16W 58W
(4.59%) | (1.01%) | (0.0%) (5.60%) | (7.24%) | (0.72%) | (0.05%) | (8.01%) | (2.09%) | (0.77%) (2.86%)
CSI+SCaps 204w 217W 421W 46W 29w 75W 31w 20w 51w
p (1.28%) | (1.36%) (2.65%) | (1.13%) | (0.71%) (1.84%) | (1.53%) | (0.98%) (2.51%)

Table 6.12 Estimated semiconductor power losses for all the catedidpologies at
the operating points FPFS, LPFS and LPLS
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Figure 6.24 Estimated semiconductor power losses for each candideer
topology at (a) FPFS, (b) LPFS and (c) LPLS
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It can be seen from Table 6.12 and Figure 6.24 that:

¢ All the candidate topologies provide higher total power losswaperating at
higher power levels, as expected for most hard switchedrpoweerters, i.e.
the converters generate the total loss up to 899W at FPFS (L8RAXV at
LPFS (4kW) and 114W at LPLS (2kW).

e In most cases, the switching loss is the major losghi candidate topologies
with 55-61% of the total loss; where the conduction Esd additional loss
contribute 24-33% and 11-14% respectively. The ZSI topologies Have
highest switching loss compared to all the other canglittgiologies, due to
their high DC-link voltage and increased current stress dxplained in
Section 6.6).

e The CSI based topologies provides higher conduction(&% on average)
than the VSI based topologies at all the operating poitis.CSI+SCaps and
standard CSI provide higher conduction loss than all therdtipologies.
However, the CSI+SCaps has lower total loss than the ashr@SI (up to
7.9%).

e The VSI+Boost and the CSI+Buck have high additional los$eswhe boost
and buck converters operate whilst only the CSI+SCaps argtahdard CSI

do not have additional power losses.

If the total semiconductor power loss for all the threeratpey points is considered,
the comparison of total semiconductor power loss focaididate topologies would
result as shown in Figure 6.25. It can be seen that theSCalps can achieve low
total semiconductor power loss and is rankédl @ut of the seven candidate

topologies.

Although the CSI+SCaps has a high conduction power lgsddes a standard CSI),
the CSI+SCaps has low total semiconductor loss. Thiscauise of the fact that the
CSI+SCaps does not have any other power loss caused &gyditienal components.
Moreover, the CSI+SCaps can operate with a reduced DC-tiltkge where the
power semiconductors can switch a lower voltage leveltlzar@fore lower switching
loss. This leads to a great reduction in the overall poags ih the semiconductors

for the CSI+SCaps topology.
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mLPLS
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BFPFS

1,000 — —

500 -

Total Semiconductor Power L osses (W)

Standard VSICSI+SCapsStandard CS VSI+Boost CSI+Buck ZSI-V ZSl-l

Candidate Inverter Topology

Figure 6.25 Total semiconductor power loss for each candidate invienpetogy

6.9 Comparison of Estimated Inverter Efficiency

As mentioned in Chapter 3, grid-tied PV power convertegsraquired to operate
with high efficiency at every MPP of the PV source faghhPV power extraction.
However, different converter types may require diffefdfP ratings, which would
be difficult for comparison. Therefore, in order toowllthe efficiency of different
converter types to be compared, an efficiency calculatiethod such as European

Efficiency (7euro) Should be used (details of this method can be seegctios 3.3).

In this section, the efficiency of the CSI+SCapseasn the European Efficiency
consideration is compared for all of the candidateoltapes. As required by the
European Efficiency equation (equation (3.3) in Section 318) efficiencies #) of

the topologies operating at the MPP under 5%, 10%, 20%, 30%,and 100% sun
irradiance levels are needed. The methods used to estimasemiconductor power

loss described in Section 6.8 are utilised to determirse tbficiencies using (6.10).

1, = —mrp@~Plossttotaln) o (005 : x = 5%, 10%, 20%, 30%, 50% and 100%6.10)

Pmpp(x)
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The estimated efficiencies for all the candidate togiels at the operating points

required for the European Efficiency calculation are mbateed by the following

procedures:

First, the input voltage (\p), current (koo and power (Rpp) of the PV source
when the candidate topologies operate at the rated Méd? 66, 10%, 20%,
30%, 50% and 100% sun irradiance levels are determined. Ttificgi®ns
of the PV source presented in Table 6.2 and the operatidglaton depths
shown in Figure 6.2 are used to calculate these paramategva the results
shown in Table 6.13.

Then, the information in Table 6.13 is used to determine &hees of the
parameters &+ rree Eofi, Ton+rrec@Nd Toi; Where the parametergab and g can
be used from Table 6.11. These parameters can be determirietibiwng
the methods described in Section 6.8. The values of theseng@rs are
shown in Table 6.14.

Substituting the parameters in Table 6.14 for equations (6.8)-(the

estimated power losses are obtained, as shown in Table 6.15.

Finally, substituting the values of,R (from Table 6.13) and i&sotan (from
Table 6.13) for equation (6.10), the estimated efficienciasbeadetermined.
The results are presented in Table 6.16. The plots akthdts in Table 6.16

are illustrated in Figure 2.26.
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Sun Irradiance Inverter PV Parameters
level Topology Vipp (V) | Impp (A) | Pmpp (W)
Standard VSI 733 21.8 15979.4
VSI+Boost 586 27.3 15997.8
ZSI-V 586 27.3 15997.8
100% Standard CSI 406 39.4 15996.4
CSI+Buck 508 315 16002.0
ZSI-| 508 315 16002.0
CSI+SCaps 406 39.4 15996.4
Standard VSI 700 11.4 7980.0
VSI+Boost 560 14.3 8008.0
ZSI-V 560 14.3 8008.0
50% Standard CSI 388 20.6 7992.8
CSI+Buck 485 16.5 8002.5
ZSl- 485 16.5 8002.5
CSI+SCaps 388 20.6 7992.8
Standard VSI 670 7.2 4824.0
VSI+Boost 536 9.0 4824.0
ZSI-V 536 9.0 4824.0
30% Standard CSI 371 13.0 4823.0
CSI+Buck 464 10.4 4825.6
ZSI-| 464 10.4 4825.6
CSI+SCaps 371 13.0 4823.0
Standard VSI 650 4.9 3185.0
VSI+Boost 520 6.2 3224.0
ZSI-V 520 6.2 3224.0
20% Standard CSI 360 8.9 3204.0
CSI+Buck 450 7.1 3195.0
ZSlI-| 450 7.1 3195.0
CSI+SCaps 360 8.9 3204.0
Standard VSI 635 3.2 2032.0
VSI+Boost 476 4.3 2046.8
ZSI-V 476 4.3 2046.8
10% Standard CSI 330 6.1 2013.0
CSI+Buck 413 4.9 2023.7
ZSI-| 413 4.9 2023.7
CSI+SCaps 330 6.1 2013.0
Standard VSI 610 1.3 793.0
VSI+Boost 450 1.8 810.0
ZSI-V 450 1.8 810.0
5% Standard CSiI 315 2.5 787.5
CSI+Buck 395 2.0 790.0
ZSI-| 395 2.0 790.0
CSI+SCaps 315 2.5 787.5

Table 6.13 Input voltage (Mpp), current (hpp) and power (Rpp) of the candidate
topologies operating at the MPP under 5%, 10%, 20%, 30%, BA%09% sun
irradiance levels
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Sun

Power Loss Estimation Parameters

Irradiance T'{;V‘jger Vee | lc | Ev | Em | Est | Towr | Tomn
level POOY | vy | ) | m) | m3) | m) | (9 (n9
Standard VSI| 600 | 21.8| 15 | 3.08 | 1.75 | 700 268
VSI+Boost 600 | 27.3 | 1.7 4 207 | 696 253
ZSI-V 600 | 27.3 | 1.7 4 207 | 696 253
100% Standard CSI| 600 | 39.4 | 7.6 | 21.6 | 1.33 | 2470 113
CSI+Buck 600 | 31.5| 7.2 | 184 | 09 | 2709 95
ZSI-I 600 | 31.5| 7.2 | 184 | 09 | 2709 95
CSI+SCaps | 600 | 39.4| 7.6 | 21.6 | 1.33 | 2470 113
Standard VSI| 600 | 11.4 | 0.94 | 1.62 | 1.06 | 749 310
VSI+Boost 600 | 14.3 | 1.11 | 2 128 | 725 298
ZSI-V 600 | 14.3 | 1.11 | 2 128 | 725 298
50% Standard CSI| 600 | 206 | 56 | 11.2 | 039 | 2718 63
CSI+Buck 600 | 165 | 5.2 9 0.3 | 2869 61
ZSI-I 600 | 165 | 5.2 9 0.3 | 2869 61
CSI+SCaps | 600 | 206 | 56 | 11.2 | 0.39 | 2718 63
Standard VSI| 600 | 7.2 | 068 | 0.94 | 0.81 | 750 375
VSI+Boost 600 | 9 | 111 | 1.28 | 091 | 885 337
ZSI-V 600 | 9 | 111 | 1.28 | 091 | 885 337
30% Standard CSI| 600 13 4.4 7 0.2 2923 51
CSI+Buck 600 | 10.4 | 4 54 | 016 | 3013 51
ZSI-I 600 | 10.4 | 4 54 | 0.16 | 3013 51
CSI+SCaps 600 | 13 4.4 7 0.2 2923 51
Standard VSI| 600 | 49 | 051 | 094 | 0.72 | 986 490
VSI+Boost 600 | 6.2 | 06 | 1.02 | 0.74 | 871 398
ZSI-V 600 | 6.2 | 06 | 1.02 | 0.74 | 871 398
20% Standard CSI| 600 | 8.9 | 0.38 5 0.16 2015 60
CSI+Buck 600 | 7.1 | 0.34 | 45 | 014 | 2272 66
ZSI-I 600 | 7.1 | 034 | 45 | 014 | 2272 66
CSI+SCaps | 600 | 89 | 038 | 5 0.16 | 2015 60
Standard VSI| 600 | 32 | 0.3 | 0.75 | 0.54 | 1094 563
VSI+Boost 600 | 43 | 05 | 083 | 0.64 | 1031 496
ZSI-V 600 | 43 | 05 | 083 | 0.64 | 1031 496
10% Standard CSI| 600 | 6.1 3 3.2 0.1 3388 55
CSI+Buck 600 | 49 | 28 | 26 | 01 | 3673 68
ZSI-I 600 | 49 | 28 | 26 | 01 | 3673 68
CSI+SCaps | 600 | 6.1 3 32 | 01 | 3388 55
Standard VSI| 600 | 1.3 | 025 | 05 | 0.47 | 1923 | 1205
VSI+Boost 600 | 1.8 | 027 | 056 | 052 | 1537 963
ZSI-V 600 | 1.8 | 027 | 056 | 052 | 1537 963
5% Standard CSI| 600 | 2.5 1.5 1.3 0.08 3733 107
CSI+Buck 600 | 2 13 | 1.1 | 0.08 | 4000 133
ZSI-I 600 | 2 13 | 1.1 | 0.08 | 4000 133
CSI+SCaps | 600 | 25 | 15 | 1.3 | 0.08 | 3733 107

Table 6.14 Power loss estimation parameters and their valuedl theacandidate
topologies operating at the MPP under 5%, 10%, 20%, 30%, BA%09% sun

irradiance levels
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Sun

Semiconductor Power L osses

rrad Inverter PWM Bridge Cir cuit Additional Circuit Total
rradian
ce |eve| TOpOI Ogy Psw0n+rr Pswoff Pcond-igbt Pcondfrd F)Sw-on+rr Psw-off F)cond-igbt PCO"d» Ploss(total)
(W) (W) (W) (W) W) W) W) ({;f',) W)
Standard VSI| 136.97 | 55.42 | 101.40| 11.81 - - - 38.46| 344.06
VSI+Boost 113.30 | 43.85 | 115.06| 4.43 | 116.21| 43.92| 7.49 | 17.01| 461.27
ZSI-V 333.19 | 141.75 | 126.69| 5.92 - - - 55.21] 662.76
100% | Standard CSI| 235.03 | 3.99 | 220.24 - - - - - 459.26
CSI+Buck 178.25 3.15 | 158.66 - - - - 79.46| 419.52
ZSl-| 653.14 | 43.47 | 161.66 - - - - 0.78 | 859.05
CSI+SCaps 203.17 3.04 | 217.13 - - - - - 423.34
Standard VSI| 65.70 30.62 | 38.09 | 3.57 - - - 16.71| 154.69
VSI+Boost 58.00 26.00 | 42.12 | 2.03 | 67.58 | 29.01| 14.60 | 20.13| 259.47
ZSI-V 194.62 | 107.96 | 54.78 | 2.70 - - - 23.37] 383.43
50% Standard CSI| 112.00 1.74 87.82 - - - - - 201.56
CSI+Buck 91.51 1.37 65.69 - - - - 13.75| 172.32
ZSl-| 155.77 3.01 66.25 - - - - - 225.03
CSI+SCaps 98.25 1.48 88.41 - - - - - 188.14
Standard VSI| 36.37 19.53 | 19.26 | 1.31 - - - 9.54 | 86.01
VSI+Boost 33.64 16.45 | 21.09 | 0.77 | 44.80 | 20.41| 9.40 | 11.04| 157.6
ZSI-V 126.85 | 90.03 | 31.71 | 1.33 - - - 13.06] 262.98
30% Standard CSI| 68.70 1.01 48.49 - - - - - 118.2
CSI+Buck 56.10 0.74 36.93 - - - - 10.90| 104.67
ZSl-| 94.89 1.67 36.97 - - - - - 133.53
CSI+SCaps 60.81 0.91 48.85 - - - - - 110.57
Standard VSI| 20.22 13.38 9.97 0.42 - - - 5.68 | 49.67
VSI+Boost 21.35 12.04 | 11.94| 0.37 | 34.00 | 16.85| 8.65 | 6.86 | 112.06
ZSI-V 89.73 87.26 | 21.60 | 0.77 - - - 8.51 | 207.87
20% Standard CSI| 49.16 0.72 30.63 - - - - - 80.51
CSI+Buck 39.48 0.58 23.56 - - - - 8.26 | 71.88
ZSl-| 63.71 1.33 23.61 - - - - - 88.65
CSI+SCaps 42.85 0.67 30.70 - - - - - 74.22
Standard VSI| 13.38 11.14 5.98 0.12 - - - 3.93 | 34.55
VSI+Boost 11.30 8.43 5.99 0.09 | 26.74 | 15.07| 9.10 | 4.32 | 81.04
ZSI-V 47.33 58.46 | 18.57 | 0.41 - - - 6.32 | 131.09
10% Standard CSI| 34.63 0.60 19.79 - - - - - 55.02
CSI+Buck 30.70 0.50 15.48 - - - - 7.78 | 54.46
ZSl-| 43.07 1.22 15.57 - - - - - 59.86
CSI+SCaps 31.25 0.56 19.84 - - - - - 51.65
Standard VSI| 5.30 8.07 1.72 0.01 - - - 154 | 16.64
VSI+Boost 4.18 5.90 1.67 0.01 | 15.88 | 11.70| 4.40 1.60 | 45.34
ZSI-V 25.01 30.35 5.22 0.24 - - - 1.54 | 62.36
5% Standard CSI| 16.26 0.45 7.80 - - - - - 24.51
CSI+Buck 13.96 0.44 5.92 - - - - 2.68 23
ZSl-| 17.51 2.10 5.92 - - - - - 25.53
CSI+SCaps 14.51 0.42 7.50 - - - - - 22.43

Table 6.15 Estimated semiconductor power losses for all the caredidpologies
operating at MPP under 5%, 10%, 20%, 30%, 50% and 100% sun iretbapts
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Estimated Efficiency (%)
Inverter Topology

MN5% MN10% MN20% MN30% MN50% M100% Neuro

Standard VSI 97.9 98.3 98.4 98.2 97.8 97.8 98.0

Z’ VSI+Boost 94.4 96.0 96.5 96.7 97.1 97.1 96.7
ZSI-V 92.3 93.6 93.6 94.5 95.9 95.9 95.1
Standard CSI 96.9 97.3 97.5 97.5 97.1 97.1 97.2

) CSI+Buck 97.1 97.3 97.8 97.8 97.4 97.4 97.7
o ZSI-l 96.8 97.0 97.2 97.2 94.6 94.6 954
CSI+SCaps 97.2 97.4 97.7 97.7 97.4 97.4 97.6

Table 6.16 Estimated efficiencies§o, N109% M209% N30% Ns0% &anNdni000) at the MPP
under 5%, 10%, 20%, 30%, 50% and 100% sun irradiance levelseakdrnbpean
efficiencies {eurg for all the candidate topologies

100%

Heuro
98% - /_‘\.\’-\* 98.0%

96% -

Power Conversion Efficiencies(%)

—+Standard VSI
- CS|+Buck
—+—CSl+Scaps
—Standard CSI
=*=VSI|+Boost
ZSI-l
ZSI-V

94%

92% T T T T T T T T T 1
0% 20% 40% 60% 80% 100%

Sun Irradiance Level (%

Figure 6.26 Efficiency curves and European efficiencigs.{) for all the candidate
topologies
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It can be seen from Table 6.16 and Figure 6.26 that:

e Most candidate inverter topologies provide high efficienmder the sun
irradiance levels of between 20% and 50%, except the VSI+BodsZalV
which provide a higher efficiency at higher sun irradiateels (50% to
100%).

e The CSI+SCaps can operate with a higher efficiency tharstandard CSI,
VSI+Boost, ZSI-1 and ZSI-V at all the operating points.

e The CSI+SCaps has a high European efficiency (97.6%) aandksd ¥ out
of the seven candidate topologies. The standard VSI (98&0%)CSI+Buck
(97.7%) are the SLand 2° of the ranking, following by the standard CSI
(97.2%), VSI+Boost (96.7%), ZSI-I (95.4%) and ZSI-V (95.1%)tfar 4" to

7" of the ranking respectively.

6.10 Overall Perfor mance Evaluation

Performance evaluations of the CSI+SCaps in comparigatine other candidate
topologies for the specific criteria have been preskim Sections 6.1-6.9. In this
section the overall performance of all the candidateltmes when considering all of

those criteria is presented.

Table 6.17 shows the list of the evaluation criteriags@ment parameters and
numbers 1 to 7. The assessment parameters are usetifyahesnumbers whilst the
numbers are used to score the performance for eaaladwal criteria. The methods

to justify the number are as follows:

e Firstly, the maximum and minimum values for a particutmsessment
parameter are selected from the information provided atic®es 6.1-6.9. For
example, the values of the maximum PV voltage rating 100@Vv588V are
selected from Figure 6.1 for the criteria of low interpaler losses within a

PV source.
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e Secondly, the range between these maximum and minimiuasvs divided
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“equally” into seven sub-ranges. For example, (<1000V, <927, ..., <562) as

shown for the criteria of low internal power lossethiia PV source.

e Finally, the numbers 1 to 7 are assigned for all theranges by using 7 for

the best performance and 1 for the worst performance.

Evaluation Criteria Assessment Score Data
Parameters 1 2 3 4 5 6 7 Sour ce
Low internal power Max. PV voltage Figure
losses within a PV sourc] rating (Volts) <1000 <927 | <854 | <781 | <708 | <635 <562 6.1
Min. operating
High power transfer ratio modulation >060 | >066 | >0.77 | >0.78 | >0.84 | >0.90 | >0.96 Figure
depth 6.2
(no units)
. Min. number of
Simple control and low active Fiqure
control circuit power cormonents | 22 | »21 | >10 | >17 | >15 | »13 | >1 33
consumption (pigces) '
Max. size of
. . passive )
stg}auts'ze and light components | <1.03 | <0.88 | <073 | <0.58 | <0.43 | <0.28| <0.13 F'g‘:r')re
9 (times of max. '
size)
Max. input Fiqure
Low input voltage ripple | voltage ripple | <0.15 | <0.13 | <0.11 | <0.09 | <0.07 | <0.05| <0.03 gg
(%) '
Max. input Fiqure
Low input current ripple currentripple | <175 | <149 | <123 | <97 <71 | <45 | <19 6910
(%) '
Low output line current Max. average Figure
P line current THD| <14.8 | <129 | <110 | <91 | <72 | <53 | <34 9
THD 6.14
(%)
. Min. Power .
;ré't%’rompm power factor >0.79 | >082 | >0.85| >0.88 | >0.91 | >0.94| >0.97 Fég‘l‘ge
(no units) )
Low voltage stress on Max. peak DC- Figure
g€ link voltage <1210 | <1107 | <1004 | <901 | <798 | <695 | <592 9
power semiconductors (Volts) 6.19
Maximum peak .
Low current stress on . Figure
power semiconductors DC-I(l/&lggg)rrent <60.0 | <552 | <504 | <456 | <408 | <36.0| <31.2 620
Max. specific
Low estimated cost of installed power Figure
power semiconductors (ZPu/Py) <16.8 <155 | <142 | <129 | <116 | <103 <9.0 6.21
(no units)
Max. total
Low semiconductor semiconductor | _ 1280 | <1142 | <1004 | <866 | <728 | <590 | <452 Figure
power losses power losses 6.25
(Watts)
High European efficiency Ma(’;'/o')‘eum <952 | <957 | <962 | <967 | <972 | <97.7| <982 Fégg(rse

Table 6.17 All evaluation criteria and their scores for the @aligperformance
evaluation
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Using the justification criteria and the information yided from the data sources
listed in Table 6.17, the overall performance of the catelittgpologies is given, as
shown in Table 6.18.

Inverter Topology
VSl Csl

. L D | . 2 @
Evaluation Criteria > 19 O | S =2

© o | >1]T7T 2| =
g | o |2 |s|2|5]|83
s|l+x|o|lsc| x| |Y¥
Slo|N|s|a|Yag
&3 > o o (@)
Low internal power losses within a PV source 114 |47 |5]|5 7
High power transfer ratio 1|16 |5|11|6 |57
Simple control and low control circuit power consumptid 2 | 1 | 2 | 7 | 4 | 6 | 7
Small size and light weight 4 | 3,116 6|76
Low input voltage and current ripple 7121|3116 4|3
Low output line current THD 1124|557 |7
Unity output power factor 7|7 |77 7|71
Low voltage and current stress on power semiconductd 5 | 6 | 3 | 5| 6 | 3 | 7
Low estimated cost of power semiconductors 5 6 1 5 6 1 7
Low semiconductor power losses 715|416 ]5|1]|6
High European efficiency 714|156 |4]|6
Total Score| 47 | 46 | 35 | 55 | 62 | 50 | 64

Table 6.18 Overall performance of the candidate topologies

It can be seen from Table 6.15 that the CSI+SCaps providesdhkt overall
performance with the highest total score in this evaluafalmwed by a CSI+Buck,
a standard CSI, a ZSI-l, a standard VSI, a VSI+Boost ad&$laVv. However, it
should be noted that the ranking of the topologies eadifterent from this if only
specific requirements are considered. For example, ®B-STaps may be less
attractive if the criteria of the unity power factor d@he critical requirements for a

particular application.
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6.11 Summary

In this chapter, the performance evaluation of the praptra@sformerless, grid-tied
PV inverter topology, called the CSI with series AC capacitor@C&+SCaps), in
comparison with the six other candidate topologies bas Ipresented. The six other
topologies are a standard VSI, a standard CSlI, a two-$tafgeBoost, a two-stage
CSI+Buck, a ZSI-V and a Z3lI-

There are several evaluation criteria discussed. Thosdéhe required PV ratings,
operating modulation depths, required circuit componengajtiand output power
guality, voltage and current stress on power semicondu@stigjated cost of power
semiconductors, semiconductor power losses, European mrdfiese and overall
performance evaluation. The evaluation results arenmsrieed as shown in the

following points:

e The CSI+SCaps requires the same PV ratings as a stab8ardhe topology
has the lowest PV voltage rating (potentially low intetaases within the PV
module) but the highest current rating (potentially highdoetion losses

within its circuit) among all of the other candidatedimgies.

e The CSI+SCaps can operate with the highest modulatioi deptl) for the
whole voltage range of the PV source. This means th&@$ieSCaps provide
a higher power transfer ratio with a more optimum vokegeent level

between the input and output side of the converter topology.

e The CSI+SCaps requires the minimum number of activepooents (as does
a standard CSI). As a result, the CSI+SCaps and dasthi€S| can achieve
the simplest control circuit and the lowest contiotuit power consumption

compared with the other candidate topologies.

e The CSI+SCaps has a large size of total passive compdnemited 1’ out of
all the seven topologies). This is because of theotidee series AC capacitors

in its circuit.

e The CSI+SCaps provides a relatively high input voltageeipinked % out

of the seven topologies) whilst providing a medium input cdrmgple
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(ranked 4 out of the seven topologies). However, the CSI+SCapgiv&s$ a
lower input voltage and current ripple when compared withaadsrd CSI
(approximately 20%).

e The CSI+SCaps provides the best quality of output supply ¢unigm the
lowest average THD. However, the topology provides low oygpwter factor
compared with all of the candidate topologies.

e The CSI+SCaps gives the lowest voltage stress on tverpgemiconductors

but high current stress compared with all of the othedidate topologies.

e The CSI+SCaps can achieve the Ilowest estimated costposier

semiconductors compared with all of the candidate topedog

e The CSI+SCaps has low total power losses and is ranKedu® of all the
seven candidate topologies. However, the CSI+SCapsalaodhe standard
CSI) have relatively high conduction losses compared wlittof the other
candidate topologies, the ZSI topologies have the bkigbeitching power
losses and the VSI+Boost and the CSI+Buck have the dtigb&al power

losses caused by their additional semiconductors.

e The CSI+SCaps has high European efficiency (97.6%) aachked &' out of
all the seven candidate topologies. The topology aerate with a higher
efficiency for all the considered operating points when mamed with the
standard CSI, VSI+Boost, ZSI-V and ZSI-I.

The results of overall performance evaluation shoawsThe CSI+SCaps can achieve
the best performance; followed by the CSI+Buck, standaitd £3-1, standard VSI,
VSI+Boost and ZSI-V respectively. This is a result of tlee wf the series AC
capacitors which leads the CSI+SCaps to be able to epeiitit high operating
modulation depth, reduced switching voltage levels and bettdiltafing created by

the connection of the standard LC filter and the se&@<apacitors.
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Chapter 7

Design and Construction of Experimental Test-Rig

This chapter presents details of the design and consinuctithe experimental test-
rig, which has been used to experimentally validate the nmesifice of the proposed
CSI with series AC capacitors (CSI+SCaps) topologyoimparison to a standard CSI
topology when using for grid-tied photovoltaic (PV) applicasio The test results
obtained from this experimental test-rig are present&hapter 8.

7.1 Overview of the Experimental Test-Rig

Figure 7.1 shows the block diagram of the experimentatitesthe test-rig has four

main elements:

e The PV emulator
e The prototype CSI+SCaps
e The interfacing and control circuits

e The three-phase power supply

DC power AC power 3-phase
PV Emulator > Prototype |— ) Power Supply
' CSI+SCaps 777
AAA
VpVa |pv 31,23,4155) Vs(a,b,c)
» Interfacing and¢
» Control Circuitsl«

Figure 7.1 Block diagram of the experimental test-rig
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The elements of the test-rig shown in Figure 7.1 havéoll@ving functions:

e The PV emulator is used as a PV source generating DC povseipply the
prototype CSI+SCaps.

e The prototype CSI+SCaps converts the DC power from the PVagonuhto
AC power which is then connected to the three-phase power supply

e The interfacing circuits measure voltages{¥ Vp) and current ¢l) from
the main circuit. The control circuits utilise theseasured parameters to
generate the gate signalsi(S.4556) to control the switches in the prototype
CSI+SCaps to produce the desired AC output waveforms.

Figure 7.2 shows the overview hardware of the experimentaligedhe computer is
also a part of the control circuit used for editingmpding and uploading control
programs. Details of the design and construction for edetment are presented in
Sections 7.2-7.7.

T Interfacing and e —
3-Phase Power Supply| '] control Circuits 4

totype
+SCaps

— -
CSlI :

Figure 7.2 Photograph of the experimental test-rig

7.2 PV Emulator

A PV emulator is a power electronic device that can be progied to emulate a PV
panel by tracking a given voltage/current characteristie PV emulator is usually
used in the experimental work because the device requiresdessting space than
the actual PV source as well as allowing the PV systere emhlysed in a controlled

environment [114-117]. The PV emulator used in these testssigndel to have
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characteristics equivalent to a PV array built fromfthe strings of fourteen series-
connected PV panels (model BP SX30 [54]), which has followingfemons:

e Generate peak output power of 1.6 kW with the output voltagecament in
the range of 0-295V and 0-7.8A and having typical PV spatifins and
characteristic curves as defined in Table 2.5 and Figures22176 (see
Section 2.7.4). These specifications are selected tohmatthe capability of

the components used in the emulator circuit.

e Provide seven environmental test conditions: 5%, 10%, 30%, 50%, 70%
and 100% sun irradiance. This selection allows the prototypeSTaps to be
evaluated in terms of European Efficiency (see defmiiio Section 3.3.1)
[12].

7.2.1 Overview of Hardware

Figure 7.3 shows the overview of hardware configuration of therRulator used in
this experimental work. The PV emulator consists of tlemnents: a programmable
DC power supply (model SM300-10D [118]) and an analogue contralitcifithese
elements have the following features:

e The power supply SM300-10D is a general purpose programmable DC power
supply. The power supply can be programmed to produce outpuje/@itel
current in the range of 0-300V and 0-10A using the analogueotaignals
of 0-5V. The power supply also gives output voltage and cumemitoring
signals (0-5V) which can be used for the analogue contmlic A detailed

specification of this power supply is given in [118].

e The analogue control circuit provides seven selectahitels»s for seven sun
irradiance test conditions. When the test conditoorelected, the circuit will
issue two analogue control signals to program the power ysuppé first
signal is used to limit the maximum output current of thevgyosupply for a
particular selected test condition. The second signaked to program the
output voltage of the DC power supply for a particular outputent (via a
current monitoring signal) so that the PV emulatormartuce output voltage

and current as designed characteristic curves.
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1/0 Control
Signal Cable

~—

Programmable

DC Power Supply
(SM300-10D)

Analogue Control

DC Output i Circuit
Terminals

Test Condition
Switches

Output Voltage ™8 Output Current -
Monitor Monitor —

(b) Front view

Figure 7.3 Hardware configuration of the PV emulator

Figure 7.4 shows an operational diagram for the PV emulate DC power supply
measures and converts the output currgptgf 0-7.8A to a current monitoring signal
(Imon) Of 0-3.9V. When the test condition (QWs selected, the analogue control

circuit will issue the following signals to control tB&C power supply:

e The control signal glog Which is used to limit the maximum output current of
the DC power supply. The value gfoly is depended on the sun irradiance

condition, which can be calculated from (7.1).

Iprog = (39) 7=V ;x= 5%, 10%, 20%, 30%, 50%, 70% and 100%  (7.1)

e The control signal (Mo Which is used to program the output voltage of the
DC power supply for a particular measured curren,! The control voltage
range of 0-4.9V is used for,¥y in order to produce an output voltage of O-
295V from the PV power supply.
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To 3~
: | (0-7.8A
DC Power Supply (SM300-10D) !p(0-7.8A) Power Supply

1]

CSI+SCaps

‘ | \\_J
lorcg Vg || (0-3.9V)
0.2-3.9v)| |(0-4.9v) | 'mon (P

+
mm, , va(o-zgﬂ Proatype

<—X Test Condition

A
(x=5%, 10%,20%, 30%, 50%, 70% and 100"

Analogue Control Circuit

Figure 7.4 Operational diagram for the PV emulator

7.2.2 Analogue Control Circuit

This section presents more detail about the design argtraotion of the analogue

control circuit. The analogue control circuit consistf a test condition selecting

circuit, an I/O interfacing circuit and a PV equivalent dircas shown in Figure 7.5.

These circuits have the following functionality:

The test condition selecting circuit provides severectable switches for
seven sun irradiance test conditions. When thectsdition is selected, this
circuit will connect the setting values of the potengbens (R1, R2, R3 and

R4) for a particular selected switch to the 1/O intenfigceircuit.

The 1/O interfacing circuit uses the values of R1, R2, RBRv obtained from
the test condition selecting board to adjust the gaitnkeobuffers A1, A2 and
A3 to provide suitable voltage levels for the input/output $&@&on, |prog and
Vorog) for a particular selected test condition. The aargignal hrog is directly

generated from this circuit by adjusting the gain of tiniéelp A3.

The PV equivalent circuit is a “small” PV source which provides similar
output V-l characteristics as the actual PV sourcewlitlt a reduced output
voltage (V) in the range of 0-4.95V, which is suitable to be used @naol
signal \rog to program the output voltage of the DC power supply. Theubut
current monitoring signal fln) is required for the circuit used to specify the

location of the operating point on the designed PV chariatt curves.
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Test Condition Selecting Circuit

10kQ 0Q 0.49kQ 33.29kQ
SW N N\ —W— —~— AW W
100% ~ 7
10k 0.93kQ 0.93kQ 11.69k<Y
70% —>
10k 10k 0.17kQ 6.31kQ
50% =2
4.87kQ 10k 0.59kQ 3.07kQ
SwW N A —W— A — A e — ] e — M
30% =
2.89kQ 10k 0.97kQ 1.88kQ
SW N e —WA A e — W  —M
20% =
1.33kQ 10k 0.47kQ 0.88kQ
10% =2
0.65kQ 10kQ 3.79kQ 0.45kQ
vamr;a —_—>

to DC Power
Supply

PV Equivalent Circuit

+15V +\o

IM317  Re=120 lo D1
— >t

RG0220E STP36

4+ D@ | NFO6L

H
3X(4XRG02-20E) §4709 Vo :"| «
) S prog
(0-1.7V) 4 (0.2-39v)

! !

Formulas:

1,=1.2/Rc
Imon_ou(1+R2/R1)*non_in

Vorog=(RA/(R3+R4A))*Y l_

trog=(RO/(RS+RE))% I/O Interfacing Circuit

Figure 7.5 Circuit diagram of the analogue control circuit

7.2.2.1 Test Condition Selecting Circuit

The hardware used for the test condition selecting iti€ghown in Figure 7.6. The
seven switches made from four pole single throw push-bsttotches are used to
manually select the sun irradiance test conditionshi®iPV emulator. These switeh

allow four potentiometers to connect to the I/O interfacimgué at the same time
with a single press as well as releasing the previous astiwteh when pressed.

Therefore, only one test condition can be selectediatea
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Ribbon Cable Connector o
(To I/O Interfacing board) g

Push-Button
Switches

Figure 7.6 Hardware configuration used for the test condition selgcircuit

7.2.2.2 1/0O Interfacing and PV Equivalent Circuits

Figure 7.7 shows the hardware of the I/O interfacing cirand the PV equivalent
circuit. These two circuits built in the same board.

Circuit ON +15 VDC Ribbon Ce_ible
LED (To Load Selecting Board)
SN T = cc |
RO N T LED
JOFF | e = e | iy o -
ON W X
Switch LED
‘I" 4
b3 r
i'"g
- I/0 Signal
PV Equivalent Connector
Circuit 1/O Interfacing
Circuit (To DC Power Supply

Figure 7.7 Hardware configuration used for the I/O interfacing circod the PV
equivalent circuit
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From Figure 7.7, the 1/O interfacing circuit is built fromef operational amplifiers
Al to A5 (op-amp LM741CN). These components have the fallpyunctionality:

The non-inverting amplifierA1) made from an op-amp LM741CN with two
potentiometers R1 and R2 is used to fine tune the vokagé df hon in order

to match to the operation voltage range of the MOSFET.

The voltage attenuator A2 (an op-amp LM741CN with a potentemi3) is

used as an output buffer as well as fine tuning the voltagédé \jog

The voltage attenuator A3 (an op-amp LM741CN with a potentemi®4) is
used to generatg:dg, Which then is used to program the output current of the

DC power supply.

TheOp-amps A4 and A5 are used to be a buffer fgsand hon respectively.

From Figure 7.7, the PV equivalent circuit consists ofiment source, a large scale

diode, a resistor, a reverse current blocking dii@g and a power MOSFET. This

circuit is an equivalent circuit of the designed PV wlrat is 78 times smaller in size

in order to allow the circuit to operate up to 5V (control agédt range). These

components have the following functionality:

The current source is made from a voltage regulator (LMahd) a series

resistor(12Q) generate a constant curren) @f 100mA [119].

The three strings of four series connected diodes (RG0O2-2@E)ively form
a large scale diode. The connection of four series ditgpicaly Ve=1.65 V)
produces a total voltage during open circuit of 6.8 V, but rtée output
voltage after compensating the voltage drops acrosseties diode Dis 4.95
V. This voltage level is suitable for producingdf to program the DC power
supply. The three strings are used to reduce the diodentun each string

which helps to reduce voltage variation due to thermal drift.

The parallel resistor Rand series resistor {Rof the original PV equivalent
circuit (Table 2.4) are reduce@ 470Q and 0.15Q respectively. However,

since the value of Rs small, this can be neglected.
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e The power diode D(RG02-20E) is used to block the reverse current.

e The MOSFET (type ST36NFO6L) interfaces the actual output muokthe
DC power supply (0-10A) to the PV equivalent circuit curf@fi00 mA). In
this sense the MOSFET functions as a voltage controllegmt sink, which
receives the input control voltage of 0-5\V,4) from the DC power supply
and varies the output current of 0-100mA on the output ®idehe PV
equivalent circuit. The output current of the PV equintitdrcuit decreasess
Imon decreases and becomes zero when the MOSFET is completeed off
(Imor=0V). The high current rating of the MOSFET (30A) is usedriter to
give stable operation regardless of any temperaturetiearia

Figure 7.8 shows the complete hardware of the analogue comtuit with the cover
box. The experimental results obtained from the PVlator in comparison to the
design specifications are discussed in Section 8.1.

Figure 7.8 Complete hardware for the analogue control circuit
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7.3 Prototype CSI+SCaps

Figure 7.9 shows a photograph of the hardware for the prototgpeSCaps. The
hardware consists of the following components:

e The CSI power module
e The filtering components

e The series AC capacitors

Details of these components are presented in Secti®:2s7.3.4.

S ’.A‘C Ceteie DC filter Inductors

A Y
Power Circuit
Module

Figure 7.9 Photograph of the prototype CSI+SCaps

7.3.2 CSI| Power Module

Figure 7.10 shows a photograph of hardware of the CSI power mddhelenodule

includes all relevant components used in the power connestage as listed below:

e The semiconductor devices (IGBTS)
e The power bus bars
e The heatsink
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Power Bus Bars

Heatsink

Switches (IGBTs)

Figure 7.10 Photograph of the CSI power module

7.3.2.1 The Selection of Semiconductor Devices

Normally, the discrete switches made from a IGBT cotatem series with a power
diode are used in a standard CSI and a CSI with seriesaf@citors [73],[120]
Alternatively, devices such as Reverse-Blocking IGBRB-(GBTSs) could be used.
These devices include the series connected diode funatidnwould provide a
simpler and smaller CSI power circuit. RB-IGBTs also mtevilower power
semiconductor losses compared to standard IGBTs as wak gossibility of being
more cost effective with mixed devices configurations [38igure 7.11 shows
photographs of the RB-IGBTs (model IXRA15N120) and the mountiymulaof the
devices on the converter prototype. The specifications ade¢kiees are presented in
Table 7.2

1=Gate
2=Tab=Collector
3=Emitter

(a) (b)

Figure 7.11 Photographs of (a) tiRB-IGBT model IXRA15N120 and (b) the
mounting layout of the RB-IGBTs
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Symbol Description Specification Conditions

Ve Collector-emitter voltage +1200 V max, @25-12%C
25 A max, @ 28C

Ic Collector current 15 A max. @128C

Ve Gate-emitter voltage 20V max, continuous

Ve Collector-emitter saturated voltage gg x [2.95V gg/ng;zé@czgc

(when the device is gated-on) lc =10A: Ve =15V

ta(on) Internal diode turn-on time 17.5 ns
t; Rise time 16 ns typ. ;
taot Internal diode turn-off time 212 ns Inductive load;
t; Fall time 41 ns @125C; Ve =600V,
Eon Turn-on energy 3 mJ lc =10A; Vge =%15V;
Eoi Turn-off energy 01 mJ Re=47Q
Erecint Initial Reverse recovery energy 0.65 mJ
Typ, @125C;
tor Reverse recovery time 300 ns xZE ;16105%/ k=104,
dl/dt=-800A/us
Rinic Thermal resistance (junction to case) 0.65 °C/wW typ.
Rinic Thermal resistance (junction to heatsink) | 0.25 °C/W typ, with heatsink

Table 7.1 Technical specifications of tHiRB-IGBT model IXRA15N120

7.3.2.2 The Design of Power Bus Bar Module

Loop inductance which appears between the bus bars and in the gewee
package can cause high-dynamic overvoltage during fast cononstdv=Ldidt).
Therefore, the distributed inductance throughout the tervesind its components
should be minimised[121, 122]. This section considers theciadoe contributed

from the bus bars.

In this prototype, low inductance bus bars using planae glanfigurations are used
[123, 124]. The total bus bar stray inductance between two pamatidlicting planar
plates that are separated by a dielectric material ngiative permeability.4) can be
approximated using (7.2) and the estimated overvoltage spikg (Is3); where Lis

the total bus bar inductance, it the internal inductance caused by the skin effedt a
the proximity effects; Lis the external inductance depended on the geometry of the
two conducting planar plates; is the permeability of free space = 4nx107 NAZ; w, |,

t are the width, length and thickness of a conducting pkgpectively; }ax is the

maximum possible conducting current.
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LtzLi+Le=%-l+2uourL (7.2)

m(t+w)

Imax
I/O‘UET‘ = Lt (73)

i
m n{tr’tf}IGBT,datasheet

In order to reduce electromagnetic interference (EMNI suppression capacitors
(Cem) are used [125]These capacitors should be large enough to provide a higher
self-resonance frequency (given by the datasheets) than the bus bar resonance
frequency () caused by the bus bar inductance),(Bs expressed in (7.4). The

inductance (L) of the EMI capacitor can be estimated using (7.5).

1
Cemy = L » fr < fo{datasheet} (7.4)

1

¢ (2nfy)*Cemr

(7.5)

With the available information and using (7.4%7uF EMI capacitors (PHE 844R)
were selected. From the datasheet, these capacitora lsaiferesonance frequengy f
of 1.5MHz, which is greater than the calculated bus basnesge frequency; f
(1.32MHz). Using (7.5), the inductance of the EMI capacitaws loe calculated, as
23.95nH.

Figure 7.12 shas the geometrical structure of the 3-phase AC planabhusnodule
used in this prototype. The bus ®a@re made from the copper plates; having the
width, length and thickness (W t) of 60x15&2 mm (see the drawings mppendix

B). The thin layer dielectric sheets (Nomex type410) whih thickness of 0.25mm
andy, of 2.7 are used to separate the copper plates. The EMlessjpr capacitors
of 0.47uF are mounted between the power bus bars. The DC-link basabaralso
made from the copper plates and are located above thbuaars as shown in
Figure 7.12.
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DC-link Bus Bars

AC Bus Bar (A)

Dielectric Sheet

AC Bus Bar (B)

Dielectric Shee

AC Bus Bar (C)

EMI Suppression Capacitors I
(PHE 844R)

Figure 7.12 Geometrical structure of the Power Bus Bars of the pro¢o8S5I+SCaps

7.3.2.3 The Design of Heatsink

In this prototype, a natural air cooling heatsink is useddsigite the power losses
(heat) from the RB-IGBTSs. The term thermal resistang€’®&W) is usually referred

to in the design of heatsink [126127]. Ry, is the ratio of the temperature difference
across the syasin (AT) to the dissipated power (Pp) as defined by (7.6). The heatsink

must have the thermal resistance less than a spedfiieel. v

Ry =L (7.6)

Figure 7.13 shows a simple structure of the CSI power circadule and relevant
parameters where the power module operates with the PV qawetr of 3kW and
dissipates power losses of 47.09W (estimated using theodhetiesented in Section
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6.8). When the ambient temperature of@@nd the maximum temperature of the
heatsink less than 70 are chosen (to ensure proper functionality of power itircu
components which may malfunction at very high temperattine)thermal resistance
of the heatsink calculated using (7.6) should be lower QG4’C/W.

IGBT
(IXRA15N120)

Insulator she

(KOOL-PADS K177) 51.7°C Ry 0.25°C/W

Heatsink
(Aluminum Alloy)

58.89C Ry = 0.40°C/W

<70°C Rivn < 0.64°C/W

Figure 7.13 Structure of the CSI power module and all relevant paraseteen the
converter prototype operates at PV output of 3 kW

An Aluminium Alloy heatsink with a standard extruding configwat{Figure 7.14)
was used in this prototype. The heatsink was split into twetsheith the AC bus
bars placed between them. This structure provides a largeparea, which allows a

larger area for the cooling air to circulate around the p@weuit module.

Air

Figure 7.14 Photographs of the designed heatsink
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7.3.3 Filtering Components

7.3.3.1 The DC-link Inductor

The DC-link inductor is designed to provide current ripplseothan 10% peak-to-
peak at rated MPP. Using (4.16) presented in Section 4.thé.talculated value of
the DC-link inductor is 11.3mH. Two inductors with a value &n@ and designed
by Dr. Junaidi [128] were used in this prototype, which providesatia inductance
of 13mH. Photographs of the DC-link capacitors are shovagre 7.15.

Figure 7.15 Photographs of the DC-link inducto

7.3.3.2 The AC Filters

The AC filter capacitors ({ are designed to ensure that the converter achieves
power factor higher than 0.99 at rated maximum power. Using (4rEEented in
Section 4.5.1.2, the required value gfc@&n be determined. With the designed cut-off
frequency of 1.7 kHz and using (4.19) and (4.20), the requakey of the AC filter

inductors (k) and the damping resistor&Ry) can also be determined:
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(1.67kW)tan (cos™1(0.99)) _
Cr(max) < 6mx50x%(230)2 = 48uF

L = 1
f 7 ax(4.7uF)xn?x(1.7kHz)?

= 1.9mH
Ramp > 27 X 50 X 1.9mH = 0.59Q

In this prototype, polypropylene film capacitors model PH450 (229¥f4.7uF, AC
filter inductors of 1.92mH and damping resistors of 47Q were selected. The
photographs of the AC filter components are shown in FigLiré.

Damping Resistors

’ AC Filter Inductors‘

’ AC Filter Capacitors

Figure 7.16 Photographs of the AC filter components

7.3.4 Series AC Capacitors

Using (5.14) presented in Section 5.3, the required value ie6S&€ capacitors can

be determined:

2(1.6kW) — 160,254

C,> =
57 (2%(2:50)2x1.9mHx 1.6kW)+ 3% (27)x0.8(V1—0.82)

In order to minimise the construction cost of the expemtalgest-rig, the AC motor
capacitors of 33uF with an over voltage rating of 640Vy (available in the lab) were
adapted to be used. Five capacitors are connected in pdtateprovide total

capacitance of 165uF/phase as shown in Figure 7.17. Since the voltage rating of the
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capacitorsis 4.5 times larger than the AC voltage rating, a vergdacapacitor
volume of 19x29x18 (WxLxH in cm) = 9918 &mesulted. In practice, much smaller
capacitors can be used, e.g. general purpose AC capanided GP84-416.84 with
the capacitance of 175uF/phase at 250Vy [129] can have a total volume of
3x6.5x6.5x15 (WxLxH in cm) = 634 cinwhich is 15 times smaller than the ones

used in this prototype.

Figure 7.17 Photographs of the series AC capacitors

7.4 Interfacing Circuits

7.4.1 Gate Drive Circuit

In this experiment a gate drive circuit designed by Dr. oer and Dr. Junaidi
[101] was used with some modifications. Figure 7.18 showscaitcdiagram of the
gate drive circuit for each IGBT. An optocoupler (HCPL3120) edu® individually

receive a control input PWM signal from the FPGA (0V dated-off and +3.5V for
gated-on), which then produces an output control signalite the IGBT (-15V for
gated-off and +15V for gated-on). The optocoupler also previte galvanic
isolation between the input and the output signals. A 15Q gate resistor is used to limit

gate circuit resonances and control the flow of gateeotiinto the device.
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+3V HCPL-3120 Vo= +15V
| s
3V ; 0.1uF~= C_) 150
] 2 i 7} » Output
, 7] o]
Control Input ? 15 EIJ (£15V)
(0-3.5V) ; I— TolIGBT
From FPGA i Q
E 5
47 Vee=-15V

Figure 7.18 Circuit diagram of the gate drive circuit for eaamgée IGBT

Figure 7.19 shows the complete gate drive circuit board ctethéo the IGBTs on
the power module. This board was actually designed to digée BEEBTs with auto-
inverted output signals between IGBT pairs (e.g. +15V output Sgy will
automatically give -15V output for,$. However in this prototype, only six gate
drivers are used since there are only six RB-IGBTs useceipdiver module. Each
driver on this board is also modified to be controlladependently in order to
facilitate the implementation of the overlap-time fbe CSI modulation in the FPGA
(see Section 7.5.2). The gate driver board is supplied bygée st5V source, which
will be shared and converted into +15V for the optocoupleisg miniature DC/DC
converters (NMAO0515SC). Zener diodes [BZX79-C18] are used todaNGBT

destruction by gate-emitter over voltage.

Gate Drive Circuit

Optocoupler
(HCPL-3120)

Control Inputs
(from FGPA)

DC/DC converter
(NMAQ515SC)

Zener Diode
(BZX79-C18)

B

,,

Ty i)
)

Control Outputs
(to IGBTS)
Ry

Figure 7.19 Photographs of the gate driver circuit board
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7.4.2 Measurement Circuits

7.4.2.1 AC Voltage Measurement Circuits

There are two types of AC voltage measurement circsis un this converter. Each
circuit is comprised of three voltage transducers, whiehused to measure the 3-
phase voltages. The first circuit is constructed basedhe technology of voltage
dividers with electrical isolation (designed by Dr. Klumep [101]). The circuit is
used to measure and convert phase to neutral grid voltegS&50V,eay into a level
of 5V suitable for the controller (FPGA) to processheTsecond circuit is
constructed using the commercial transducers (LEM LV25qR)isiused to measure
the voltage at the AC side of the CSI PWM bridgeuwirand is designed to have the
similar measuring capability to the first circuit. Thetadled design for the first
voltage measurement circuit can be seen in [101]. Thendedccuitis explained in

this section.

Figure 7.20 shows the circuit diagram of the AC voltagesomeanent circuit using
the transducers (LEM LV2B). An input 50kQ resistor (5W) produces 7mA
maximum primary current for the AC input voltage of £35QW With the conversion
ratio of the transducers of 1:2.5, the maximum currenhetssecondary side will be
17.5mA. Using a 200Q resistor at the secondary side, the output voltage within the
range of +3.5V will be produced. Figure 7.21 shows the photograple afoltage
measurement circuits: one is placed close to the AC gddlze other to the inverter
main body. It is noted that the 200€2 resistors are not shown in the picture, since these

resistors are placed on the FPGA board.

LEM LV25-P AC Output
AC Input 50k ——— £3.5Vpea
+350Vpeak tHT—AAN E—
HT —>
o 0+15V
° ‘ M ls 2002
X E} Lo AAAN—A—o oV
T_ 0-15V

Figure 7.20 Circuit diagram of the AC voltage measurement ciragihg LEM
LV25-P voltage transducers
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\oltage Measurement Circui
(Voltage Divider)

......

Inside the box

(LEM LV25-P)

\oltage Measurement Circﬁit

Figure 7.21 Photographs of the AC voltage measurement circuits: usibage
divider technology and using commercial LEM LV25-P voltagesducers

7.4.2.2 DC \oltage and Current Measurement Circuit

The DC voltage and current measurement circuits are usete&sure the output
voltage and current of the PV emulator. These measuréalyechnd current are used

by the controller for the DC-link current control.

The LEM LV25-P transducer is used for the DC voltage measimeaircuit. Hence,
a similar design method presented in Section 7.4.2.1 can beWgkdhe maximum
DC-link voltage value of 500Makand the use of a S0kQ resistor at the primary side

results in a 10mA current drawn in the primary side. Wi ¢onversion ratio of
1:2.5 of the transducer, a 25mA current will be drawn in the secpsite, which is

then converted to voltage with the range of +4.675V by a 187Q resistor.

For the DC current measurement circuit, a current drieces LEM LAS5-P is used to
measure the maximum DC current of +1g4A In order to maximise the measuring
resolution to be close to the transducer’s full rating (55A), three primary turns are

used on this transducer, which will produce the total primary duaefd5Aseak as
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shown in Figure 7.22. With the transducer conversion rdtio1®00, the +45mpeax
current will be drawn at the secondary side. With the use of 100Q resistor an output
voltage in the range of £4.5V is achieved. Figure 7.23 showstagtaph of the DC
voltage and current measurement circuit. The circiypiased on the DC side of the

prototype CSI+SCaps.

Input Current
+15
Fpank Output
+4.50V,eax
—
D)) |+ os15V
*3 Mo s 100
S L o——(HAAA~—O OV
])_ 0-15V
¢ LEM LA55-P

Figure 7.22 Circuit diagram of the DC current measurement circuit

DC Voltage Transducer | pc current Transducer
(VL25-P)

P T L TR RE S 4 5y o |

(a) Frontside (b) Left side

Figure 7.23 Photographs of the DC voltage and current measuremeuit cir
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7.5 Control Circuits

7.5.1 Overview of the Control Platform

Figure 7.24 shows a diagram of the control platform fer glhototype CSI+SCaps.
The core controller consists of a Digital Signalo¢&ssor (DSP) and a Field
Programmable Gate Array (FPGA). The DSP is used as eatprnicessing unit that
performs the functions associated with mathematicalutzlons and processing
control commands. The FPGA is used as an interfacing that converts the
analogue signals from the voltage/current measurementitsirinto digital signals
suitable for the DSP. The FPGA also sends the contteépwout to the gate drive
circuit as the commands of the DSP as well as providing sadeation for the
prototype using programmable overvoltage/current protection. Theutemis used
as a programming workspace for editing, debugging and uploading tieums for
both the DSP and FPGA as well as being a host interfachdqrototype via a Host
Port Interface (HPI) daughter card.

Computer V(abg

D <] FPGA

AC Voltage Measurement Circuit (

V. s(ab i
HCS'( 9 ACVoItageMeasurementCircuit(#

V,
dc—‘ DC Voltage Measurement Circuit
I
dc;’ DC Current Measurement Circuit ‘

R

é Y A
Circuit >
DSP Interfacing Cardie«—»{ DSP <

Note cables( ) will be used only for reading or uploading the
program source codes; they are not used for normal operation

Figure 7.24 Overview of the control platform of the prototype CSI+S€ap
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7.5.2 DSP Board

In this prototype, the DSP board module TMS320C61713 [130] is used. FiQ&re
shows a photograph of this board. The control methodolajiesstandard CSI and
the CSI+SCaps presented in Section 4.4.2 and Section 5tB6.2ntarpreted and
implemented on the DSP using the C language codes throughkedtw CCstudio 3.1
code composer.

Core Chip
C6713 DSH

TMS320C6713 DSK Boar#

|
-
-
-
g
=
-~
l’j‘
r

‘ HPIExpansion
Expansion Connectors Connector
+5V Power Supplﬁ USB Host Interface Connector (ToFPGA)

(not useif HPI Connector is usef)

Figure 7.25 Photograph of the DSP board

7.5.3 FPGA Board

An FPGA board (Figure 7.26) which was designed by Dr. Lee Em@mgind Dr.
Liliana de Lillo, of the PEMC group in the University of Naggham, is used in this
work. The FPGA board operates with fixed clock frequerfc¥0dMHz and provides
10 channels of 12-bit analogue to digital converters (ADG& #5V analogue signals
are converted into 0 to 2.5V, which are required by the AD€lLiits. The fault trip
level for each ADC channel can be set individually usingp@aiboard potentiometer
and comparator circuit.
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Program Enable
Switch

Program Reseg
Switch

Analogue Input
Signal Connecto

FPGA Board Resistors

-------

Core Chip ProASIC3

(208-Pins)

(b)

Output Gate
Control Signal Connectar

Output Gate Contro
Signal Ribbon Cablg
(to Gate Driver)

Figure 7.26 Photographs of (a) the FPGA board and (b) its connections

The Actel Libero IDE v.8.0 program is used to create ant tbdi control source

codes of the FPGA using Very-high speed Hardware Descripinguage (VHDL).

The most popular and easiest technique is to use the sahemabr tool, which

allows the users to build their own circuit schematidésgustandard components from

the program library or user defined components. Then timplete schematics can be

converted later into VHDL using the program complier. In thizrk the FPGA

schematic code for the Space Vector Modulation (SVM) fohrae-phase voltage

source inverter (VSI) developed by Dr. Liliana de Lillo isdifE31]. However, some

modifications are needed in order to be used for the-fiinase CSI.
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Figure 7.27 presents the first modification, which is requi@ separate the gate

control signals for each switch to be independent rati@r sharing the command

signals as previously used for the voltage source inv@rt&) applications.

DT[7:0]
RESET

PWM_IN[5:0]
cLoCK

DEAD_TIME

Clock
PWM_IN[O]
P_Reset
DT [7:0]

Out

ENABLE

DEAD_TIME

Clock
PWM_IN[1]
P_Reset
DT[7:0]

Out

DEAD_TIME

Clock
PWM_IN[2]
P_Reset
DT[7:0]

Out

DEAD_TIME

Clock
PWM_IN[3]
P_Reset
DT[7:0]

Out

DEAD_TIME

Clock
PWM_IN[4]
P_Reset
DT[7:0]

Out

DEAD_TIME

Clock
PWM_IN[5]
P_Reset
DT[7:0]

Out

(a) Original schematic

RESET

PWM_IN[5:0]
CLOCK
OVLAP_TIME

+— Clock Out
PWM_IN[0]
P_Reset

ov[7:0]

OVLAP_TIME

t— Clock Out
PWM_IN[1]
P_Reset

ov[7:0]

OVLAP_TIME

t— Clock Out
PWM_IN[2]
P_Reset

ov[7:0]

OVLAP_TIME

— Clock Out
PWM_IN[3]
P_Reset

oV [7:0]

OVLAP_TIME

t—] Clock Out
PWM_IN[4]

P_Reset
ov[7:0]

OVLAP_TIME

~— Clock Out
PWM_IN[5]

P_Reset

ov[7:0]

ENABLE

(b) modified schematic

Figure 7.27 Comparison of (a) original schematic and (b) modiiedematic for the
FPGA code in order to achieve independent gate control siggwuired for the CSI

The second modification is shown in Figure 7.28. The FPGwraatic is modified

for the implementation of the overlap time for th8l@ather than the implementation

of the dead time which was used for the voltage sourceten@/Sl) in the previous

work (see more details about the overlap time and the teadin Section 4.3.1-

4.3.2).
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COMPAR_8BITS DFNOCO
DT[7:0] DataA[7.0] AEB D Q|—> sw_our

DataB[7:0] —d CLR
CLK
COUTER_8BITS
PWM_IN —{ Enable QI[7:0]
ACIr PWM_IN
P_RESET — Clock P_RESET,

ACIr
CLOCK Enable

D
CLR

sw_out

DEAD TIME=DT[7:0]

(a) Original schematic (dead time implementation)

COMPAR_8BITS DFNOCO
0oV[7:0] AEB D Q> sw._out

DataA[7:0]

DataB[7:0] — CLR
CLK
COUTER_8BITS
PWM_IN ;D. Enable Q[7:0]
ACIr PWM_IN

P_RESETy Clock P_RESET,

ACIr
CLOCK Enable

D
CLR

sw_out

OVERLAP TIME=0V[7:0]
(b) Modified schematic (overlap time implementation)

Figure 7.28 Comparison of (a) original schematic and (b) modifiedematic for the
FPGA code in order to achieve the overlap time implememntdoir the CSI

7.6 Protection Circuit

Figure 7.29 shows the circuit diagram and a photograph ofdhgpccircuit, which is
used to limit high voltage spike caused by the demagnetisafiaihe DC-link
inductors during shutdown the prototype CSI+SCaps (e.g. during daudiitions).
The circuit consists of two power diodes, two capacimi two resistors. The diodes
are used to control the direction of current flow durirggdemagnetisation whilst the

capacitors and resistors are used to restore and réheaseergy during and after the
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demagnetisation of the DC-link inductors. The clamp cirauiplaced between the
DC input of the CSI power module and the DC-link inductorss hoted that the
reverse DC current blocking circuit, which is used totad the direction of the

current flow (from PV emulator to the inverter), is atsmwn.

‘ DC Capacitors (4@F) ‘

Reverse DC currer
g Blocking circuit

-

Positive DC-link Rail

[ O

/
Resistors (33R)
3 Diodes (RHRP30120iD)
33k [ ; SE R ey

Connected to +/MBC-link inductors

33k

Clamp circuit/
terminals

-

[ O -

Negative DC-link Rail

‘ +/- Input PV terminalq

@ (b)

Figure 7.29 DC-link clamp circuit: (a) the circuit diagram and (b) phatgahs of the
DC-link clamp circuit shown the inside view (top right) and tutside (bottom right)
of the cover box

7.7 Three-Phase AC Electrical Networ k

Figure 7.30 shows the photographs of three-phase AC e#&atabwvork connection.
The main circuit breaker, known as Residual-currentuitii8reaker with Overload
protection (RCBO), is used to limit current (trip when a entrrover than its rating of
32A flows and provide earth leakage protection). The emergao@yswitch is used
to cut-off all power when pressed. The power ON/OFF switch Bd u®

enable/disable the power from the AC power supply. The threseplaaiac is used to

vary the supply voltage amplitudes, which is used to obseesgdrformance of the
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converter prototype under the supply (grid) voltage deviatianthls work the
electrical network operates at its nominal voltage of 230V/50Hz.

3-Phase
Connectors

.- <

ower ON/OFF
| Button Switch

3-PhaseVariag

Figure 7.30 Photographs of the three-phase AC electrical network

7.8 Summary

This chapter presents the detailed design and constrwdtibe experimental test-rig,
which has been used to experimentally validate the perforntdribe proposed CSI
with series AC capacitors (CSI+SCaps) in comparisonatstandard CSI. The
experimental test-rig consists of four main elementsP¥ieemulator, the prototype
CSI+SCaps, the interfacing and control circuits andthnee-phase AC electrical

network.

The PV emulator is used to be a PV source providing outputies#characteristics
similar to the actual designed PV array built from fotrmgs of fourteen series
connected PV panels (model BP SX30). The PV emulator cemdisivo elements: a

programmable DC power supply (model SM300-10D) and an analogueolcont
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circuit. The power supply generates desired output voltagehaving a maximum

output current limited as commanded by an analogue contolitciThe analogue

control circuit is made of a small scale PV equivalerudairthat can produce control
signals similar to the PV characteristics to program a D&epgupply. The analogue
control circuit includes also the test condition sehgccircuit, which allows different

sun irradiance conditions to be tested and facilitdiesevaluation of the prototype
CSI+SCaps in terms of the European efficiency.

The prototype CSI+SCaps is designed to operate as both th&s@fps and a
standard CSI. The prototype consists of the power circuitluteo the filtering
components and the series AC capacitors. The powerntcmodule is constructed
from six RB-IGBTs, low stray inductance power bus bars \iité planar plate
configurations and air cooling heatsinks. The filtering comptmare included of the
split DC-link inductors on the DC side and the LC filters vi#imping resistors at the
AC side.

The interfacing and control circuits consist of théegdrive circuit, the voltage and
current measurement circuits, the DSP and FPGA, the HPI @aucgrd and the
computer. The gate drive circuit produces suitable gatag®ltevels to operate the
RB-IGBTSs, limits gate control current and provides electrisalation between the
controller and the power module. The voltage and currezdsarement circuits
measure the voltages and currents required by the cordrfileusing in the control
programs. The DSP is the central processing unit tmatins in all mathematical
calculations and processing control commands. The FP@&#e igiterfacing unit that
converts the measured analogue signals from the voltadjewlrent measurement
circuits into digital signals suitable for the DSP to pss The HPI daughter card is
the data interfacing port for sending and receiving thmensands or data between the
DSP card and the computer. The computer is the programmingpaoekghat allows
the users to create, to edit, to compile and to upload theotprograms for the DSP
and FPGA.

The three-phase AC electrical network consists of aetptese variac, a circuit
breaker, a power on/off switch and an emergency stop switehthree-phase variac

allows the supply voltage level to be varied, which is usexbserve the performance
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of the prototype under supply voltage deviation. A circuit keealisconnects the
experimental test-rig from the power network if a curf@gher than its rating (32A)
flows. A power on/off switch is used to enable/disable gbhever from the power

supply. An emergency stop switch is used to cut-off all teepavhen pressed.

In addition, the DQAink clamp circuit is placed between the DC input of the prototype
CSI+SCaps and the DC-link inductors. The circuit is used td D€-link voltage
spike caused by demagnetisation of the DC-link inductorsnglushutdown the

prototype.
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Chapter 8

Experimental Results

This chapter presents the experimental results obtaiped the test-rig designed in
Chapter 7. Results are presented in two sets. The @étsissused to verify the
functionality of the test-rig. The second set is usedxperimentally evaluate the
performance of the CSI with series AC capacitors @H+SCaps), which is the novel
topology for transformerless, grid-tied PV applicationspmsed in Chapter 5. The
results are compared to the standard CSI topology amdusisd to validatehe

simulation results given in Chapters 5 and 6.

8.1 Test-Rig Verification

As presented in Chapter 7 the experimental test-rig cegguaf four main elements:
the PV emulator, the CSI+SCaps prototype, the interfacingcanttol circuits and
the 3-phase electrical network. This section providesettperimental results which

verify the functionality of these elements in comgan to the design specifications.

8.1.1 PV Emulator

As described in Section 7.2 the PV emulator operates amalator of the PV source
for the test system. The emulator is designed to genéhe output voltage, current
and power as specified by the PV characteristic curvesrsiioSection 2.7.4. Figure
8.1 shows the test circuit diagram which was used to véré#yPV emulator. Figuse
8.2 and 8.3 show the experimental results which can be cedhpath the design

specifications.
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pv

|

+

v
PV Emulator | V,, 1 Rioad

0-672Q

Figure 8.1 Circuit diagram used to verify the PV emulator

10 -

Design Specifications

Sun irradiance —e— Experimental Results

100%

| v (AMps)

o 9% 5o 100 150 200 250 300 350

Vy (Volts)

Figure 8.2 Experimental results for the PV emulator and desigoifpation -V
characteristic curves at varying sun irradiance levetere \, is the output PV
voltage andy is the output PV current
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Figure 8.3 Experimental results for the PV emulator and desigoitpation PV
characteristic curves at varying sun irradiance levetere \, is the output PV
voltage and R is the output PV power

It can be seen from Figures 8.2 and 8.3 that the PV emuldiilnite output current,
voltage and power profiles similar to the design speciticath very close match can
be observed at 5%-50% sun irradiance levels. However, aerh&n irradiance
levels (70% and 100%) the PV emulator has a PV current whiaysl@sore rapidly
and has a higher current at high voltage than the sgeafin as shown in Figure 8.2.
This has an effect on the higher PV output power when cadp@ the design
specification as shown in Figure 8.3. The difference betweeaxperimental results
and the design specifications at high sun irradia@eeld is caused by the non-linear
characteristics of the components used in the analogtelkoincuit of the emulatar
For example, the power MOSFET (STP36NFO6L) which is used teedba current
of 0-10A into a control signal of 0-5V will begin to l&wa nonlinear relationship
when operating above 4-5A (see more details in Section 7.B@)ever, this
difference will not affect the evaluation of the CS@Baps topology and a standard
CSI topology as the same PV emulator will be used foh leatcuits. Therefore

comparable results can be obtained.
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Figure 8.4 shows the experimental waveforms of output P¥ageI(\,) and output

PV current (§,) of the emulator when sun irradiance levels changéepssrom 5%
to 100% and from 100% to 5% whilsp& is fixed at S6Q.
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Figure 8.4 Experimental waveforms of output PV voltaggfJ\and output PV current
(Ipy) of the PV emulator when&yis fixed at 56 and sun irradiance levels change in
steps from 5% to 100% and 100% to 5%

It can be seen from Figure 8.4 that the PV emulator aaaupe stable and consistent
output PV voltage and current waveforms for each constamtirradiance level and
can provide continuous output waveforms when sun irradilveds change. Stable
and consistent output waveforms from the PV emulater iemportant for the
experimental tests as one may need to repeat testsciicspperating points or test
for long periods of time (e.g. inverter efficiency testsSection 8.2.4). Continuous
output waveforms from the PV emulator will provide a realisehaviour similar to
an actual PV source. The short drops in the output wawsfduring the transitions of
sun irradiance levels of the emulator are caused bywdap of two switches on the

analogue control circuit board of the emulator (seeendetails in Section 7.2.3).
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8.1.2 CSI with Series AC Capacitors Inverter Prototype

As presented in Section 7.3 the CSI with series AC capadi€SI+SCaps) prototype
is the main focus of the experimental testing. The invgrtetotype is designed to
convert and transmit power from the PV emulator into a 280V/30tee-phase grid
connection. The inverter prototype is also designed to opasatestandard CSI so
that comparable test results can be produced. Figure 8.5 sxpesmental set up
used to test functionality of the inverter prototype togethen wie interfacing and

control circuits.

+ + | t
nverter
Y'Y
PV Emulator |V, Vie|  prototype N
- - [T

LI Tanr Rioad

(56Q/ph)
Standard CSI 1i=0.8
* SVM Modulation e

3-phase AC references

Figure 8.5 Circuit diagram used to verify the CSI+SCaps inverter prp&oty

In the circuit shown in Figure 8.5, in order to simplify ttesting of the inverter
prototype, the inverter is operated as a standard CSI andngaed to a three-phase
resistive load rather than directly to the grid in ortterallow simple open-loop
control to be used. The inverter operates with a fixed tatidn depth (m*=0.8) and
with standard CSI SVM modulation (see Section 4.3.2), whictergeées more ideal
gate control signals and therefore allows good compiso be made with the
simulation results. The corresponding experimentaltsesbtained from the inverter
prototype when operating at 10% sun irradiance and a compddsthe simulation

results are shown in Figure 8.6.
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Figure 8.6 (a) Simulation and (b) experimental results of ti#«SCaps inverter
prototype when operatingsa standard CSI with the modulation depth of 0.8 at 10%
sun irradiance

It can be seen from Figure 8.6 that the inverter prototyp@maide similar results to
the simulation. The prototype produces sinusoidal and in phasgeforms of the AC
load voltage and the AC load current as expected for stz VSM modulation.
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The output AC load current amplitude is 0.65A with an inpétcBrrentof 0.8A (see
Figure 8.4), which gives a modulation index of 0.81. This resrfirms the proper

operation of the inverter prototype.

Figure 8.7 shows the experimental results of the inverter ppstotvhen sun
irradiance changes from 10% to 20% and from 20% to 30%nlbeaseen that the
inverter prototype can provide continuous and stable output AC leadfarms for

each constant sun irradiance level and during transitioms small drop in the load
voltage and current during the transition are caused bglapvin the switches as

explained in Section 8.1.1.
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Figure 8.7 Experimental results of the inverter prototype when dperander the
sun irradiance changes from 10% to 20% and 30%

8.2 Evaluation of the CSI with Series AC Capacitors

In this section the experimental results obtained ftbentesting of a complete grid-
tied PV system with the CSI+SCaps topology (shown in Ei@u8) are evaluated in

comparison to the standard CSI topology. The resultprasented in four sets. The
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first set is related to safe operation of the topoldgyng start-up and shutdown. The
second set and the third set of results are the penficemaf the topology when
operating at normal grid voltage and at low grid voltage résjede The forth set of

results is the efficiency evaluation for the topology

13mH E

[Ym .
I . lomy 16%F T Power grid
fnmn Il
PV V. Inverter oSN I
Emulator Prototype M T =
- 111 "n S
| LI Tawnr v

PWM Signal Generator

i
I* o —»@—{ PI Controller ‘

Figure 8.8 Diagram of the grid-tied PV test system based CSI+SCap®tmpp

8.2.1 Performance during Start-Up and Shutdown Conditions

This section presents converter performance related tcsafee operation of the
CSI+SCaps topology during start-up and shutdown testsmpanson to a standard
CSI topology. The same circuit components and Pl-ctetrare used for both
topologies so that the results can be directly coatparigures 8.9 and 8.10 show the
experimental results of the CSI+SCaps topology and taedard CSI topology

during the start-up and shutdown tests.
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Figure 8.9 Experimental results for (a) the standard CSI togghnd (b) the

CSI+SCaps topology during start-up at time= 10€ens
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Figure 8.10 Experimental results for (a) the CSI topology andie)CSI+SCaps
topology during shutdown at timel OOmsec
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Asit can be seen from Figure 8.9 both the CSI+SCaps toypalod the CSI topology
can operate safely during start-up with low DC-link voltage andentiovershoots
(Vae< 450V and §< 4A) compared to the ratings of the switches (1200V and .25A)
The CSI+SCaps topology has slightly higher DC-link voltagée current overshoots
and a slower dynamic response than the CSI topology, idicéwused by the large
series AC capacitors (1ab) used in the AC circuit of the CSI+SCaps topology.
However, the CSI+SCaps topology has a lower DC-link cumippte than the CSI

topology.

As it can be seen from Figure 8.10 both the CSI+SCapsagpand the CSI
topology have higér DC-link voltage and current overshoots during shutdown
compared to start-up. However, both topologies can prosade operation as the
voltage and current overshootf/900V and §.< 15A) are lower than the ratings of
the switches The high voltage and current overshoots are caused by the

demagnetisation of the large DC-link inductor (13mH) used ob@side.

8.2.2 Performance during Normal Grid Voltage Conditions

This section presents the experimental results fer@BI+SCaps topology and the
standard CSI topology when operating under normal grithgel conditions. The
results are presented in three sets. The first armhdesets show the steady state and
dynamic operation of the topologies under constant swadignce. The third set
shows steady state operation under different sun amadi levels. The Minimum
Switching Voltage (MSV) control (see Section 5.3.2.1) isluse both the topologies

in these tests.

8.2.2.1 Steady State Results under Constant Sun Irradiance

As mentioned in Section 3.1 grid-tied PV inverters are reduio operate at the
maximum voltage, current and power ratings of the PV sduorcgroper connection
compatibility between the PV source and inverters. Under alognd voltage and
constant sun irradiance, the maximum voltage ratingh®fRV source is the open-

circuit PV voltage and the maximum current and power ratang@ the current and
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power at the maximum power point (MPP) of the PV sources 3éution presents the
experimental results for the CSI+SCaps topology andtdredard CSI topology when
operating close to these maximum PV ratings.

Figures 8.11 and 8.12 show the experimental results for thetp@sloperating close
to the maximum PV voltage ratings (OP1) and at the MPP (OP2) &odérsun
irradiance. The frequency spectrum of the supply curmeaweforms for each
topology at OP1 and OP2 are shown in Figures 8.13 and 8.14. Theredkas
magnitudes of the waveforms in Figures 8.11, 8.12, 8.13 and 8.14mameasised in
Table 8.1.

M easur ed OP1 OP2

Par ameter Standard CSlI | CSI+SCaps | Standard CSI | CSI+SCaps
Ve (e 456V 419V 463V 381V
V e (average) 271V 283V 246V 251V
% | de (peak) 5.2A 4.2A 6.9A 5.2A
Q | de (average) 1.7A 1.7A 3.2A 3.2A
AL ripple(peak-peak) 5.4A 4.1A 6.2A 3.2A
Puc (average 461W 481W 787TW 803W
Vsgms 161V 162V 163V 162V
Vesi (s 163V 156V 163V 138V
% Isems 1.1A 1.2A 1.7A 2.2A
g: Power Factor 0.86 0.84 0.98 0.78
|'s (fundemental) 1.56A 1.69A 2.40A 3.11A
|'s(THD) 18.5% 13.5% 15.6% 7.8%

Table 8.1 Measured magnitudes of the waveforms in Figures 8.11 to 8.14
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Figure 8.11 Experimental results of (a) the CSI topology and (b)@$I+SCaps
topology operating at the point close to the maximum Plage rating (OP1)
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Figure 8.12 Experimental results of (a) the CSI topology and (b)@I$I+SCaps
topology operating at the maximum PV current and power HOIRR)
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It can be seen in Figures 8.11 to 8.14 and Table 8.1 that:

The experimental waveforms in Figures 8.11 and 8.12 agreehsitiesultof
the operation principles presented in Section 5.5.1 and atiowlwaveforms
shown in Figures 5.22 and 5.24.

As expected, in Figure 8.11, the CSI+SCaps topology andtaheasd CSI
topology provide similar waveforms when operating closeht maximum
PV voltage rating (OP1); wheas the CSI+SCaps topology draws low PV
current (1.7A) and produces only insignificant voltages adtusseries AC

capacitors.

At the maximum power point (OP2), the CSI+SCaps topologysitagher
PV current (3.2A) and produces higher voltages across thiessAC
capacitors. These voltages are used to reduce the ACditdges (V) for
the CSI+SCaps topology, as shown in Figure 8.12. In contilast,CSI
topology has the same-y/levels to the supply voltage leveld}V

When both operating points are considered, the CSI+SGppl®gy has more

advantages than the standard CSI topology because it has

Lower peak DC-link voltage (381-419V) than the CSI (456-463V) and

therefore a lower voltage stress on the circuit coraptenthan the CSI.

O

o Lower peak DC-link current (4.2-5.2A) than the CSI (5.2A-6.94) a

thus a lower current stress on the circuit componeatsttie CSI.

o Lower peakto-peak DC-link current ripple (3.2-4.1A) than the CSI
(5.4-6.2A) and therefore a better input power quality armvadlg the

use of a smaller DC filter inductor than the CSI.

o Lower supply current THD (7.8-13.5%) than the CSI (15.6-18 .&f¢)
therefore a better output power quality than the CSlstasvn in
Figures 8.13 and 8.14.

The CSI+SCaps topology has some disadvantages when remhipahe CSI
topology in that it has higher fundamental supply currént-8.1A) than the
CSI (1.6-2.4A) and a loar power factor (0.78-0.84) than the CSI (0.86-0.98).

These characteristics lead to the need for slighttyetawires for connection
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to the power transmission network for the CSI+SCaps topolfen
compared to the CSI topology.

8.2.2.2 Dynamic Results under Constant Sun Irradiance

Figures 8.15 and 8.16 show the simulation and experimentaltsreful the
CSI+SCaps topology and the standard CSI topology ameaaZ0% sun irradiance

In order to observe the dynamic response of the topolaiiedV current is stepped
up from 0.5A to 1.5A atitne=100ms and from 1.5A to 3.0A at time=200ms and then
decreasing from 3.0A to 1.5A amme=300ms and from 1.5A to 0.5A ate=400ms.
The circuit components and parameters used in both théasiomuand experimental
tests are the same as ones shown in Figure 8.8. It cegebefrom Figures 8.15 and
8.16 that:

e The converter prototype provides similar results to the simulatithe
CSI+SCaps topology and the standard CSI topology cak tiasely the
change of the DC-link current reference and reach thedéwalues in steady

State.

e With the use of the same circuit components and aoRtraller both the

experimental results and the simulation results shatv th

o The CSI+SCaps topology provides slower dynamic response
compared to the standard CSI topology. This would becteflein
more fluctuations during transients and longer settling tifoeghe

CSI+SCaps topology when compared to the standard CSI.

o The CSI+SCaps topology provides lower DC-link current/voltage
ripple and lower peak DC-link voltage compared to the standard CSI
Additionally, the CSI+SCaps provides lower line current THD,
especially at higher loads (3.0A at the time duration betva8®ms
and 300ms).
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Figure 8.15 Simulation results of (a) the CSI topology and (l&) @51+SCaps
topology operating under 70% sun irradiance and PV currepg §tam 0.5A to 1.5A
at time=100msc 1.5A to 3.0A atime=200m=¢ 3.0A to 1.5A at time=300nes and
1.5A to 0.5A atime=400msc
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Figure 8.16 Experimental results of (a) the CSI topology and (b)A@SI+SCaps
topology operating under 70% sun irradiance and PV currepg §tam 0.5A to 1.5A
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8.2.2.3 Steady State Results at Different Sun Irradiance Levels

Performance of the CSI+SCaps topology when operatingeru constant sun
irradiance has been evaluated in Sections 8.2.2.1 and 8Tha 2ection presents the
performance of the CSI+SCaps topology in comparisaihé standard CSI topology
when operating under different sun irradiance levetsa®/ state operation of the
topologies at the MPP for each sun irradiance levegksted. Figures 8.17 to 8.21
show the experimental result$ the MPP under 5%, 10%, 20%, 30% and 50% sun
irradiance. The frequency spectrums of the supply cus@neforms from Figures
8.17 to 8.21 are shown in Figures 8.22 to 8.26. The measured magrufuthes
waveforms in Figures 8.17 to 8.21 and Figures 8.22 to 8.26 are swedhariTable
8.2.

Inverter M easur ed Sun Irradiance L evel Unit
Topology Par ameter 5% 10% 20% 30% 50%

V dc (average) 203.8 | 209.9 | 217.6 | 232.1 236 V
| dc (average) 0.702 1.1 1.85 2.42 3.52 A
Pdc (average) 143 231 403 562 831 W
n Ve (peak) 443 449 449 449 468 Vv
© | de (peak) 3.1 4.1 5.7 6.6 7.6 A
8 Al ripple peakpeiy | 441 | 5.31 | 6.88 7.5 7.19 A
= Vs(rms 160.8 162 161.6 | 161.7 | 163.1 V
n IS (rms) 0.696 | 0.855 1.11 1.33 1.8 A
Power Factor 0.42 0.48 0.67 0.8 0.92 -
| s (fundamental) 0.61 0.74 1.08 1.51 2.26 A
| s(THD) 18.9 19.4 23.6 21.5 18.6 %
V dc (average) 204 215 220 234 236 V
| de (aver age) 076 | 1.08 | 1.82 2.4 3.56 A
Pyc (average) 155 232 400 562 840 W
0 V de (peakd) 405 393 386 386 380 v
& | e (peak 3.2 3.2 4.1 4.8 6.0 A
@5 Algeripple peakpea) | 4.38 | 4.38 | 469 | 469 | 4.38 A
)] Vs(mg 160 160 161 163 163 V
© s (ms 0.86 | 1.07 1.4 1.72 | 232 | A
Power Factor 0.33 0.42 0.56 0.64 0.715 -
| s (fundamental) 0.97 1.26 1.79 2.30 3.18 A
I's(thp) 27.3 23.8 16.8 11.3 7.2 %

Table 8.2 Measured magnitudes of the waveforms in Figures 8.17 to 8.26
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Figure 8.17 Experimental results of (a) the standard CSI topoégl/(b) the
CSI+SCaps topology operating at the MPP under 5% sunareali
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Figure 8.18 Experimental results of (a) the standard CSI topoéogly (b) the
CSI+SCaps topology operating at the MPP under 10% sunaineeli
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Figure 8.19 Experimental results of (a) the standard CSI topoéogly(b) the
CSI+SCaps topology operating at the MPP under 20% sunaineeli
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Figure 8.20 Experimental results of (a) the standard CSI topoéogl (b) the
CSI+SCaps topology operating at the MPP under 30% sunaineeli
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Figure 8.21 Experimental results of (a) the standard CSI topoégl/(b) the
CSI+SCaps topology operating at the MPP under 50% sunaineeli
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Figure 8.22 Frequency spectrum of the supply curregt\{laveform in Figure 8.17
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Figure 8.23 Frequency spectrum of the supply curregt\ilaveform in Figure 8.18
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Figure 8.24 Frequency spectrum of the supply curregt\lavefam in Figure 8.19
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Figure 8.26 Frequency spectrum of the supply curregt\laveform in Figure 8.21

It can be seen from Table 8.2 and Figures 8.17 to 8.26 that:

e The average input voltage &), current (§) and power (R) are similar for
the CSI+SCaps topology and the standard CSI topolbglyle 8.2 confirms
that both topologies operate at similar PV points. Thhs, experimental

results obtained from them both can be directly casgpand evaluated.

e Both the CSI+SCaps topology and the CSI topology can pecsilcusoidal
output AC current waveforms for all of the operating poias shown in
Figures 8.17 to 8.21.

e The CSI+SCaps topology hadower peak input DC-link voltage (380-405V)
than the standard CSI topology (443-468V) for all the opeyagtbints. This
leads to lower voltage stress on the circuit devicestlfier CSI+SCaps
topology compared to the CSI topology. Moreover, wherofierating power
increases (increase in sun irradiance), the CSI+S@audogy providesa

lower peak DC-link voltage than the standard CSI topology
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The CSI+SCaps topology has a lower peak input DC-link cu(Beg-6A)
than the standard CSI topology (3.1-7.6A) for all of dperating points. This
means that the CSI+SCaps topology has lower curreggsstn the circuit
devices when compared to the CSI topology. Peak DC-linkmuiwe both of

the topologies increasassun irradiance increases.

The CSI+SCaps topology has lower input current ripple (4.88Au.,k) than
the standard CSI (4.41-7.54x) for all of the operating points. This means
that the CSI+SCaps provides better input power quality tiistandard CSI
and hence a smaller DC filter inductor can also be useth&CSI+SCaps
Both of the topologies have higher input current rippleigiier sun irradiance

levels.

The CSI+SCaps topology has a better supply current THID tthe standard
CSI when the sun irradiance is greater than 20% and &chievminimum
THD of 7.2% (compared to 18.6% for the standard CSI) at 50% sun
irradiance. At very low sun irradiance (i.e. 5%) the THDthe CSI+SCaps
topology (27.3%) is higher than the standard CSI (18.9%$edan sun
irradiance profiles in the central Europe, 91% of total sexergy comes from
sun irradiance over 20% [23]. This means that the CSI+SGap&gy would
provide better output power quality than the standard CSlagpdor most of

the time.

The CSI+SCaps topology produces a higher output supply ntu(@e97-
3.18A) than the standard CSI (0.61-2.26A). The CSI+SCapspatsthucesa
lower output power factor (0.33-0.72) than the standard CSI{@.92). This
would lead to higar AC side current stress for the CSI+SCaps topology,
which may require larger wires and higher current ratiggipgment for
transmission system. The power factor will be improve@mwhoth of the

topologies operate at higher power (sun irradiance inesgas

The experimental results show several improved featoeypared to the standard
CSI topology which can be achieved using the CSI+SCapdotppoTlhese are the
lower voltage and current stress on the circuit devices \eitver peak DC-link
voltage and lower peak DC-link current; better input power qualitr lower input

current ripple and the better output power quality with losugaply current THD.
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8.2.3 Performance during Low Voltage Grid Faults

As specified by the grid codes in Section 3.2.2, grid-tied PV iekgerhust be able to
ride-through low grid voltage faults by stay-connecting toghd without tripping
when the faults occur; supporting the grid with a reactiveeatiduring the faults and
supplying power into the grid immediately after the fawdiachnce (details in Section
3.2.2). In this section the experimental results for @®I+SCaps topology in
comparison to the standard CSI topology when operatinghgldow grid voltage
faults are presented. The steady state and dynamimeespee presented.

8.2.3.1 Steady State Results

Figures 8.27 and 8.28 show the experimental results when the&SC&ps and the
standard CSI topology operate during 30% and 70% grid volipgeudder 50% sun
irradiance. The frequency spectrum of the supply current fasame from Figures
8.27 and 8.28 are shown in Figures 8.29 and 8.30. The measured \alies o
waveforms in Figures 8.27, 8.28, 8.29 and 8.30 are summarisadbli 8.3.

M easur ed 30% Grid Voltage Dip 70% Grid Voltage Dip
Parameter Standard CSI| CSI+SCaps | Standard CS| CSI+SCaps
Ve (pesld 412V 331V 223V 219V
Ve (average 122V 128V 2V 3V
% | e (peskd) 6.9A 6.1A 5.5A 5.4A
Q | e (average 3.8A 3.6A 4.0A 3.8A
Al ripple(peak-peak) 4.1A 3.2A 2.5A 2.7A
Puc (average) 464W 461W 14W 11W
Vs@ms) 114v 114v 49V 50V
Vesi (rmy 115v 108v 51V 52V
% lsemg 2.0A 2.1A 2.2A 2.1A
g Power Factor 0.52 0.49 <0.1 <0.1
| s (fundamental) 2.83A 3.0A 3.1A 3.0A
I's(tHD) 11.9% 12.8% 8.8% 7.6%

Table 8.3 Measured values from the waveforms in Figures 8.27 to 8.30
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Figure 8.27 Experimental results of (a) the CSI topology and (b)@%I1+SCaps

topology operating at 30% grid voltage dip
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Figure 8.28 Experimental results of (a) the CSI topology and (b)@sI1+SCaps

topology operating at 70% grid voltage dip
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Figure 8.29 Frequency spectrum of the supply currds} waveform in Figure 8.27
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Figure 8.30 Frequency spectrum of the supply currdst \Wwaveform in Figure 8.28
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It can be seen from Table 8.3 and Figures 8.27 and 8.30 that:

e The Experimental waveforms in Figures 8.27 and 8.28 support $étsre
shown in Section 5.5.2 and simulation results in Figures mil854l9. The
CSI+SCaps topology and the standard CSI topology carthidegh in both
cases of grid voltage faults

e During the 30% grid voltage dip (Figure 8.27) both of the topelgperate
with slightly higher input current (3.6-3.8A compared to theedavalue of
3.2A) but a much reduced input voltage (122-128V compared to the rate
value of 246-248V). Both topologies inject similar amounteaictive current
to support the grid (48-51%) which is reflectedhe low power factor (0.49-
0.51) Under these conditions the CSI+SCaps topology still pesvidwer AC
side voltage and peak DC-link voltage as well as lower inpuent ripple
than the CSI topology.

e During the 70% grid voltage dip (Figure 8.28) the CSI+SCaps tgpand
the standard CSI topology operate near the short-ciRMitsource with a
short-circuit current of 3.8-4A. Very little active powdrl-14W) is produced
from the PV source. Full reactive currenfl(0%) can be observed at the grid
connection for both of the topologies. The CSI+SCams the standard CSI

have similar input and output waveforms at this operatingtpoi

e The CSI+SCaps topology provides similar levels of thiDTto the standard
CSI topology for both the cases of 30% grid voltage dip-87/886) and 70%
grid voltage dip (11.9%-12.8%).

8.2.3.2 Dynamic Results

Figures 8.31 and 8.32 show the simulation results for the &&&dps topology a@h
the standard CSI topology riding through a low grid \gdtdault profile as required
by the E.On Netz grid code (Section 3.2.2). Figures 8.33 and &84tkh simulation
results when the topologies ride through low voltage fatilB0% and 70%of the

nominal level. Constant sun irradiance of 50% is cons@lér these tests.
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Figure 8.31 Simulation results of the Standard CSI topology wheingithrough a
low voltage fault profile as required by E.On Netz grid c@dfzult occurs at
time=2.0sec and disappear ahé=3.65sec
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Figure 8.33 Simulation results of the standard CSI topology wtiding through a
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Figure 8.34 Simulation results of the CSI+SCaps topology whemgidhrougha low
voltage faultof 70% from its nominal level aimhe=1.0sec and then returns to its
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nominal level atime=4.0sec
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From Figures 8.31 and 8.32 it can be seen that:

e Both the standard CSI topology and the CSI+SCaps topaigyide through
the low voltage profile of the E.On Netz grid code but whghsly different

dynamic responses.

e When a fault occurs, the CSI+SCaps topology can maictanstant supply
current amplitude ¢ at the rated value and can support the grid with reactive
current. In contrast the standard CSI topology canmatain constant supply
current amplitude. In fact, the standard CSI topology supplesent which
varies in amplitude depending on the available DC currenedd@hside. The
standard CSI topology can also produce only a small amouneactive

current to support the grid compared to the CSI+SCaps topology.

e The CSI+SCaps can immediately supply full active powey) (iBto the grid
after fault clearance, but the standard CSI topologyimesja longer time (of
almost 1sec in this example) to stabilise the fault @ndearch for a new

maximum power point before full active power is supplied thegrid.

Figures 8.33 and 8.34 show a more realistic situaifoshort-time grid voltage dips
of 70% and 30% from the nominal level which occuriratet2sec anditne=4 sec for

1 sec. It can be seen from sledigures that:

e Both the standard CSI topology and the CSI+SCaps topalagymaintain
their stable operation during the fault and after thdt fZlearance. However,
the CSI+SCaps can return to operate at the nominal pdi#® after the fault
clearance more quickly than the standard CSI topology. i§hi®cause the

CSI+SCaps topology can operate at rated current durirfguhe

e The CSI+SCaps topology provides lower peak DC-link voltage lawer
input current ripple than the standard CSI topology for@dirating points.
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8.2.4 Inverter Efficieay

In this section power conversion efficiency of the C3Taps topology based on
European Efficiency calculation (see Section 3.3.1xmeementally evaluated and
compared to the standard CSI topology. In order to caklatopean efficiency of
these inverters, individual efficiencies for the inverters ggtmg at the MPP under
5%, 10%, 20%, 30%, 50% and 100% sun irradiance levels are.t€se=xk tests are
achieved using two power analysers; one to measure the iopet |R,) from the

PV emulator and the other to measure the output poweg) é® the grid side. The
European Efficiency of the inverters can then be detexd by using (8.1) and (8.2).

Ny = 22X 5 100% : X = 5%, 10%, 20%, 30% and 50% (8.1)

inx

Newro = 0.0375750, + 0.0757199, + 0.16257,00, + 0.1251390, + 0.67500, (8.2)

The measured values obtained from the power analysers t@hing both of the
topologies at the MPP nominal grid voltage under 5%, 10%, 0% and 50% sun

irradiance are summarised as shown in Table 8.4.

Inverter | rra%:r;nce Vin lin Pin Pou (W)
Topology Level V) (A) (W) Datal | Data2 | Data3
- 5% 208.03 | 0.85| 139.35| 89.19 | 88.47 | 88.98
g 10% 224.65| 1.24| 229.71| 154.35 | 152.88 | 153.42
8 20% 233.40 | 1.96 | 410.64| 303.93 | 299.07 | 298.86
g 30% 240.37 | 2.41| 540.88 | 425.01 | 419.19 | 419.46
2 50% 246.57 | 3.82| 918 | 766.80 | 763.64 | 765.36
B 5% 207.62 | 0.80 | 135.89| 102.03 | 102.12 | 99.69
g 10% 22460 | 1.15| 228.41| 183.57 | 183.18 | 179.19
§} 20% 23451 | 1.84 | 410.44| 355.50 | 354.48 | 351.03
? 30% 241.65| 2.30| 541.3 | 480.36 | 480.90 | 478.35
50% 245.28 | 3.76 | 914.43| 819.03 | 821.19 | 818.79

Table 8.4 Measured values obtained from the power analysers whestettgard CSI
topology and the CSI+SCaps topology when operating dfiffé nominal grid
voltage at 5%, 10%, 20%, 30% and 50% sun irradiance
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By using the information in Table 8.4 and equations (8.1) 8ri?),(the European
Efficiency (jeuro for the standard CSI topology and the CSI+SCaps ¢gyatan be
determined as shown in Figure 8.35.
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Figure 8.35 Power conversion efficiency curves and European effi@srof the
CSI+SCaps topology and the standard CSI topology

It is clearly shown in Figure 8.35 that the CSI+SCaps tapolwas higher power
conversion efficiencies at all operating points andhéigeuropean Efficiency than a
standard CSI topology. The measured efficiencies tleabkiained from a particular
test point show similar results with deviations lesmth.1% from the average value.
This reflects to high accuracy of these results. Thar @ the measurement is caused
by the difference in the ambient temperature during the tesich is proportional to
the time that is used to collect the measured data. dligbient temperature can
reduce the efficiency of heat transfer of the heataimkalso degrade the performance
of the circuit components. The experimental resuliews similar results to the
simulation results presented in Section 6.9. Howeverintregter efficiencies that are
obtained from the experiment are lower than the sinandtecause all power losses
over the whole test system are measured in the expérimsults but only the

estimated semiconductor power losses are measured imthlaton results.
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8.3 Summary

In this chapter experimental results are used to veh# functionality of the
experimental test-rig and evaluate the performance ofChi-SCaps topology in
comparison to a standard CSI topology.

The results show that the experimental test-rig, wbastsists of the PV emulator, the
CSI+SCaps inverter prototype, the interfacing and control itsr@and the 3-phase
electrical network, can operate properly. The PV emuleém produce similar PV
characteristic curves as the designed specificatione TBI+SCaps inverter
prototype together with the interfacing and control circuibmficm the similar
operating waveforms to the simulation results. Theultgsalso show that the
CSI+SCaps topology can provide safe operation during stasndpshutdown, as
does the standard CSI topology. However, the series A@ctars in its circuit
would lead the CSI+SCaps topology lead to a slower dynaasjonse compared to a
standard CSI topology.

Similar results to the simulation can be observed frioenexperimental tests, which
show that the CSI+SCaps topology provides several adyestand disadvantages
compared the standard CSI topology.

The experimental results also show that both the GSd&pS topology and the
standard CSI topology can ride through a low voltage gaidt.f However, the
CSI+SCaps topology can support the grid with reactiveeatiduring a fault and can
inject full power into the grid immediately after the lfaalearance, whilst the
standard CSI can produce only a relatively small reactivertiuand requires longer

time to recover before full power can be injected intagttick
In addition the experimental results also show that@Bé+SCaps topology has

higher European efficiency than the standard CSI topolpch confirms similar

results found by simulation in Section 6.9.
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Chapter 9

Conclusions

Energy from the sun is abundant. Direct solar engiggs also several benefits such
as no pollution emission, low maintenance costs andibileéy to easily adjust the
size of power plant and installation in remote areasvéver, electricity from solar
energy is currently expensive. To solve this problem, itglyction cost per unit
power ($/W) must be reduced. One potential way to achieve thisdsnvert solar

energy to electricity with the highest possible edfiay.

Photovoltaic (PV) cells are devices that convert sunggn® electricity. The devices
require a grid-tied PV inverter to convert their eledf€ power into controllable AC
suitable for connection the power grid. The efficiencyaofrid-tied PV inverter
directly affects the overall efficiency of solar egyto-electricity production. There
are three main technologies available for the grid-tiedirRerters. Those are ones
with low frequency transformers, ones with high frequetreywsformers and ones
without transformers (transformerless). Among thesechrielogies, the
transformerless inverter potentially provides the highdftiency due to the

possibility of single-stage power conversion.

This thesis considers several topologies of transfdeass grid-tied PV inverters in an
effort to evaluate their efficiency and hence the abilt achieve a low cost for the
electricity produced from solar energy. Six available topologies existing in today’s
market and currently discussed in the literature and onecaadidate topology have
been presented. The six available topologies are a Voltagees Inverter (VSI), a
Current Source Inverter (CSl), a VSI with a Boost convef#SI+Boost), a CSI with
a Buck converter (CSI+Buck), a Z-Source Inverter whichoisage fed (ZSI-V) and a
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ZSI| which is current fed (ZSlI-1). The new candidate toggls a CSI with series AC

capacitors (CSI+SCaps).

Before considering the characteristics of these inwerterdetail, this thesis has

presented fundamental knowledge of PV cells and typicahctaistics for an ideal

grid-tied PV inverter. This information is essential foe tdesign of the inverter in

order to achieve high efficiency, high reliability and high perfance.

A summary of basic knowledge of the PV cells are asvdl

PV cells generate nonlinear output DC power. The PV output mpdave
dependent on the level of solar energy density (sadiance) and the voltage
seen at the output terminals of the cells (cell voltag¥)cells generate higher
output power at higher levels of sun irradiance. Undestemt sun irradiance,
output cell power varies with the cell voltage which haarage between zero
and the maximum cell voltage (0-1pu). The cell power is ndren the cell
voltage is zero (Opu) and then increases with the iserefithe cell voltage in
the range of 0-0.8pu. After that the cell power decreaseklyuand reaches
zero output again at the maximum cell voltage (1pu). The MaxiRower
Point (MPP) for PV cells is in the range of 0.6-0.9pu.

Single PV cells can be combined to form a PV module whichigies higher
output power with designable voltage and current ratingsrdar to increase
the voltage rating for a PV module by m times of thengadbf a single PV cell,
m PV cells are required to be connected in series. In orderctease the
current rating for a PV module by n times of the rating gingle PV cell, n
PV cells are required to be connected in parallel. In orencrease both
voltage rating and current rating by m and n times, ani®del requires n
parallel connections of m series connected cell strifigs. connection of a
larger number of single PV cells in series may resudt higher internal series
resistance and hence higher internal losses within thendétule. In contrast,
connecting a larger number of single PV cells in paradé reduce the

internal resistance and hence lower internal los#snvthe PV module.
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Any PV cells and PV modules can be represented by the PV &miivaodel
which consists of four components: a DC current source, dedmd two
resistors. This thesis has presented the procedure to ohetenna characterise
these components by using the information given in theciBpation
datasheets of PV cells. Simulation results show thatrib@el obtained from
the proposed procedure can provide similar results to oives gn the
datasheets. In this thesis, the PV equivalent model wak fasesimulation
work and the design of an analogue control circuit for addwlator in

experimental work.

A summary of typical characteristics for an ideatigied PV inverter are as follows:

Based on the characteristics of the PV cells, thatewvshould be able to:
o operate in a whole PV voltage range for full power etivac

o operate at the maximum voltage-current-power ratingseoPi cells

for connection compatibility
o always operate at the MPP for maximum power extraction

Based on the grid side characteristics, the invertauldlcomply with relevant
grid codes and standards. Grid codes are the technical spioifs issued by
an authority for connection to the electricity gridg(eE.On-Netz). Standards
are the technical specifications recommended by independtiial
organizations (e.g. IEEE-1547 and IEC-61727). The inverter shmuldble

to:

o emit voltage and current harmonics lower than the spedatficabf the
grid codes and standards (e.g. IEEE-1547)

o produce output power factor greater than 0.9 when the PV cells
generate an output power greater than 50% of their rafifgs-
61727)

o have the capability to ride-through grid faults, whichhe #bility to

remain stable and stay connected to the grid during grid fault

260



CHAPTER 9

disturbances, support the grid with a reactive current andysppwer
to the grid immediately after the fault clearance (E.Orel€06)

e The inverter should have high efficiency, small sightlweight and low cost.
This thesis has utilised an efficiency evaluation metballed the European
Efficiency. The method averages the maximum efficienciehefinverter at
different sun irradiance levels based on the sunggnerofile of the central
Europe.

Reviews of the six available topologies for the trans@tess inverters have been
undertaken. Details of their circuit configurations, matioh and control
methodologies, and component designs have been presentsdindary of the

reviews are as follows:

e The VSI and the CSI are the simplest topologies of tthasformerless
inverters in the literature. The VSI cannot operate in alevAY voltage range
since the VSI requires a PV voltage higher than the peak/gitage in order
to allow controllable power to flow from the PV cells itke grid. As a result,
increased voltage ratings for the PV cells are requiredoitrast, the CSI can
operate in a whole PV voltage range by its nature butavieV voltage lower
than 0.866 (ot3/2) of the peak grid voltage. However, the CSI has low
efficient operation at low PV voltage caused by a lardierénce of the

voltage levels between the PV side and the grid side.

e The VSI+Boost uses a Boost converter to “step up” low PV voltages to the
sufficient level for the VSI. Therefore, extra-highltage ratings of the PV
cells are no longer necessary. On the other handC#teBuck uses a Buck
converter to “step down” high PV voltages to be lower than the limit level of
the CSI. Therefore, PV voltage rating PV cells higher ti@nCSI limit can
be used (if required). However, these additional convereard o a more

complicated circuit and control, higher cost, and higher pdogses.

e The ZSI-V and ZSI-I are modified topologies of the VSl &61 respectively.
A unique impedance circuit (Z-circuit) is added on the Dde <f their
circuits. The ZSI-V operates exactly the same as theavi8Ithe ZSI-I as the

CSI when the PV voltage is in the permitted ranges. WherPV voltage is
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insufficient for the VSI, the ZSI-V will step the voltage by operating with
the “shoot-through” switching states. Similarly, when the PV voltage exceeds

the limit of the CSI, the ZSI-I will step the voltagevdoby operating with the
“open-circuit” switching states. In fact, the shoot-through and openi#cuit

switching states are not permitted for the VSI and the @Stdn be utilised
for the ZSI-V and the ZSI-I due to the use of a Z-ctrcimplementation of
these switching states in a modulation strategy has &leendetailed in this

thesis.

This thesis has proposed an alternative topology taCthe which is the CSI with

series AC capacitors (CSI+SCaps). This topology utilibesadvantage of the CSI

and the improved efficiency during low PV voltage which resutimfthe use of the

series AC capacitors. Details of the topology presgrdre circuit configuration,

analytical model and equations, series AC capacitor dilmertalculations, operation

principles, modulation and control strategies, and piatdeapplications. A summary

of details are as follows:

The CSI+SCaps has the same circuit configuration astémelard CSI except

the series AC capacitors are added into the AC circuit.

An analytical model of the CSI+SCaps based on the phasgradch and the
analytical equations have been derived by using the vectmmation
theorem. The analytical model is used to explain the abiper of the
CSI+SCaps in different situations whilst the analytical &qoa are used to
derive the dimensions of the series AC capacitors arel dbntrol

methodologies.

The size of the series AC capacitors is dependentvenparameters: grid
voltage, grid frequency, output power factor, AC voltagehefinverter and
DC-link current. A smaller capacitor is required for a leiglyrid voltage
level and a higher grid frequency. A larger capacitaeduired for a higher
DC-link current. The largest size capacitor is requiredtier point at which
the output power factor is equal to the ratio of thewd@age amplitude of the

inverter to the grid voltage amplitude (6e8).
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e Modulation techniques used for the standard CSI can be gitesz#t for the
CSI+SCaps. However, control techniques used for the sthrid&t with
Unity Power Factor (UPF) control can result in a high AC voltage “seen” at
the AC output of the inverter when using with the CSI+SCdapso
alternative methods proposed in this thesis would bes poeferable instead:
Minimum Switching Voltage (MSV) control and Optimum Power Facto
(OPF) control. The MSV control always operates with tlaimum operating
modulation depth and always provides minimum switching voltidgeever,
the MSV control provides low output power factor. The OPRrob@lways
operates with the maximum power factor whilst providing lowtavimng
voltage at the same time. However, the OPF control ¢dyeased during the
low grid fault ride-through where a large reactive curremequired.

e The CSI+SCaps could be useful for low switching voltagdiegipns. In this
thesis, an example is shown where the converter &toseeduce the voltage
rating of a shunt active power filter. Since the addegseapacitor forms a
better high harmonics attenuation capability with thevemtional LC filter of
the standard CSI circuit, the CSI+SCaps topology caiese providing better
AC output quality than the standard CSI. Therefore, t8e+r&Caps would be
useful for the applications which require further high harimoeduction. The
CSI+SCaps could also be useful for the CSI applicatiegairing a smaller
size of the DC filter (DC-link inductor). This is because €5I+SCaps can be
controlled to operate with the maximum modulation depth wheshorter
time (or no time) for the zero DC voltage caused bystiat-circuit operation
of the CSI PWM null states is needed to be filtered.

The performance of the CSI with series capacitass feen evaluated and compared
with all of the six considered topologies. All the topolegaee modelled and tested in
the SABER simulation program. The obtained simulatiomltgsare used for the
performance evaluation. A summary of the evaluations andparisons are as
follows:
e The CSI+SCaps requires the same PV ratings as the sta@®l. The
topology requires the lowest PV voltage rating but the ésghPV current

rating among all the candidate topologies. Since lowewnéhage rating and
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high PV current rating requires a lower internal resegawithin the PV
module, the PV modules for the CSI+SCaps and the str@ar have the

lowest internal power losses.

The CSI+SCaps can operate with the highest modulatipth den=1) over
the whole PV voltage range among all the candidate toslogihigher level
of modulation depth designates a higher power transfey eatd a more
optimum voltage-current level between the input and owptlte inverter.

The CSI+SCaps requires the minimum number of activepooents used (as
does a standard CSI). As a result, the topology h&ssadomplex control
methodology and a lower power consumption by the coni@iit compared
to the other topologies.

The CSI+SCaps is a medium-size inverter (ordered inthek) among alll
of the seven candidate topologies based on the craétlze required size of

total passive components.

The CSI+SCaps provides high input PV voltage ripple (orderéuki 3" rank)
but medium PV current ripple (ordered in tHerdank) among all of the seven
candidate topologies. However, the CSI+SCaps provides appitekn2®%
lower input voltage and current ripple compared to the stdn@&i. High
input PV voltage and current ripple can degrade the accucactheé MPP
tracking system, generate heat and lead to low efficiemcy shorten the

lifetime of the electronic components and PV cells.

The CSI+SCaps can achieve the lowest peak DC-link voliagehence the
lowest voltage stresses on power semiconductors among atlatiidate

topologies.

The CSI+SCaps provides the best quality of output AC line u¢tiee lowest
THD) among all the candidate topologies. This is causetdyrproved high
harmonics attenuation filters formed by the series A@ac#ors and
conventional LC filters in the AC side of the CSI+SCajpsuit. However, the

presence of the series AC capacitors in this invedpology makes the
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iImpossible approach for independent power factor controlefiner, the
topology would have low power factor compared to all of theratdmologies.

The CSI+SCaps can achieve the lowest estimated costpowver
semiconductors among all the candidate topologies baseldeocriteria of

specific power installed in the power semiconductors.

The CSI+SCaps can achieve low semiconductor power losdesed in the
2" rank when compared to all of the seven candidate tgjeslo The

CSI+SCaps also has lower semiconductor power losseshbatandard CSI
(approximately 7.3% lower). The standard VSI can achieveothest power

losses.

The CSI+SCaps can achieve high efficiency with Europdfcieacy of
97.6% ordered in the'Brank of all seven candidate topologies and higher
efficiency compared to the standard CSI (96.7%) basedeocnitsideration of

semiconductor power losses solely.

An overall performance evaluation shows that the CSIpS€an achieve the
best performance among all the seven candidate topoledies all the
considered evaluation criteria are weighed equally; following thg
CSI+Buck, standard CSI, ZSI-I, standard VSI, VSI+Boost aneMZS

An experimental test-rig was designed and constructed irr dodexperimentally

validate the feasibility and the performance of the CE&$ in comparison to the

standard CSI. The test-rig consists of four main elésnea PV emulator, a

CSI+SCaps prototype, interfacing and control ctswnd a three-phase power

supply. The PV emulator is designed to be used as a PVesgenerating the peak
output PV power of 1.6kW for the converter. The CSI+SCaptwotype is designed to

operate with both the CSI+SCaps and the standard CSirder to produce

comparable results between them. The interfacing andatasitcuits contain the

elements required for voltage and current measurements, dgaes, signal

processing and program control. The three-phase power sapmed to facilitate the

connection to the electrical network.
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The experimental results have been taken from the iexpetal test-rig. There are
two sets of the results presented. The first sehefresults is used to verify the
functionality of the experimental test-rig and the secset of the results is used to
experimentally evaluate the performance of the CSI+S@apmparison to the

standard CSI and to validate the simulation resultsurAnsary of the results are as
follows:

e The experimental results show that all the elemehtseoexperimental test-
rig operate as expected. A PV emulator can provide similar Bkacteristics
as the designed specifications. The CSI+SCaps prototypgparating with
the interface and control circuits can produce simitagrating waveforms to
the simulation results. The prototype can provide safeatiparduring start-
up and shutdown.

e The experimental results support the simulation regulédl of the evaluation

aspects. A summary of the results are as follows:

o The CSI+SCaps provides lower input PV current ripple (3.243A
compared to the standard CSI (5.4-6:28).

o The CSI+SCaps provides lower peak DC-link voltage (381-449V
compared to the standard CSI (456-4/3V

o The CSI+SCaps provide lower peak DC-link current (4.2-5)2A
compared to the standard CSI (5.2-6:9A

o The CSI+SCaps provides better output line current wavefaribhsa
lower value of THD (13.5-7.8%) compared to the standard CSI-(15.6
18.5%).

o However, The CSI+SCaps provides lower power factor (0.78-0.84)
compared to the standard CSI (0.86-0.98).

o The CSI+SCaps can achieve higher European efficiency (87.8%)

compared to the standard (79.9%), which is a 7.9% improvement.

e The experimental results when the CSI+SCaps and th#esth@ S| operate at
the grid voltage dips by 30% and 70% from the nominal voltagel show
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that both the CSI+SCaps and the standard CSI can opevperlpgrduring the
faults. However, the dynamic results show that withstwne MPP tracking
method the CSI+SCaps provide a more efficient operatian the standard
CSI. The CSI+SCaps can stabilise its operation and “find” the new MPP more
quickly than the standard CSI. The topology can alsecirfull active power
into the grid immediately after the fault clearance whitet standard CSI
requires a delay time.

This thesis has discovered that by adding series AC capaaito the standard CSI
topology, input voltage and current ripple of PV cells canréduced and thus a
smaller DC filter than the standard CSI is required. Fiverter can operate with
higher operating modulation depth along the whole PV voltagege that
consequently reduces voltage and current stresses on sduuttmndevices. The
inverter can provide better output waveforms with an impaogticiency (7.9%).
The CSI+SCaps provides a more efficient way to ridettfindow voltages caused by
grid faults with fully supporting reactive current. The tlgy is also able to

immediately inject full active power after the fauktarance.

9.1 Summary of Achievements

The achievements of this thesis are summarised asvillo

e A literature review of basic knowledge of the PV cells atypical

characteristics for an ideal grid-tied PV inverter hagerbmade.

e A review of six available transformerless, grid-tied PV netopologies has

been also made.

e An alternative topology to the CSI with the use ofe®eAC capacitors for a
grid-tied PV interface and other possible applicationsbiegs proposed. Two
novel control methods in order to achieve minimum switchioljage and

maximum power factor have been also proposed.

e Simulation circuits for all of the six available topgles and one proposed

topologies have been modelled and tested.
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An evaluation of the performance of the proposed topologgomparison
with the six other transformerless topologies by usimg simulation results
has been carried out. The evaluation results show seagvahtages of the

proposed topology.

An experimental test-rig which was used to validate theidédy of the
proposed topology and to experimentally evaluate the yeafoce of the
proposed topology to the standard CSI was constructed ded.tes

Experimental results that show the feasibility of flreposed inverter and

support the simulation results have been provided.

9.2 Future Work

The following list provides suggestions for future researctkwor

The CSI+SCaps can be controlled to always operate atmidnamum
modulation depth. It means that the PWM null switchingtes may be
omitted. In this case, reduced switching state oreloswitching frequency
modulation techniqgues may be used. This could provide an itieresea for

future research.

Further research on the benefit of the series AC dapacfor harmonic
reduction should be considered. This would require a desighe cut-off
frequency of the filters in order to achieve the maximum barenreduction

with the optimum size of series capacitor.

It is noted that the semiconductor power losses and thetenwefficiencies
presented in this thesis were calculated and measuredféer eommercial
products only. The results would be different if IGBTs witifferent
characteristics and specifications are used, especiallgeweloping devices
such as RB-IGBTs, which would have improved ratings. Thezefthe
efficiency of the inverter based on a variety of différksBT types should be

considered.
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e Since only the experimental results of the CSI+SCapstladtandard CSI

have been presented in this thesis, in future work the iexpetial results of
all the other candidate topologies should be taken awosideration for

validation.
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Appendices

Appendix A

MPPT Techniques

APPENDICES

Analogue
MPPT technique Symbol PV array True or od Peri.odic Convergence Implanéwtmion Sensed
Dependent? MPPT? o Tuning? Speed Complexity Parameters
Digital?
Perturb & Observe P&O No Yes Both No varies Low V, |
Incremental Conductancg IncCond | No Yes Digital No varies Medium V, 1
Fractional Voc FOV Yes No Both Yes Medium Low \%
Fractional Isc FSI Yes No Both Yes Medium Medium |
Fuzzy Logic Control FLC Yes Yes Digital Yes Fast High varies
Neural Network NN Yes Yes Digital Yes Fast High varies
Ripple Collection
RCC No Yes Analogue No Fast Low V,
Control
Current Sweep Cs Yes Yes Digital Yes Slow High V, |
DC-link Capacitor Drop .
CDC No No Both No Medium Low \Y
Control
Load | or \
o LM No No Analogue No Fast Low V, |
Maximization
dP/dV or dP/dl feedbach o .
FBC No Yes Digital No Fast Medium V,
Control
Array Reconfiguration AR Yes No Digital Yes Slow High V,
Linear Current Control LCC Yes No Digital Yes Fast Medium Irradiance
|mmp & V mmp B . Irradiance,
. CP Yes Yes Digital Yes N/A Medium
Computation Temperature
State-based MPPT SB Yes Yes Both Yes Fast High V,
One-cycle control ocC Yes No Both Yes Fast Medium |
Best Fixed Voltage BFV Yes No Both Yes N/A Very Low None
Linear Reoriented = )
. LRC Yes No Digital No N/A High V,
Coordinates
Slide Control SC No Yes Digital No Fast Medium \A|
. L i Vv,
Temperature Gradient TG Yes Yes Digital Yes N/A Medium
Temperature
. o . V, irradiance
Temperature Parametric| TP Yes Yes Digital Yes N/A Medium
Temperature

Table A.1 MPPT techniques and their characteristics [67]

278




APPENDICES

Appendix B Drawings of Three-Phase Power BusBars
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(@) Phase A

(b) PhaseB

(c) PhaseC

(d) Completed
Module

Figure B.2 Sketches of power bus bar for phase A, B, C as showa) f§ip)(c) and

(d) the complete bus bar module
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