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Abstract

The Current Source Inverter (CSI) is one of the simplest power converter topologies
that can convert DC to AC and feed power generated from photovoltaic (PV) cells
into the AC grid with a single power conversion stage over the whole PV voltage
range. The CSI also provides smooth DC current which is one of the requirements of
the PV cells as well as preventing reverse current using unidirectional switches.
However, the CSI operates with low efficiency at lower PV voltages, which is where
the PV cells produce maximum output power. This low efficiency is caused by large
differences in voltage levels between the PV side and the grid side across the

converter.

This thesis presents an alternative topology to the three-phase CSI by connecting an
AC capacitor in series with each AC phase line of the CSI circuit. The presence of the
series AC capacitors in the CSI topology allows the AC voltage levels to be adjusted
to match the voltage levels of the PV cells. Therefore, the CSI with series AC

capacitors is able to operate with optimal DC-AC voltage levels.

Performance of the proposed topology is evaluated in comparison to the standard CSI
and five other converter topologies based on transformerless circuit concepts selected
from those already available in the market and suitable converters discussed in the
literature. All converter topologies were modeled and simulated with the SABER
simulation software package. The CSI with series AC capacitors prototype was
constructed in order to validate the feasibility of the proposed topology and the
performance of the proposed topology in comparison to the standard CSI. Simulation
results show that the CSI with series AC capacitors provides improved efficiency and
better input/output power quality in comparison to the standard CSI. The proposed
topology also achieves the lowest output line current distortion, lowest voltage stress
across the circuit components and lowest estimated cost of power semiconductors
when compared to all considered topologies. Experimental results are also presented

to validate the simulation results.
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CHAPTER 1

Chapter 1

Introduction

The rapid depletion of fossil based energy resources such as coal, natural gas and oil
together with an effort to reduce CO, emission into the atmosphere has required a
demand for a larger share of clean energy to be produced from renewable energy
sources. The sun is the primary energy source that subsequently creates substantial
diversity of renewable energy sources on the Earth, e.g. the energy from the sun (or
solar energy) that is captured by the Earth’s atmosphere creates the wind energy;
when absorbed by oceans creates warm ocean currents and indirectly when absorbed
through photosynthesis creates bioenergy; or when causing water evaporation that
produces rainfall, creates hydroenergy [1]. 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 sources, i.e. 3,850,000 EJ/year
compared to 7,400 EJ/year for ocean energy, 6,000 EJ/year for wind energy, 1,548
EJ/year for bioenergy and 147 EJ/year for hydroenergy [2]; where 1 EJ = 1x10®
joules. The current annual world energy demand (517 EJ/year) could be covered with
only 0.02% of the direct solar flux of energy [3]. Therefore, using solar energy could

be sufficient for securing the future energy requirements.

In addition, direct solar energy can be converted directly to electricity (the most
convenient energy form to be used [4]) using devices called Photovoltaic (PV) cells,
whilst producing electricity from wind, ocean and hydro energies must create
mechanical motion first and then electricity or from bioenergy must burn biomass to
create heat first, then mechanical motion and then electricity [5]. This leads to a

simpler system for solar-PV electricity production. Producing electricity directly from
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sunlight using PV cells also provides several advantages [6],[7], as shown by the

following list:

PV cells emit absolutely no pollution during the process of energy conversion.

e PV cells have no moving parts and thus require very little maintenance (cost)
compared to turbine engines used for wind, ocean, hydro and biomass. The
cells also have a long lifetime with typically 20-25 years guarantee.

e PV cells can be used anywhere where there is sunlight including remote areas
such as deserts, oceans and even in space where the grid utility is not

available, or the cost of installation becomes prohibitive.

e PV cells can also be easily installed or removed, allowed the solar-PV power

plant to be resized after the first installation.

Unfortunately, there is only 0.000008% (0.31EJ/year) of solar energy currently
installed and utilised to produce electricity [3]. The major problem that limits the
utilisation of solar energy for electricity production is related to the high installation
cost per unit energy ($/kwh). Solar-PV electricity has one of the highest prices
compared to other energy source as shown in Figure 1.1 [8]. The capital cost of solar-
PV electricity results from the cost of the PV cells as integrated into sealed panels, the
cost of a large installation area for higher energy production and the cost of energy
storage devices (for instance, in battery) or an auxiliary source used to recover the
required output energy (e.g. during the night-hours) [5],[9]. Therefore, in order to
promote the utilisation of solar-PV electricity, additional research efforts should be
made to enable the reduction of its associated cost per unit energy ($/kWh). This can
be achieved by reducing the related costs and/or improving solar conversion
efficiency in terms of raising the kWh of electric energy generated throughout the PV

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

There are two basic types of solar-PV systems: stand-alone (or off-grid) system and
grid-tied (or grid-connected) system [10]. The stand-alone PV system is the obvious
solution for the loads that are located in remote areas, far from any power grid
infrastructure. However, a support battery and/or a backup energy source have to be
included in the stand-alone PV system in order to supplement the load requirements
during the absence of sunlight, whilst the grid-tied PV system can use the energy
supplied from the grid instead, reducing overall system cost. In addition, oversized
power conversion equipment mainly in terms of current/power ratings is essentially to
be used for stand-alone PV systems to guarantee that the system can deliver the peak
load power. These additional battery/source and the use of over rating the converter
equipment add to the cost for electricity produced from the stand-alone PV system
[11]. Therefore, when considering the economic aspects, a grid-tied PV system would

be more attractive than a stand-alone PV system.

However, PV cells produce electric DC voltage/current/power, which cannot be
connected directly to the AC grid. Therefore, in order to facilitate this connection, a

power converter that converts DC power delivered at variable voltage and current to
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AC power, known as grid-tied PV inverter, is needed. The grid-tied PV inverter
affects the production cost of solar-PV electricity in that a low efficiency inverter can
lead to low output power (W) production, which then causes a higher cost per unit
power ($/W) for solar-PV electricity. Therefore, a grid-tied PV inverter is required to
have high efficiency, which is the capability to extract the full amount of available
power from the PV cells and transmit that power into the grid with the lowest losses.
Converting this into practical terms, besides being able to operate at maximum (open-
circuit) voltage of the PV cells for proper connection compatibility, the grid-tied PV
inverter is also required to operate efficiently in the low PV voltage region (typically
0.6-0.9 of open-circuit voltage) where the PV cells can produce their maximum output

power.

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

islanding.

There are three alternative technologies currently available for grid-tied PV inverters
using either a traditional low frequency (LF) step-up transformer, a high frequency
(HF) transformer or without transformer (transformerless) [17]. Each technology has

its own merits or features:

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

and the grid, which helps to prevent any potential safety hazards that may be
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caused by the common connection between the PV and the grid [18]. In
addition, due to the use of simple components, this inverter type can use the
simplest control. However, the inherently large size and weight of the LF
transformer results in this inverter being the bulkiest and heaviest topology
[19].

e The grid-tied PV inverter with a HF transformer is also an inverter type that
provides galvanic isolation, but being much smaller and lighter compared to
the inverter with the LF transformer [20],[21]. However, there are several

conversion stages involved:

o First the DC/AC inverter converts DC power from the PV cells into

AC power at high frequency.
o Then the HF transformer steps up the voltage to the sufficient level.
o Thenthe AC/DC rectifier converts AC power back to DC power.

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

with the voltage and frequency suitable for the grid.

Since multiple power conversion stages are used, this inverter type has a more

complicated configuration with higher cost and power losses [22], [23].

e The transformerless inverter does not require any transformers; thus, this
inverter type is the smallest and lightest among the three technologies.
Moreover, due to the possibility of single-stage power conversion, this inverter
type can achieve the highest efficiency recorded (up to 98%) [24]. However,
as this inverter type does not provide galvanic isolation, an additional fault
monitoring circuits/systems have to be included in order to meet the
requirements of the grid codes and safety regulations. These additional

circuits/systems add more complexity to this inverter type.

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

be used to reduce solar-PV electricity cost.
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Depending on the grid connection, transformerless grid-tied PV inverters can be
single-phase or three-phase configurations [21], [25-27]. Single-phase inverters
usually used in lower PV power generation (typically up to 5kW,) compared to three-
phase inverters (e.g. up to 10-15kW, for rooftop applications) [28]. The utilization of
power switches in three phase converters is better and also the installed cost per unit
power for solar-PV electricity ($/W) decreases when the installed power of the solar-
PV system increases (as shown in Figure 1.2) [29]; thus, three-phase grid-tied PV
inverters could become more cost effective compared to the single-phase inverters,

justifying therefore the choice for three phase systems as a worthwhile topic of

research.
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Figure 1.2 Average installed cost for different solar-PV system size (kW) [29]

Voltage Source Inverters (VSI) and Current Source Inverters (CSI) are the two basic
topologies used in the three-phase transformerless PV inverters as discussed in the
literature. These topologies have a minimum number of semiconductors used (6
switching devices and 6 diodes) and potentially high conversion efficiency due to the
single-stage power conversion approach. However, the VSI topology has some
problems when operating with a large voltage variation of the DC-link source
(between zero and no-load voltage) which is characteristic for PV cells. Since the VSI

topology is a DC-to-AC voltage step-down converter, the VSI topology cannot
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operate properly and extract the PV power when the DC (PV) voltage is lower than
the peak grid voltage. In order to fulfil this requirement, a PV string with a high
enough voltage rating has to be used (with a typical value of the no-load PV voltage
string of 1.2-1.3 of the peak grid voltage), e.g. for the three-phase 415V power grid, a
PV cell string with the voltage greater than 586V and no-load voltage greater than
703-762V must be used. The high PV string voltage results in the need of higher
voltage ratings for the components used in the VSI circuit (and hence higher cost) as
well as causing higher internal resistance (and hence higher losses) within the PV
string since several individual PV cells have to be connected in 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 VSI topology to operate
properly and for the designer to achieve minimum installed power in the switches for
a given level of processing power and hence using a high enough PV string voltage
rating is no longer required. In fact, the two-stage VSI with a boost converter is
currently the most popular converter type used in several industrial 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 higher cost and higher losses to this

inverter type.

Unlike the VSI topology, the CSI topology is a DC-to-AC voltage step-up converter.
The CSI topology can operate and extract the power from the PV cells in a whole PV
voltage range as long as the PV voltage does not exceed 0.866 (or v3/2) of the peak
grid voltage (e.g. PV voltages lower than 508V are required for the 415V three-phase
power grid). As a result, the CSI topology is more preferable than the VSI topology in
terms of the PV-inverter voltage matching between the PV source and the inverter as
well as in terms of low voltage rating of the circuit devices. In addition, since the PV
cells create electric current through the active p-n junctions which are characterised as
a current source connected with a large-scale shunt diode [32], a smooth DC-link
current drawn from the PV cells therefore is required. This results in the need of an
additional inductive filter at the DC side of the inverter and leads the CSI topology to
be the ideal choice. Moreover, advance switching devices such as reverse voltage
blocking (or RB-) IGBTs [33] which have configuration equivalent to the switches
used in the CSI circuit (an IGBT connecting in series with a diode) could be used to

reduce the semiconductors used and losses as well as to simplify the circuit for the
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CSI topology [34]. Additionally, as the CSI topology operates with unidirectional DC
current unlike the VSI topology, a diode used to prevent a reverse current for the PV
source is not required for the CSI topology. A DC-to-DC voltage buck converter
could be used to step down an excessively high PV string voltage and hence enable
the use of a higher PV voltage rating than imposed by the limit of the CSI operating
range. However, adding the buck converter into the CSI topology can lead to more
complexity for the circuit configuration and control as well as higher cost and higher

losses.

Alternatively, three-phase transformerless, grid-tied PV inverters could be constructed
using Impedance Source Inverters (also called Z-Source Inverters or ZSls) [35]. The
ZSI topologies are inverter types that have the capability of both DC-to-AC step-
down and step-up operation due to the use of a more complex DC-link network (LC
components and a diode). These inverter types have two main configurations: the
voltage fed ZSI topology which is the modified topology of the VSI topology and the
current fed ZSI which is the modified topology of the CSI topology. By using specific
modulation patterns that use shoot-through states, the voltage fed ZSI can step up low
PV voltages and embed similar functionality to a boost converter. On the other hand,
by using specific modulation patterns that use open-circuit states, the current fed ZSI
can step down high PV voltage and embed similar functionality to a buck converter.
Although these additional complex DC-link networks and special modulation patterns
provide added features suitable to be used for grid-tied PV applications compared to
the VSI topology and the CSI topology, these inverter types have high voltage and
current stress on the circuit components [36], [37], as well as causing a more complex

circuit and control, higher cost and higher losses.

Several advantages of the CSI topology raise the possibility to be used for grid-tied
PV applications in order to achieve high PV power production with an ability of
operation over the whole PV voltage range and single-stage power conversion, as well
as making use of the minimum number of semiconductors, simple power circuit by
using RB-1GBTs and better DC-link current smoothing suited for interfacing to the
PV cells. However, during the PV voltage range where the PV cells produce the
maximum output power (i.e. 0.6-0.9 of the no load voltage), the CSI topology

operates with lower efficiency. This is because of the fact that when the PV voltage at
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the DC side reduces whilst the AC grid voltage is constant, the voltage difference
between the DC side and AC side of the inverter will be increased; especially at very
low PV voltage levels. This voltage difference requires the output AC current to be
reduced, in order to equalise the power between the DC side and AC side of the
inverter. The reduced AC current leads to a low DC-to-AC current transfer ratio
(modulation depth), which then degrades the power conversion efficiency for the CSI

topology.

This thesis proposes an alternative topology to the three-phase CSI topology, by
connecting an AC capacitor in series with each of the AC phase line of the standard
CSI topology, which is referred as CSI with series AC capacitors (CSI+SCaps). The
proposed topology allows the CSI topology to operate with higher/maximum
modulation depth for the whole PV voltage range, including at low and very low PV
voltages. The concept behind the success of this inverter topology contributed from
the use of series AC capacitors 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 DC side, and thus the DC-to-AC
current transfer ratio (modulation depth) between the DC side and the AC side is
always maximised. The use of series AC capacitors and high/maximum modulation

depth results in the following improved features (compared to the standard CSI

topology):

e Better input power quality with lower DC-link current ripple caused by
high/maximum modulation depth operation, which is suitable to connect to the

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

e Better output power quality resulted from better AC output harmonics filtering
formed by the added series AC capacitors and the conventional LC filters at
the AC side of the inverter.

e Lower voltage stress on semiconductors and lower switching losses, as well as

lower estimated semiconductor cost in terms of power installed in the devices.
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It is noted that the proposed topology was firstly published in [38] , which was used to
reduce switching voltage stress of semiconductors in a shunt active power filter
application. However, the utilisation of this topology for grid-tied PV applications has
never been considered. Details of the proposed topology related to the design of series
capacitors, operation principles, analytical models, modulation methods and control

strategies when used for grid-tied PV applications are presented in this thesis.

In order to broadly evaluate the performance and efficiency of the proposed
CSI+SCaps topology, the six other three-phase transformerless inverter topologies
presented earlier are also taken into consideration. This results in seven candidate
inverter topologies as listed in Table 1.1. Their circuit configurations, modulation and
control strategies and component designs are presented in this thesis. All candidate
topologies are modeled and their operation is evaluated using the SABER simulation
program and dedicated models. The obtained simulation results are used to evaluate
the performance and efficiency of the proposed topology against the other candidates.
An experimental test-rig is constructed and tested in order to validate the feasibility of
the proposed topology and its performance in comparison to the standard CSI

topology.

Inverter Topology Symbol
Standard Voltage Source Inverter VSI
Standard Current Source Inverter Csl
Two-stage VSI with a Boost converter VSI+Boost
Two-stage CSI with a Buck converter CSI+Buck
Voltage fed Z-Source Inverter ZSI-vV
Current fed Z-Source Inverter ZSI-1
CSI with Series AC Capacitors CSI+SCaps

Table 1.1 Candidate grid-tied PV inverter topologies under investigation in this thesis
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1.1 Thesis Objectives
The objectives of this thesis are:

e To understand basic characteristics and models of the PV cells.
Understanding the characteristics of the PV cells is essential for the design of
a compatible grid-tied PV inverter. Understanding the models of the PV cells
is useful for simulation work and the design of a controller for an analogue PV
emulator that works in conjunction to a controllable DC voltage source, to be

used in experimental work.

e To understand the requirements for a grid-tied PV inverter.
Understanding the requirements for a grid-tied PV inverter is important for the
design of a high efficient and high performance inverter complying with all

relevant grid codes and standards.

e To review available topologies for three-phase, transformerless grid-tied PV
inverters.
Reviewing available inverter topologies provides preliminary information
which can be used for further improvement and for assessment of new
candidate inverter types. The selected topologies are a standard VSI, a
standard CSI, a two-stage VSI with a boost converter, a two-stage CSI with a

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

e To propose an alternative topology of the CSI with series AC capacitors.
Several advantages of the CSI topology and the possibility to achieve variable
AC voltage by using series AC capacitors that can lead to high efficient and

high performance power conversion.

e 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 validate the 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 1

1

3~ Power Grid

Grid-Tied ¥

PV Inverter
Chapter 6 N Evaluation &
T i i
: ¥ Comparison
1
i Vsl <
Chapter 4 e g Simulation >
H \
1
!_) VSI+Boost \ Evaluation &
i p———— m%mpanson
1
1
i Z31-V Experiment
1
E
1
1

CSI+SCaps

Chapter 5

J;

Chapter 9

Figure 1.3 Thesis structure

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

which are detailed as follows:

Chapter 1 introduces the background and objectives of this research work

together with the structure of this thesis.
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Chapter 2 presents the basic background knowledge of the PV cells including
cell structures, materials, operation principles, electrical characteristics and
models, and modeling methods for the PV cells from the datasheet to be used

in the simulation work.

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

(grid codes, standards and regulations) and the other relevant requirements.

Chapter 4 presents a review of six potential topologies of transformerless,
grid-tied PV inverters. The topologies under investigation are a standard VSI,
a standard CSI, a two-stage VSI with a boost converter, a two-stage CSI with a
buck converter, a voltage fed ZSI and a current fed ZSI. Details of their circuit
configurations, modulation and control methodologies, and component design
as derived from interfacing a PV string of same power level to the grid are

presented; where the voltage and current can vary to best suit each topology.

Chapter 5 presents details of circuit configuration, analytical models and
equations, operation principles, modulation and control strategies, and
component design for the CSI with series AC capacitors. Possible applications
of this inverter type are also discussed, e.g. reduced component voltage rating,
improved AC output current with better high frequency harmonic reduction

and reduced size of the DC-link inductor.

Chapter 6 presents a performance evaluation for the proposed topology
compared to the six other topologies (Chapter 4) by using the simulation
models and results. The evaluation in terms of required PV voltage and current
ratings, operating modulation depths, required circuit components, input and
output power quality, voltage and current stresses on power semiconductors,
estimated cost of power semiconductors based on the power installed in the

devices, semiconductor power losses and efficiency are presented.

Chapter 7 presents the detailed design and construction for the experimental

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

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

14
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Chapter 2

Characteristics and Models of Photovoltaic Cells

As mentioned in Chapter 1, this thesis considers power converter topologies based on
transformerless concepts which could be used to convert and feed electric power
generated from photovoltaic (PV) cells into the grid. In order to facilitate the design
for the converters so that the converters can extract the maximum power from the PV

cells, a knowledge and model of the PV cell characteristics is essential.

This chapter presents the basic characteristics and associated models of the PV cells
required for the converter design (presented in Chapters 3, 4, 5 and 7) and the
simulation studies (presented in Chapters 5, 6 and 8). The chapter begins with a
general overview of the PV cells related to their structures, materials and operating
principles. The equivalent circuit models and equations, including the electrical
characteristics, of the PV cells are then examined, followed by the methods used to
form a PV module (panel) from several individual PV cells (or a PV array from
several PV modules) for higher power production. Finally, a procedure to determine
equivalent circuit models using the specifications given in the manufacturing

datasheets is proposed and demonstrated.

2.1 Structures of PV Cells

PV cells are devices that can convert sunlight directly into electrical DC power using
the photovoltaic effect discovered by Becquerel in 1839 [39] . PV cells are made from
materials that can absorb solar energy, or photons [40], which then create electrons
and hence can generate an electric current. The basic structures of PV cells can be

considered as a stack of several layers of light absorbing material. Figure 2.1 shows
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eight available PV cell structures and their typical materials. These structures are the
Homojunction, Heteroface, Heterojunction, n-i-p (or p-i-n), Schottky-Junction, Dye-

Sensitised, Organic and Multijunction [41-45].
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Figure 2.1 Basic structures of a PV cell: (a) Homojunction, (b) Heteroface, (c)
Heterojunction, (d) n-i-p (or p-i-n), (e) Schottky-Junction, (f) Dye-Sensitised, (g)
Organic and (h) Multijunction
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The PV cell structures shown in Figure 2.1 have the following features:

e Homojunction (Figure 2.1a), also called Single-Junction, is the most popular
and simplest structure. This structure consists of only one material type (e.g. c-
Si) but with different impurity (doping) rates on each side.

e Heteroface (Figure 2.1b) has a similar structure to Homojunction except a thin
layer of a large band-gap semiconductor material is added to reduce surface
charge recombination [41], for example, a layer of GaAlAs is added in a GaAs

Heteroface cell (see explanation about the band-gap in Section 2.2).

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

e p-i-n (or n-i-p) structure (Figure 2.1d) is a three layer sandwich configuration.
A layer of intrinsic undoped material (i-type) is inserted in the middle between
the thin layers of p-type and n-type materials to separate electric fields
produced by holes and electrons. The amorphous silicon thin-film (a-Si) cells
and cadmium telluride (CdTe) cells are the typical examples for this structure
[45].

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

e The Dye-sensitised cell (Figure 2.1f) is classified as a photoelectrochemical
device. The structure of this cell type consists of a dye-sensitised material and
a liquid conductor (electrolyte). The dye-sensitised material, e.g. dye-coated
titanium dioxide (TiO;), 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 polymer cell, has a
flexible structure. This PV cell structure consists of organic semiconductor
materials such as polymers (e.g. MEH-PPV, MDMO-PPV and P30OT) to
absorb sunlight and create electrons-holes [43].

e Multijunction (Figure 2.1h), also called Cascade or Tandem structure, is the
most complicated structure but has the highest efficiency. The structure can be
formed as a monolithic structure or as a stack of several individual PV cells
with different band-gap materials on top of one another (the highest band-gap
on the top and the lowest band-gap on the bottom). By summing all the
individual band-gaps together more of the sun’s energy can be absorbed and

so a higher output power is produced by the same PV cell area [45].

The Homojunction and Heteroface are the common structures for monocrystalline PV
cells (i.e. c-Si cells) that can provide high efficiency whilst using only one type of
material and a smaller installation area. Thus, these structures are suitable for the PV
cells used in PV power system that are required to have a small installation area, e.g.
residential (roof-top) applications. The Heteroface, Heterojunction, p-i-n (or n-i-p),
Schottky-junction, organic and dye-sensitised are the popular structures for
amorphous (non-crystalline) and/or thin film PV cells. These structures allow various
materials (including low cost materials e.g. thin film, organic or dye-sensitised
materials) to be used for the PV cells. However, these structures provide lower
efficiency than monocrystalline PV cells; therefore, a larger installation area is
required in order to provide the same output power as monocrystalline PV cells. As a
result, these structures are suitable for lower cost solar power systems where the large
installation area is available or the cost for large installation area is not prohibitive.
The Multijunction structure is usually used for concentrator PV cells (where several
beams of sunlight are focused into the cells for high power production), which leads
this structure to have the most efficiency. However, since several layers of materials
are used, this structure is the most complicated and the most expensive. Therefore, the
Multijunction PV cells are suitable for large-scale PV power systems in order to

reduce the production cost per unit power generated.
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2.2 Materials of PV Cells

The materials used for the construction of PV cells are light absorbing materials
which absorb sunlight, create electrons-holes and hence can generate electric current.
Figure 2.2 shows some typical PV materials for different degrees of crystallinity and
sunlight concentration factors [46],[47]. PV cells made from materials with higher
degrees of crystallinity and sunlight concentration factors usually have a higher
efficiency but are typically more expensive due to more difficult fabricating processes

and the larger quantity of material needed.
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Figure 2.2 Typical PV materials for different degrees of crystallinity and sunlight
concentration factors [46]

It can be seen from Figure 2.2 that:

e Silicon (Si) is the most widely used material for most PV cell formats.

e Silicon (Si), gallium arsenide (GaAs) and germanium (Ge) are the most
commonly used materials for high sunlight concentrating PV cells, which

usually have a format of single crystalline (Homojunction structure).
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e Thin film materials such as amorphous silicon (a-Si), cadmium telluride
(CdTe), copper indium gallium diselenide (CulnSe; or CulnGaSe,), organic
materials and dye-sensitised materials are usually used for poly crystalline (or
multi-crystalline) PV cells and amorphous thin film PV cells (n-i-p structure).
These materials are low cost materials, flexible with various producing
methods, lighter (with a thickness of a few nanometres to tens of micrometres)
and ease of integration.

e Other types of thin film materials are a compound of the group I, 11l and VI
elements in the periodic table, [Cu Ag Au]:[Al Ga In]:[S Se Te],. The most
reliable compounds for large scale PV production would be ones from the
family of CulnSe..

The term which is usually referred to when considering the PV cell materials is band-
gap (Eg). The band-gap is the light absorbing property of semiconductor materials.
The band-gap is the minimum energy that is required to free an electron from the orbit
of the materials and has the unit in eV (1eV= 1.602 x10™° J). Each semiconductor
material will have a maximum power conversion efficiency at a specific band-gap.
Figure 2.3 shows the typical band-gaps of the semiconductor materials and their
corresponding maximum power conversion efficiencies. It can be seen that most
materials provide their maximum efficiencies (18-23%) in the band-gap range of 1-
1.7 eV.

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

20 -

Cu,0

16 Merocyanine

12

Conversion efficiency (%)

0.5 1 1.5 2 25
Band gap (eV)

Figure 2.3 Band-gaps of semiconductor materials and their maximum theoretical
power conversion efficiencies at room temperature (298K)
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The progress achieved in energy conversion efficiency of different PV cell structures
and materials over the past forty years is shown in Figure 2.4 [48], [49]. It can be seen
from Figure 2.4 that Multijunction concentrating PV cells can achieve the best
efficiency figures (32.8-42.8%), followed by Single-Junction (Homojunction)
concentrating PV cells (28.8%), crystalline silicon PV cells (20.4-27.6%), thin film
PV cells (12.5-20%), dye-sensitised (11.1%) and organic materials (7.9-9.7%).
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Figure 2.4 Timelines of energy conversion efficiencies of different PV cell structures
and materials with their developers [48], [49]

2.3 Operation Principle of PV Cells

The process of converting sunlight to electricity in PV cells depends on the cell
structures and materials. However, many have a similar concept of 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 n-type layers, (b)
after contacting p-type and n-type layers, (c) under activating light photons and (d)
after activating light photons

The Heterojunction PV cell consists of two semiconductor layers: n-type which
contains negative charge carrier (electrons) and p-type which contains positive charge
carriers (holes). Before contacting these two layers, electrons and holes can move
freely within their respective layers, as shown in Figure 2.5a. Once the contact
appears (Figure 2.5b), a migration of the electrons and holes occur in both layers and
a p-n junction is created. Some of electrons from the n-type layer diffuse to combine
with holes in the p-type layer and vice versa. This process creates a charge separating
barrier known as the depletion region which will force the electrons to flow from the
n-type layer to an external circuit (load) rather than directly to the p-type layer. There
is very little electric current flowing in this situation since most free electrons and

holes are virtually recombined.

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

through the junction to the n-type layer and generate a potential difference between
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the two electrodes and a consequent current in the external circuit that can be seen in
Figure 2.5c. After that electrons from the external circuit return to recombine with
holes in the p-type layer as shown in Figure 2.5d. If sunlight is continuously supplied,
free electrons and holes will be continuously produced and hence a continuous current

will be generated.

2.4 PV Equivalent Circuit Model and Equations

PV cells can be represented by the equivalent electrical circuit model, as shown in
Figure 2.6. The model consists of four components:

e A DC current source (lpn), 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 Ry which represents the total resistance that appears on the

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

within and at the edges of the cells.

The output current and output voltage of the cells (also called cell current and cell

voltage) are denoted by I,y and V.

A"AAY >—e
R, +

Iph CT) D, Rp va
@

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

Ly = Ly, — I, <e[w - 1> - % (2.1)
where |y = PV cell output current

Vo =PV cell output voltage

o = photogenerated current

Iso = diode reverse saturation current

Rs = cell series resistance

Rp = cell shunt resistance

n = diode ideality factor (or diode quality factor)
T = ambient temperature (in K)

q = elementary electric charge (1.6021765x10™° C)
k = Boltzmann’s constant (1.3806504x1072% J.K™)

The first term of the equation (2.1) refers to the photocurrent generated by the
mechanism of the cells. The second term refers to the reverse current drawn by a

diode D;. The last term refers to the current drawn by the parallel resistor R,.

The diode ideality factor (n) is a parameter that defines how closely the behaviour of
the actual diode compares to a theoretical diode. The higher the value of n the higher
the level of power can be produced from the PV cells, which can vary depending on
technology and materials of the PV cells. Some typical values of n are presented in
Table 2.1 [50].

Material-Technology Diode Ideality Factor (n)
Si-mono 1.2
Si-poly 1.3
a-Si:H 1.8
a-Si:H tandem 3.3
a-Si:H triple 5.0
CdTe 1.5
CIS 1.5
AsGa 1.3

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

The maximum power that can be generated by the PV cells varies depending on two
main external factors: sunlight intensity per unit area (sun irradiance; W/m?) and
voltage seen at the output terminals of the cells (cell voltage). The typical relationship
between the output PV power and these two factors is presented with the P-V

characteristic curves as shown in Figure 2.7.

Sun Irradiance (kW/m2)
£ 100% -
[a
'S
c,\°
= 75% -
[<5]
2
o
o
2 50% -
=]
2
©
O
25% A
0% T T T |\ T
0% 25% 50% 75% 100%

Cell voltage (% of V)

Figure 2.7 Typical power-voltage (P-V) characteristic curves of the PV cells

It can be seen from Figure 2.7 that:

e The maximum output PV power will increase when the level of sun irradiance

increases.

e Under constant sun irradiance, the maximum output cell power varies with
the cell voltage which has a range between zero and the maximum cell
voltage (Vmax). There is no power generated when the cell voltage is zero.
Then the cell power increases with the increase of the cell voltage (in the
range of 0% to 80% of Vmax). After that the cell power decreases quickly and
reaches zero output power again at Vimax (100%). The maximum power points
(MPP) of the PV cells are in the cell voltage range of 60%-90% of Vmax.
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In practice, electrical characteristics of the PV cells are usually represented by the
current-voltage characteristic curves since they directly show the relationship between
voltage and current of the cells. The typical current-voltage characteristic curves of

the PV cells are shown in Figure 2.8.

Sun Irradiance (kW/m?)
. 100% 1.0
]
_E
G
S 75% - 07
£
]
3
= 50% A
O 0.4
25%
0.1
0% . . N .
0% 25% 50% 75% 100%

Cell voltage (% of V4)

Figure 2.8 Typical current-voltage (1-V) characteristic curves of the PV cells

From Figure 2.8, it can be seen that:

e The PV cell current increases proportionally to the sun irradiance level (e.g.
the maximum cell current (Imax) 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 when the sun irradiance
level increases (e.g. the maximum cell voltage (Vmax) increases from 80% to

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

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

voltage is higher than 75% of Vyax and becomes zero at Vmax.

The power-voltage characteristic curves are useful for the design of a power converter

in order to be able to always extract maximum power from the PV cells. The current-
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voltage characteristic curves are useful for the design of a power converter in order to

have the current and voltage ratings compatible with the ratings of the PV cells.

2.6 PV Modules

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

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

o Np:lpy
—— —> +
Celll Y + Cell1 (OR va
Cell 2 [ Cell 2 + [
!
i Ns'va
|
CelINy-1 ®y CellN,-1 ®y
Cell N 4 - CellN, @y
(@) (b)
Stri . . . N,
tring 1 String2 e String N,-1 String N, P_>PV

carn SET & o T,
l l l l
Cell2 #’ | %)’ #' #’

1 1 1

CeIINS-1¢' %w %w %w
CellN, ¢, %w %p %w

(©

Figure 2.9 Three common ways to form a PV module with single PV cells: (a) by
connecting single PV cells in series, (b) by connecting single PV cells in parallel and
(c) connecting single PV cells in both series and parallel
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When considering a PV module with Ny cells connected in series (or a string of Ns
single PV cells) as shown in Figure 2.9a, the total module output voltage will increase
by Ns times the output voltage of a single cell while the module output current will be
the same as the one of a single cell. When considering a PV module with N, cells
connected in parallel (or N, strings of a single PV cell) as shown in Figure 2.9b, the
total module output current will increase by N, times the output current of a single
cell while the module output voltage will be the same as the one in a single cell. In
order to provide the module output voltage of Ns times of the output voltage of a
single cell and the module output current of N, of the output current of a single cell at
the same time, a PV module with N, strings of N single PV cells as shown in Figure
2.9c will be used. The same concept can be extended to series and parallel connected
PV modules in order to form a PV array. The equation for a PV module (or a PV

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

L \vpy+(1 v‘NSRS 1. NsRs
_ Np . Iph _ Iso eNs p ";gk;i Np >] 1= Ns [va+(1pv Np )] (22)

pv

Figure 2.10 shows the equivalent circuit model for a PV module (or a PV array) with
Np strings of Ns series connected cells. It can be seen that a higher number of series
PV cell (Ns) can cause a higher internal PV resistance. This can cause a dip in level of
the output cell current and therefore a potentially lower output power (see more
details in Section 2.7.3).

Ns Np .
W () Yo Sk,
p

Figure 2.10 An electrical PV equivalent circuit model of a PV module with N, strings
of N; 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 cells (or modules or arrays) can
be represented by the PV equivalent model and equations. The equivalent model and
equations are usually used in simulation work, which helps to reduce development
costs and provide controllable test conditions. Unfortunately, most commercial PV
products do not directly provide the equivalent model in their published datasheets. In
fact, most datasheets provide typical specifications obtained from the specific test

conditions only.

2.7.1 Typical PV Specification Parameters in the Datasheets

This section presents typical PV specification parameters which are usually included
in the datasheets. In Section 2.7.2 it will be shown how typical PV parameters given
in the datasheets can be used to determine the PV model of the actual PV products.
Figure 2.11 shows typical PV specification parameters of a PV module on the PV

characteristic curves; using the definitions presented in Table 2.2.

Shortcircuitcurrent (Is¢) Maximum power point
% (MPP)
100% O—— - 100%
Cellcurrentat MPP (lypp) <-7~--X 2
"‘8 | o
— 75% A l - 75% S
S M >
£ =
= Cell voltage at MPP S
S 50% A (Vver) - 50% o
5 =
= =
g 3
25% - - 25% 8
Open circuitvoltage (Voc)
0% . . . O 0%
0% 25% 50% 75% 100%

Cell voltage (% of Vc)

Figure 2.11 Typical PV Specification parameters in the datasheets
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PV Specification

Name Definition
Parameter
| Short-circuit current Maximum current of the PV cell with a
3¢ short-circuit at the PV terminals
Vv Open-circuit voltage Maximum voltage of the PV cell with an
oc P 9¢ | open-circuit at the PV terminals
Pmax Maximum Power Maximum output power of the PV cell
Output voltage of the PV cell at
Vinpp Voltage at Pra maximum power point
Loy Current at Pray Output current of thg PV cell at
maximum power point
e The ratio of the actual maximum
obtainable power to the
theoretical maximum power.
o FF = (ImppXVimpp)/( 1sc*Voc)
FF Fill Factor

e Typical commercial PV modules
should have a FF greater than 0.7
whilst the modules with a FF
between 0.4-0.7 are considered as
grade B modules

Table 2.2 PV Specification parameters and their definitions

The PV module is usually tested under the conditions called Standard Test Conditions

(STC), which are under sun irradiance of 1 kW/m?, ambient temperature of 25°C and

1.5 Air Mass (Air Mass is a measure of the thickness of the 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 temperature on the electrical

characteristics of the PV modules, which would be shown either with numbers (e.g. -

80+10mV/°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 equivalent circuit model using
the information given in the PV specification datasheets. In order to complete the
model, the parameters Iy, lso, N, Rs and Ry, must be known. These parameters can be
determined by using the steps shown in Tables 2.3. It is noted that the calculated
values of these parameters are only the initial values for the model. A more accurate
model which provides electrical characteristics close to the actual PV module would
be achieved by tuning the values of these parameters in the way presented in Section
2.7.3.

Step | PV Parameter Description
1 0 Select n from Table 2.1 by considering the cell material and
the cell technology of a PV cell
Considering short-circuit condition where I,=lsc and V,=0.
Assume that R is very small and R;, is very large and with
2 lon the use of (2.2), Iyn can be calculated from (2.3)
I
Ly, === 2.3
ph =y, (2.3)
Considering open-circuit condition where 1,,=0 and Vp,=Voc.
Assume that R, is very large. Substituting all known
parameters for (2.2), s, can be determined from (2.4)
3 Iso
ISC
Iso = —7qugey— (2.4)
e(NngkT)_l
Differentiating (2.2) by V,, and considering the curve at the
Voc point, Rs can be estimated by (2.5); where dlp,/dVy, is the
slope of the I-V curve at the Voc point
4 Rs o
N 1 1 Iso —-0c.
Ry = — N_j (dlpv) + X, s Xy = —N(anT e(NSnkT) (2.5)
aVpv Voe
Substituting all known parameters for (2.2) and at MPP, R,
can be determined by (2.6)
NgRg
1 (mep+1mmp‘ N. )
R,=—- L 2.6
5 Rp Y q(mep+1mmp~N,§Rs> (2.6)
Immp NgnkT 5
Isc— Np —Iso| € s -1

Table 2.3 PV modelling procedure using the information given from the datasheets
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2.7.3 Effects of PV Equivalent Parameters on the PV Characteristic

Curves

This section presents the effects of PV equivalent circuit parameters (Rs, Rp, n and lso)
on the characteristic curves of the PV module. This knowledge is useful for tuning the
parameters in order to obtain a more accurate PV equivalent model. The effects of
these parameters can be observed in Figure 2.12. It is noted that the numbers shown
are only the examples. The actual values should be obtained using the procedure

presented in Table 2.3.

] R,=1000Q
= 150Q
S -
—_ <
5 e
o —
= § 20Q
© B
o
Cellvoltage — Cellvoltage ——
(a) (b)
- n=1.1 - I, =10-12 A/cm? \
< o
L L
5 1.0 5 1011 A/cm?
2 2
S 09 3 100A/cm2 ——
Cellvoltage —— Cellvoltage ——
(© (d)

Figure 2.12 Effects of PV equivalent parameters on the PV characteristics of the PV
cell caused by the effects of (a) R, (b) Rp, (€) nand (d) Iso
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It can be seen from Figure 2.12 that:

From Figure 2.12a, only a small change of Rs can cause a significant change of
the PV curves, i.e. a slightly increase in the value of Rs (from 1Q to 20€Q2) can
cause a large dip in the PV cell current of more than 50%.

From Figure 2.12b, a large change in R, is needed in order to cause a
significant change of the PV curves, i.e. a much smaller value of R, (from
1000Q2 to 20Q2) is needed in order to cause a large dip in the PV cell current

more than 50%.

From Figure 2.12c, increasing the value of n will increase the maximum cell

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

From Figure 2.12d, the inverse result of n will be seen for Is. Increasing Iso
will reduce the maximum PV cell voltage and hence cause a narrower range of

PV cell voltage.

Besides the parameters Rs, Rp, n and ls,, ambient temperature (T) is also one of the

major factors that can cause a significant change of characteristic curves of the PV

module. Figure 2.13 shows the effect of ambient temperature on the characteristic

curves of a crystalline silicon (c-Si) PV module [51]. It can be seen that when the

ambient temperature increases, the maximum PV cell current will increase whilst the

maximum PV voltage decreases. This is because of the fact that when the ambient

temperature increases, the PV cells absorb more energy and releases more electrons

and holes. As a result, the excessive electrons cause a higher output cell current and a

larger amount of electron-hole pairs causes a higher rate of charge recombination

inside the cell and hence causes a drop of the output cell voltage.
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Figure 2.13 Effect of ambient temperature on the characteristics of c-Si PV cells [51]

When variation of the ambient temperature (T) is also considered for the PV

equivalent model, the PV equivalent parameters Iy, lso, Rs and R, can be expressed as
(2.7)-(2.10) [52], [53].

Iph(T) = (Iphl + Kl(T - Tl)) : Gsun (27)
3 ~9Egq1_ 1
Iso(T) = Isol * (Tll) : (e nk [T Tl]) (28)
Rs(T) =Ry - (1~ Ko(T — ) (2.9)
R,(T) = Ry - e7HaT) (2.10)
where
Ion(T) = photogenerated current at any temperature T (in K)
lso(T) = diode reverse saturation current at any temperature T (in K)
Rs(T) = series resistance of the PV cell at any temperature T (in K)
Rp(T) = parallel (shunt) resistance of the PV cell at any temperature T (in K)
loh1 = photogenerated current at room temperature T; (298°K)
lso1 = diode reverse saturation current at room temperature T; (298°K)
Rs1 = series resistance of the PV cell at room temperature T; (298°K)
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Rp1 = shunt resistance of the PV cell at room temperature T; (298°K)
Gsun = sun irradiance level (0 to 1; 1Sun=1kW/m?)

Ki = photogenerated current temperature coefficient

K, = series resistance temperature coefficient

Ks = parallel (shunt) resistance temperature coefficient

Eq = band gap (in eV; 1eV=1.6021765x10-19 J)

The knowledge of the effect of ambient temperature on the PV characteristic curves is
useful for fine tuning the parameters of the PV equivalent circuit model in the

simulation studies where the ambient temperature is also considered.

2.7.4 An Example of PV Equivalent Circuit Modelling

This section demonstrates how to construct the PV equivalent circuit model from the
datasheet information. A commercial PV module BP SX30 [54] with the specification

datasheet shown in Figure 2.14 is used for this example.

Typical Electrical Characteristics” BP SX 30
Maximum Power (P 4,)? 30W
Voltage at Pmax (Vmp) 16.8V
Current at Pmay (Imp) 1.78A
Warranted minimum P 27TW
Short-circuit current (lgc) 1.94A
Open-circuit voltage (Ve) 21.0V
Temperature coefficient of I (0.065+0.015)%/°C
Temperature coefficient of Vg, -(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: 20

= illumination of 1 KWWm*® (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 E
deployment, module power may decrease approximately 3% from typical Pmax E
3
Q1.0

3. U versions.

4.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

0 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 using the given information
from the datasheet shown in Figure 2.14, the PV equivalent model parameters can be
determined giving the values shown in Table 2.4.

Value .
PV Parameter ™m0 T=25°C T=50°C T=75°C Unit
n 13 13 13 13 -
s 1.01 1.94 1.97 2.00 A
leo 2 50 900 4500 nA
R, 0.63 0.63 0.63 0.63 Q
Re 18 18 18 18 kQ

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

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

datasheet.

2.5
— Datasheet
— Simulation
2
< 157
5
3 1
0.5
O T T T T
0 5 10 15 20 25
Voltage (V)

Figure 2.15 Comparison of the characteristic curves between the simulation 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 model can provide similar
simulation results to the datasheet curves provided by the manufacturer. Small
differences (around the corners of the compared curves) are the results of variation in
the internal resistance (Rsand Ry) variation caused by thermal drift with the actual PV
module. The effect of ambient temperature on the PV resistance is not considered in
this simulation for simplification. Thus, the better curve fitting can be achieved by
considering also the effect of thermal drift on Rs and R, using (2.9) and (2.10).

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

In the case that individual BP SX30 PV modules are connected in four strings of
fourteen series connected modules (Np,=4, Ns=14), the modules form a PV array that
gives the simulation results shown in Figures 2.16 and 2.17 and the specifications as

shown in Table 2.5.

10
Sun irradiance
0,
g - 100%
< 5. 70%
[
ot
5
o 4 50%
30%
2 A 20%
10% \
0 N 5% T T T IQI
0 50 100 150 200 250 300
\oltage (V)

Figure 2.16 V-1 characteristic curve obtained from the simulation PV equivalent
model made from the 4 strings of 14 series-connected BP SX30 PV modules
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Figure 2.17 VV-P characteristic curve obtained from the simulation PV equivalent
model made from the 4 strings of 14 series-connected BP SX30 PV modules

PV Parameter Value Unit
Prpp 1.67 kw
Vinpp 233.7 \Y
Impp 7.17 A

Isc 7.76 A
Voc 294 \V
FF 0.73 -

Table 2.5 Specifications of the PV array of 4 strings of 14 series connected BP SX30
modules at the ambient temperature of 25°C

It can be seen from Figures 2.16-2.17 and Table 2.5 that the PV equivalent model can
provide the PV characteristic curves and specifications as required. As expected, the
model produces an output voltage 14 times greater than a single PV module (Voc of
294V compared to 21V) and an output current 4 times greater than a single PV
module (e.g. Isc of 7.76A compared to 1.94A). These PV specifications were used for
the design of the PV emulator which has been used in the experimental work (Section
7.2 and Section 8.1).
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2.8 Summary

This chapter has presented the fundamental characteristics of the photovoltaic (PV)
cells, with insight into cell structures and materials. After a brief description of the
principle of operation of the PV cells, the equivalent circuit model and the electrical
characteristics of the PV cells are introduced. This knowledge is essential for the
design of the power converter introduced in Chapters 3, 4 and 5 so that the use of PV
cells is optimised to deliver the maximum possible power. The equivalent circuit
model is used for the simulation work in Chapters 5 and 6 and the experimental work
presented in Chapters 7 and 8.
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Chapter 3

Characteristics of Grid-Tied PV Inverters

As mentioned in Chapter 1, this thesis considers power converter topologies which
can convert and feed power from photovoltaic (PV) cells to the power grid. In order to
understand fully the design of these topologies, the desirable characteristics required
for these topologies should be studied, which are presented in this chapter. The
characteristics on the PV side of the inverters, the characteristics on the grid side of

the inverters and the other characteristics are presented.

3.1 PV Side Characteristics

The desirable characteristics for the PV side of the inverter aim to achieve maximum
power extraction from the PV cells and connection compatibility between the inverter

and the PV cells. The inverter is required 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 and ii) are a consequence of the maximum PV
power extraction. The inverter should be able to operate at the Maximum Power Point
(MPP) of the PV cells. As presented in Chapter 2, the MPP of the PV cells is usually

within the PV cell voltage range of 60-90% of the maximum PV voltage rating.
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Therefore, the inverter should also be able to operate with these voltages over the

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

the inverter based on these characteristics are shown in Figure 3.1.

100% - MPP operating range

Sun Irradiance

1 kW/m2 MPP

50% -

PV Power (% of P.,)

0.1

0% = T
0% 50%

~100%

60% 90%
PV Cell Voltage (% of V)

Figure 3.1 MPP and MPP range for the grid-tied PV inverter in order to achieve

maximum PV power extraction and connection compatibility

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

compatibility between the inverter and the PV cells in the following points:

The power rating of the inverter shall never be less than 90% of the maximum
power of the PV cells in order to avoid overload conditions [55]. An inverter
with a power rating lower than this could be applicable only for the areas

where the output power from the PV cells does not reach its maximum rating.

The inverter is required to withstand the maximum voltage of the PV cells.
This limit should also consider the effect of the ambient temperature since
high temperature can lead the PV current to be higher than its maximum rating
whilst low temperature can cause the same effect but for the PV voltage (see
more details in Section 2.7.3). Operation with a voltage exceeding the limit
ratings of the inverter should be avoided because the excessive voltage can age

electrical components of the inverter more quickly, reduce the working life
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and potentially damage the inverter [56]. Therefore, the voltage rating of the
inverter should be higher than maximum voltage of the PV cells as shown in
Figure 3.2. The current must also be controlled to be less than the maximum

under high temperature operation.

Required to be controlled to be less than
maximum current under high temperature
~ 100% ) )

g Sunirradiance, 1 kW/m? Required to
"'_5 withstand
L 7% o7 maximum
— i voltage under
§ low
5 i temperature
3 50%- p
= 0.4 _+_/

[<b) b
©
> i
0 250
0.1
0% : . E—— :
0% 50% 100%

PV Cell Woltage (% of V,a)

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

3.2 Grid Side Characteristics

The characteristics for the grid side of the power inverter are usually referred to as the
grid codes. The grid codes are the technical specifications defined by an authority for
permitting equipment connection to the power grid (e.g. connecting an independent
power generating plant such a PV array to the grid). The main purpose of the codes is
to ensure the safe and stable functionality of the grid. The grid codes vary from
country to country. The E.On-Netz 2006 grid code [12] and UK-National Grid 2010

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

Besides the grid codes, in most cases, the grid-tied PV inverters are also required to
comply with relevant Standards. The standards are the technical specifications

published by independent global organizations. Standards IEC 61727, IEEE 1547 and
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UL 1741 [14-16] are the main references used in this thesis. Basic requirements on
the grid side for the grid-tied PV inverters required by the grid codes and standards
are related to high output power quality, grid fault ride through capability and
islanding prevention [24],[26],[28],[57].

3.2.1 High Output Power Quality

Grid-tied PV inverters are devices that may potentially contribute to power quality
concerns, such as the degradation of the quality of grid voltage available to other
users of the network. Grid-tied PV inverters are required to produce good quality
output waveforms, which are synchronised with the voltage waveforms of the grid.
The most common tools for measuring the power quality are Total 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 the ideal sine waveform is
contaminated by harmonics. The higher the THD value the higher the distortion will
be. The formula for calculating the THD of a waveform is derived and defined by the

following analysis.

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

U(t) = Usinwt + Y0_, Uysin (nwt + @) ;n=2,3,4... 0 (3.1)

/U22+U§+---+U,f
THD = —Xx 100% (3.2)

1

Table 3.1 shows the current harmonic emission limits at the point of common
coupling (PCC) for grid voltages lower than 69kV as specified by the standards IEEE
1547 and IEC 61727. These specifications will be used to evaluate the performance of

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

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

4.0 2.0 1.5 0.6 0.3

<69kV 5.0

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

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

3.2.1.2 Power Factor (PF)

Power Factor (PF) is defined as the ratio of the active (or real) power to the total
apparent power. In terms of the waveforms, the PF is the cosine of the displacement
angle between the fundamental (50/60Hz) voltage waveform and current waveform;
therefore, the PF has a value between zero and one. Most electric power systems
usually transfer the power with a PF equals to one (unity power factor). This is
because the power systems with a PF lower than one have to draw more current in
order to transfer the same amount of real power. As a result a power system with a
low PF has higher losses and requires larger wires and other equipment than the one

with a PF close to unity.

There is no requirement for the PF in the standard IEEE 1547. 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 greater than

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

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

3.3 shows a graphical illustration of this requirement.
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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-through grid faults in order to
ensure safe and stable operation of the electrical network. The capability of grid fault
ride-through is an ability to remain transiently stable and stay connected to the grid
without tripping for a specified time during a grid fault disturbance. The inverters
shall also be able to support the grid with a reactive current during fault and supply

power to the grid immediately after fault clearance [12, 13], [58-60].

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 code [12]. The inverter is
required to stay connected to the grid for 150ms when the grid voltage drops to zero
before the disconnection is permissible. A longer stay-connected time is required at
higher voltage levels (e.g. 750ms when the grid voltage drops to 40% of its nominal
level). The inverter must never disconnect from the grid if the grid voltage is higher
than 90% of its nominal level. Active power must be injected into the grid
immediately after fault clearance with an increasing rate of increase of at least 20% of

the rated power per second.
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Figure 3.4 Required stay-connected time for a particular level of grid voltage
required by the E.On-Netz 2006 grid code [12]

It should be noted that the stay-connected time for the grid fault ride-through varies
from country to country. For example, grid voltage drops of 85% of the nominal level
may last up to 625ms in the USA but last up to 140ms in the UK [61].

Grid-tied PV inverters are also required to inject a reactive current to support the grid
when the grid voltage drops to less than 10% of the nominal level (outside the Dead
band), as shown in Figure 3.5. Inverters must inject a reactive current at a rate of 2%
of rated current for every one percent of grid voltage drop. For example, a reactive
current of 50% of rated current is required for a grid voltage drop of 25%. A reactive

current of up t0100% must be possible if necessary.
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Figure 3.5 Required reactive current for a particular drop of the grid voltage 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 inverters continue injecting electric
power from the PV cells to a subsection of the grid even if the main grid is already
tripped by the utility due to fault conditions or for maintenance purposes. Islanding
can be dangerous for the utility workers who may not realize that the grid section is
still powered and may damage equipment due to asynchronous phase closure [24]. In
order to avoid these problems, inverters are required to have a protection system to
disconnect the inverters automatically from the grid when islanding is detected. This
protection system is known as anti-islanding. The standards IEEE 1547 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 detection [62-65]. Most
techniques utilise some combination of a sudden change in system frequency, voltage
magnitude, rate of change of frequency (df/dt) and increasing rate of 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 side of the power inverters, grid-
tied PV inverters are also required to have high power conversion efficiency, accurate
MPP tracking and minimum costs. Details for these characteristics will be presented

in the following sections.

3.3.1 High Power Conversion Efficiency

Like most power electronic devices, grid-tied PV inverters are required to operate
with high efficiency at every operating point, which is at the MPP of the PV cells in
this application. As the MPP of the PV cells varies depending on the levels of sun
irradiance (see Section 2.5), the efficiency of the inverters operating at different levels

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

The European Efficiency (#euro) 1S 0ne of the most widely used methods to calculate
the efficiency of grid-tied PV inverters [12]. This method also allows efficiency of
different types of grid-tied PV inverters to be compared. This method averages the
efficiencies of the inverters when they operate at MPP under 5%, 10%, 20%, 30%,
50% and 100% sun irradiance; where each of a particular efficiency is weighted with
the probability of seeing that sun irradiance level in the central Europe. The formula
for calculating #euro is shown in (3.3); where 1z, 110%, 120%: M30%, Ms0% aNd N100%
are the efficiency of the inverter operating at MPP under 5%, 10%, 20%, 30%, 50%
and 100% sun irradiance; and the numbers are the probability for those sun irradiance
levels in the central Europe.

Neuro = 0.03759, + 0.067199, + 0.137309, + 0.11300, + 0.481500, + 0.2719094 (3.3)

From (3.3), the efficiency at 50% sun irradiance has the highest contribution to the
European Efficiency since this point has the highest probability of almost a half
(48%) of the total probability. Inverters with efficiencies up to 98% can be achieved
for sun irradiance over 25% [66]. An example of the calculation for a 94.5%

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

100%
N300=94.8% Ns0,=99-4% N100%=99.0%
S 95%] —0
°~; Efficiency Curve
8} ]']20%:93.8%
& 0.48
é 90%7] N100=90.8%
L
ko
§ ]']50/0:84.9%
£ 85% 0.2
0.13 ..
0.06 0.1 Probability of
0.03. I each sun irradiance level
800,
|35%':)10% PZO% P30% PSO% PlOO%

Percentage Load (%)

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

Grid-tied PV inverters are required to include a system called maximum power point
tracking (MPPT) in order to ensure that the inverters always operate at the MPP of the
PV cells. There are several MPPT techniques available in the literature, many of them
are summarised in Appendix A [67]. However, among all of those techniques, the
Perturb and Observe (P&O) and the Incremental Conductance (IncCond) techniques
[68, 69] are the most simple and widely used MPPT techniques. These 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 the operating voltage of the
PV cells until the MPP is determined. The algorithm flowchart of this method is
shown in Figure 3.7. This method provides the simplest algorithm and the easiest
implementation. However, this method has the drawbacks in that the output power
always fluctuates even in the steady state as well as having a risk of tracking in the

wrong direction under rapid changes in solar irradiance levels.

Vv v
Increase Decrease
Operating voltage Operating voltage

Yes

<>

Px = current power value
Px.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 fact that the slope of the
power-voltage curve (dP/dV) is zero at the MPP, as shown in (3.4). The slope is
positive at the left of the MPP and negative at the right of the MPP as shown in (3.5).

dp) _ dwd) _ di

™ ™ i i=0 (3.4)

di_ i I (3.5)

dv v Vpv

The flowchart of the IncCond technique is shown in Figure 3.8. The MPP is
determined by comparing the instantaneous conductance (I/V) to the increment
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 result, the IncCond technique
solves the problems of the P&O technique by obtaining the MPP without oscillating
in steady state as well as being able to withstand rapid change of sun irradiance.

However, this technique is more complicate to implement than the P&O technique.

Yes No

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 not the main contributor to the
total cost of grid-tied PV system (forming only 6-9% of the total cost), the cost of the
inverters should be still minimised. In some countries the reduction of the inverter
cost is set as a clear action plan, e.g. USA plans to achieve the 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) shows that the cost of
printed circuit boards (PCB) is the major contributor to the capital cost (31%) of the
inverter, followed by the costs of production (23%), enclosure (19%), power
electronics components (12%), magnetic components (10%) and test (5%) [72]. In
this thesis the estimate costs of PCB, power electronic and magnetic components for
different inverter types will be considered in Chapter 6.

Power electronics
components

Magnetic
components

Production

23%

19%

Enclosure

PCB Boards

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

Besides the aforementioned characteristics, grid-tied PV inverters should have a small
size and light weight, which help to reduce the transportation and installation cost
[29]. Grid-tied PV inverters should also have a long operational lifetime since most
PV module manufacturers usually offer a warranty of 20-25 years on 80% of initial
efficiency [6]. The electrolytic capacitors used inside the inverters are the main
components that limit the lifetime of the inverters. Their operational lifetimes reduce
more quickly, by the factor of power two for every increasing of ambient temperature
of 11-12 °C [21].
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3.4 Summary

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

The PV side characteristics aim to achieve the maximisation PV output power and
connection compatibility between the inverter and the PV source. The inverters
should always operate at the MPP, be able to operate over the whole MPP range of
the PV cells, have the power rating matching to the rating of the PV cells and
withstand the maximum voltage of the PV cells regardless of any variation in the

ambient temperature.

The grid side characteristics are related to output power quality and safe operation
complying with all relevant grid codes and standards. The inverters should not emit
high levels of harmonics at the grid connection over the limits specified in the grid
codes and standards (e.g. standard IEEE 1547). The inverters should provide an
average power factor higher than 0.9 when operating with the output power over than
50% of the rated PV power (standard IEC 61727). The inverters should also be able to
ride-through grid faults as required by the grid codes (e.g. E.On-Netz) and have the
ability of islanding prevention (standards IEC 61727 and UL1741).

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

small size, light weight and a long operational lifetime.
These characteristics will be used in the choice of the topologies for grid-tied PV

inverters presented in Chapters 4 and 5 as well as in an evaluation of the 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 inverter topologies used for three-
phase grid-tied photovoltaic (PV) applications. The topologies under investigation are
selected from those currently used or already presented in the published papers. Six
inverter topologies are examined, which are the voltage source inverter (VSI), the
current source inverter (CSl), the two-stage VSI with a boost converter, the two-stage
CSI with a buck converter, the voltage fed Z-source inverter and the current fed Z-
source inverter. Details of the circuit configuration, modulation and control
methodology and typical passive component design procedure for each of these

topologies are presented.

4.1 Introduction

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

for connection of PV arrays to the grid is discussed.

The VSI is a DC-to-AC voltage step down converter [73]. This topology cannot
operate with a low PV voltage since the topology requires the PV voltage to be higher
than the peak line-to-line grid voltage in order to enable power to be transferred to the
grid. Therefore, in practice a DC-to-DC boost converter (also called a boost

converter) is usually added to allow the resulting two-stage VSI to step up a low PV

53



CHAPTER 4

voltage to the required level [74]. In contrast, the CSI is a DC-to-AC voltage step up
converter [75]. This topology can operate over a wide PV voltage range (down to
zero) without the need of any additional components. However, the PV voltage must
be limited upwards to be less than 0.866 of the peak line-to-line grid voltage.
Therefore, an additional DC-to-DC buck converter (also referred as a buck converter)
could be added to the CSI topology in order to step down a high PV voltage when a
high voltage PV array is used. The addition of the boost or buck converters however
adds cost, complexity and losses to these inverter topologies, but has the advantage
that it allows the stabilisation of the DC-link voltage and therefore facilitates a better
usage of the VSI/CSI switches. Alternatively, Z-source inverters (ZSI) are types of
converter topologies that can both step up and step down the voltage from the DC side
to the AC side due to the use of an additional DC impedance circuit [26]. This means
that the ZSI is able to operate over a wide DC voltage range of the PV source in order
to convert and feed power into the grid. Two basic configurations of ZSI topologies
have been proposed: the voltage fed ZSI and the current fed ZSI. One major drawback
of the ZSI topologies is that these topologies are subject to high voltage and current
stress on their circuit components, especially the switching devices [35, 36]. This may
require a careful design or the use of components with higher voltage and current

ratings, which can be more expensive.

Table 4.1 summarises the list of inverter topologies that are investigated in this
chapter. It is noted that in Chapter 5, a new candidate topology, named the CSI with
series AC capacitors, which is a modified topology of the CSI will be proposed.
Chapter 6 will evaluate the performance of the proposed topology in comparison with

the topologies presented in this chapter.

Inverter Topology Symbol
Voltage Source Inverter VSI
Current Source Inverter CSl

Two-stage VSI with a boost converter | VSI+Boost
Two-stage CSI with a buck converter CSI+Buck
Voltage fed Z-Source Inverter ZSI1-V
Current fed Z-Source Inverter ZSI-I

Table 4.1 Three-phase grid-tied PV inverter topologies under investigation
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4.2 Circuit Configurations

4.2.1 Voltage Source Inverter

Figure 4.1 illustrates the circuit configuration of a standard three-phase voltage source
inverter (VSI). This topology is the most commonly used inverter topology for grid
interfacing applications [76]. The circuit consists of six unidirectional switches having
fast recovery diodes connected in anti-parallel to provide reverse conduction of the
AC current for the situation when the opposite switch is off. The topology is fed from
a DC voltage source connected in parallel with a DC-link voltage smoothing capacitor
Cac. The switching devices are arranged such that each AC output phase can be
connected to either the upper or lower DC-link voltage. The inductive filters L; are
placed on the AC side to decouple the inverter and the grid and to smooth the current
ripple created by the inverter switching. A diode is usually placed in series with the

PV source to avoid reverse PV current which is likely to occur during night.

— ’ t 3~
_|G _M} _“3} Power grid
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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 standard three-phase current source
inverter (CSI). Six unidirectional switches connected in series with reverse voltage
blocking diodes are used in this topology. These diodes are not necessary if reverse
blocking switches (GTOs or IGBTS) are used to construct the power circuit. The
topology is fed from either a DC current source or a DC voltage source connected in

series with a DC-link inductor L. Filtering capacitors Cs 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 constant DC-link current. The AC

inductors, Ly, are added to smooth the AC line current ripple caused by the switching

3...
éz éz Power grid
45 S

L4

Figure 4.2 Circuit configuration of a standard three-phase CSI
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4.2.3 Two-Stage VSI with a Boost Converter

Figure 4.3 shows the circuit configuration of the three-phase, two-stage VSI with a
boost converter (VSI+Boost) [77]. A boost converter is added to the VSI topology in
order to step up and stabilise the DC-link voltage level when the PV voltage is
insufficiently low. The boost converter consists of a diode, a switch and an inductor
Luoost- The duty time of the boost switch controls the voltage boosting ratio: the higher
the duty time, the higher the DC side voltage that is boosted when compared to the
PV voltage. When the boost switch is turned on, the PV source is shorted via the
boost inductance and the current in the inductor increases and stores energy. When
the boost switch is turned off, the DC voltage produced by the inductance (-Ldi/dt)
tops up the PV voltage and then all this energy is transferred, through the diode to the
boosted DC part as the current level in the inductor decreases. The diode controls the
current direction to flow from the PV source to the grid only, which is used to prevent
reverse conduction through the PV array. The size of the boost inductor Lpeost depends
on the smoothing requirement of the input PV current but should be large enough to
provide continuous conduction current. Section 4.4.3 and Section 4.5 contain more

details for the operation and component design for this topology.
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Figure 4.3 Circuit configuration of the three-phase, two-stage VSI with 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-phase, two-stage CSI with a
buck converter (CSI+Buck) [77]. A buck converter is added into the CSI topology in
order to step down the DC-link voltage level during the period where the PV voltage
is above the voltage transfer limit of the CSI for a particular given grid voltage level.
A buck converter consists of a diode, a switch and an inductor Lgc which is shared
with the CSI circuit. The duty time of the switch controls the voltage reduction ratio:
the lower the duty cycle, the lower the DC side voltage that is reduced when
compared to the PV voltage. The diode provides a freewheeling path for the operating
current when the switch is off. The inductor L4 should also be large enough to
provide a continuous conduction current. More details for the operation and

component design for this topology are presented in Section 4.4.4 and Section 4.5.

Buck converter
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Figure 4.4 Circuit configuration of the three-phase, two-stage CSI with a buck
converter
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4.2.5 Voltage Fed Z-Source Inverter

A voltage fed Z-source inverter, or a ZSI-V, is a modified topology of the VSI [35].
An X-shaped impedance circuit is added into the DC side of the VSI as shown in
Figure 4.5. The X-shaped impedance circuit consists of two DC inductors (L; and L;),
two DC capacitors (C; and C;) and a diode. The value of L; is equal to L, and the
value of C; is equal to C, for symmetry. The diode is connected in series with the PV
array to prevent reverse conduction current through the PV array. This impedance
circuit allows the ZSI-V topology to be able to operate with a shoot-through state
(short-circuit of the DC side of the inverter), which is a forbidden switching state for
the standard VSI because a very high current powered by the DC-link capacitor will
occur and damage the switching devices. In contrast, the voltage fed ZSI topology
utilises the shoot-through switching states to provide the DC-to-AC voltage boosting
property (similar to a boost converter) by the control of the duty time of the shoot-
through switching state. More details for the operation and component design for the

ZSI-V topology are presented in Section 4.4.5 and Section 4.5.
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Figure 4.5 Circuit configuration of the three-phase, voltage fed ZSI

4.2.6 Current Fed Z-Source Inverter

A current fed Z-source inverter, or a ZSl-I, is a modified topology of the CSI [35]. An
X-shaped impedance circuit is added into the DC side of the CSI as shown in Figure
4.6. The impedance circuit consists of two DC inductors (L3 and L,), two DC
capacitors (C; and Cy4) and a diode. The value of Lz is equal to L, and the value of Cs
is equal to C4 for symmetry. The diode is connected in parallel with the PV array to

provide a freewheeling path for the current of the current source if the DC side of the
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inverter is opened. This impedance circuit allows the ZSI-I topology to be able to
operate with an open-circuit state (open-circuit of the DC side of the inverter), which
is a forbidden switching state for the standard CSI since a very high voltage will occur
and damage the switching devices. In contrast, the current fed ZSI topology utilises
the open-circuit switching states to provide the DC-to-AC voltage reduction property
(similar to a buck converter) by the control of the duty time of the open-circuit
switching state. More details for the operation and component design for the ZSI-I

topology are presented in Section 4.4.6 and Section 4.5.
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Figure 4.6 Circuit configuration of the three-phase, current fed ZSI

4.3 Modulation Strategies

In order to produce the desired AC sinusoidal waveforms at the grid side, the
switching of the devices in the power converters must be modulated in a suitable
manner [73]. Several modulation techniques can be used for three-phase power
converters [73, 78-82]. However, among those techniques the Space Vector
Modulation (SVM) [83, 84] seems to be the most popular technique. This would be
because the SVM allows a three-phase system to be analysed as a whole instead of
each individual phase. The SVM is also able to operate in real-time and digital-based
modulation which allows the SVM to have a fast on-line calculation using a software-
based controller (e.g. a microprocessor or a digital signal processor) [85]. This section
highlights the modulation techniques used by each of the different circuit topologies
previously introduced. The principle of the SVM is firstly described and then details
of the three modulation types used for the VSI-based topologies, CSl-based
topologies and ZSI topologies are presented: VSI modulation, CSI modulation and

ZSI| modulation.
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4.3.1 Principle of the Space Vector Modulation

Any balanced three-phase, sinusoidal time-varies waveforms (xa(t), X»(t) and x.(t)) can

be represented by only a single rotating vector x,., as defined by (4.1).

2T AT
%=l +d-x,(8) +d-x. ()] ;where a=e/s anda?=e’s  (4.1)

This vector x,- rotates on a stationary complex plane (referred as a a-f space vector
plane) with the same angular speed (w,) as the three-phase waveforms. The magnitude
and direction of the vector x,. change depending on the instantaneous values of the
three-phase waveforms, which can be obtained from the vectorial summation of the
three phasors x,, x, and x, as shown in Figure 4.7. The phasor x, is usually aligned
with the axis and the other two phasors x, and x, are placed with 120 degrees apart

in the same vector plane.
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Figure 4.7 Transformation process between the three-phase waveforms and the
representative vector rotating on the a- space vector plane

As a result, the vector x,- can be derived in terms of the two elements of the a-f plane
(% = Ay + jAg) using (4.2). Alternatively, if the rotating space vector plane (usually
referred as a direct-quadrature or d-q plane) is used, the vector x, can also be derived

in terms of the two elements of the d-q vector plane (x, = A4 + jA,) using (4.3).
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Ad] 2 cos(6,)  cos (Gr - 2?”) cos (9r + z?n) jcca 43
Agl 3l sin(6;) —sin (Or - %n) —sin (Hr + 2?”) xl: (43)

The SVM utilises the advantage of the above knowledge to select the suitable
switching states and calculate the duty time for each of those selected switching states
for the inverter. This can be achieved using the procedure shown in Figure 4.8.

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

Useful switching (SW) |

/ states

SW state O
SW state 1

SW state 2

E ':> Convert to switching vectors Transform 3-phase waveforms to the
and place on the vector plane reference vector using Eq. (4.2) or (4.3)
SW state n-1 ﬂ
. p-axis
X \ ®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
\ 4
N TS = Tl + T2 +T0

Calculate duty time
for each of the
selected switching
vectorsusing Eq.
(4.4), (4.5) and (4.6)

To'SWO T:SW1

Figure 4.8 Procedure to select the switching states and calculate the duty 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:

Convert all the switching states that can be used for a particular inverter
topology to the switching vectors, which can be active switching vectors or
null switching vectors. These vectors have the following characteristics:

o The active switching vectors allow the power to be transferred between
the DC side and the AC side. These vectors have identical magnitudes
and are located by 60 degrees from each other on the space vector
plane. These vectors split the vector plane into six sectors.

o The null switching vectors do not allow any power to be transferred
between the DC side and the AC side. These vectors have no
magnitude and no specific direction.

Transform the reference three-phase waveforms (x*4(t), x*p(t) and x*¢(t)) into

the reference rotating vector x;,, using (4.2) or (4.3). Then place the vector
Xy ON the vector plane that already contains the switching vectors on the

plane.

The operating active switching vector is selected from the two adjacent active
vectors that create the sector where the reference vector x;,  locates. The null

switching vector that has the minimum change of switching states compared to
the selected active vectors is usually selected in order to minimise switching

losses.

Calculate duty time for each of the selected switching vectors using (4.4),
(4.5) and (4.6); where the parameters Ty, T, and T, are the duty times for the
first active vectors, the second active vectors and the null vector, T is the
switching time period, m* is the modulation index (having a value between 0
and 1) and 6i* is the angle of the reference vector within the sector (having a

value between 0 and 60 degrees).

T, = m*T,sin (g —-6)) ;for0<6; < /3 (4.4)
T, = m*Tgsin (6;) ;for0<6; <n/3 (4.5)
To=T;—T.—T, (4.6)
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After the operating switching vectors and their duty times are determined, these
switching vectors have to be sequenced and operate for the calculated duty times.
These switching vectors can be split and sequenced in different patterns as far as the
total duty time for each of the switching vectors is still equal to the calculated value.
This creates a number of possible switching sequences. In this thesis the criteria used
to form the switching sequence are:

e Only the minimum number of the switches (up to two switches) is allowed to
be switched (on and/or off) per one vector transition in order to minimise

switching losses.

e The first and the last vectors of the switching sequence in one switching
period must be the same in order to provide the continuity of the switching
sequence for the next switching cycle when repeated.

The SVM techniques and the switching sequences based on the above criteria applied
for the different types of the inverter topologies under study are presented in the

following sections (Sections 4.3.2 to 4.3.4).

4.3.2 VVSI Modulation

The techniques described in this section are equally applicable to both the standard
VSI and the two-stage VSI with a boost converter. The switching devices used in
these inverter topologies must be modulated such that a short circuit of the DC-link
voltage source must never occur; otherwise, a high current (shoot-through) that is
powered by the DC-link capacitor will occur and damage the switching devices. In
practical terms, this means that the upper switch and lower switch 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 that are allowable for the VSI

modulation as shown in Figure 4.9.
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Sap pr Scp a Sapjt pr i Scp \a Sapx prx Scp*a Sap prx Scp \a
Vdc*g— i Vdc T ’L Vdci; ’i Vdc T i
Sanlt Sbnlt Scnlt Vab:O San.\ Sbn1 Scn1 Vab:+vdc San‘l\ Sbn‘l\ Scnlt Vab:O ‘{ Sanx Sbn‘l\ Scnx Vab:'vdc
Vbc=0 Vbc=0 Vbc= +Vdc Vbc= +Vdc
Vca:O Vca:'vdc Vca:'vdc Vca:O
SV0 (000) SV1 (100) SV2 (110) SV3 (010)
Sapk prlt Scpjt a Sap‘ Shp Scnlt a SapIt prlt SCpia J Sapx prx SCDK a
Vdcgi— ’i Vdc T ’L Vdcgi— i Vdc * i
L L
Sud S\ Sy 2y, | S Sud SNy o SaX S\ Sud | | Se\SuXSaly, g
be™ Vbc_ Vdc Vbc: Vdc th:O
Vca:+ Vdc Vca=+vdc Vca:O Vca:O
SV4 (011) SV5 (001) SV6 (110) SV7 (111)

Figure 4.9 Eight allowable switching states used in the VSI modulation

These eight switching states are classified into two groups: active switching states
(SV1 to SV6) and null switching states (SV0 and SV7). The active switching states
allow the power to be transferred between the DC voltage source (Vq4c) and the grid
whilst the null switching states cause a short circuit of the AC side and an open-circuit
of the DC side and thus do not allow any power to be transferred. For example, the
active switching state SV1 will apply a voltage of +Vy. and -V to the grid line ab and
line ca, but the null switching state SVO will connect all the grid lines to the lower
DC-link voltage rail and thus no power can be transferred between the DC side and
the AC side.

In order to operate with the SVM technique, these eight allowable switching states
(SVO0 to SV7) are converted to the switching vectors: the active switching states SV1
to SV6 are converted to active vectors SV1 to SV6 and the null switching states SVO
and SV7 are converted to null vectors SV0and SV7. These switching vectors have
characteristics as shown in Table 4.2. All of the active vectors (SV1 toSV6) have
identical magnitudes of (2/3)-Vg. whilst all of the null vectors (SV0 and SV'7) have no
magnitude. The active vector SV1 is aligned with the a-axis and all the other active
vectors have 60 degrees displacement from each other whilst the null vectors have no
specific direction. The active vectors split the vector plane into six different sectors

(Sector 1 to Sector 6) as shown in Figure 4.10.
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Switching | Switching | Vector . o PWM Output
Vector g Codo g Type Magnitude | Direction Ve 1 Vo Vo
sSVo [000] Null 0 - 0 0 0
m [100] Active (2/3) Ve ejO +Ve 0 Ve
V2 [110] Active | (2/3)-Vge eJT/3 0 +Vie | -V
m [010] Active (2/3) Ve ej27'l.'/3 Ve +Ve 0
SVa [011] Active | (2/3)-Vq eJm Ve | O +Ve
Svs5 [001] Active | (2/3)-Vq ej4m/3 0 Ve | Vi
V6 [101] Active | (2/3) Vg eJ5m/3 +Vie | Ve 0
SV7 [111] Null 0 - 0 0 0

Table 4.2 Switching vectors and their characteristics used for the SVM-VSI

p-axis

N

> o-axis

SV5 SV6
Figure 4.10 Space vector plane for the SVM-VSI

For the given reference voltage vector I7r*ef and with the use of the SVM procedure
described in Section 4.3.1, the switching vectors and the duty times for each sector
used in the SVM-VSI will be determined as summarised in Table 4.3. The parameter
m, refers to the VSI modulation index which is the ratio of the peak line-to-line
voltage seen at the AC side of the inverter (|V,;]) to the peak DC-link voltage seen at
the DC side of the inverter ( ;) as shown in (4.7).

_ |Vvsi|
v — —~
Vac

0<m<1 (4.7)
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Selected Switching Vectors .
Sector Duty Time
Active vectors Null vectors

1 SVi,sv2 | svo,sv7 -

2 V2 ,SV3 svo ,sv7 |1 =mulsin(G=60)
s — —= | T, = m,Tssin (6;)

3 2 vESs L
S N I e

4 Sv4 ,SV5 Svo ,Ssv7

5 SVE SVE Svo .sy7 | where 0<6;<m/3and
— ————0< m<1

6 Ssve ,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 sequence that have been presented
in Section 4.3.1, the seven-segment switching sequence (referred as a double-sided

symmetrical switching sequence) is used to operate over one switching time period for

—_— s s s

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

reference vector I7r*ef is located in Sector 1. This switching sequence allows only two

switches to turn on and off per a vector transition whilst having the vector Sv0 to be
the first and the last vectors of the sequence as shown in Figure 4.11. The similar
switching sequences can be applied for the other sectors (Sector 2 to Sector 6) using
Table 4.4.

SV0O  Svi SV2 SV7 SV2 SVl SV0
000 100 110 111 110 100 000
Sap 0
Stp 0
Sep 0
San 0
Spn 0
Sen 0
T T2 T,/2 To/2 T,/2 T2 T4

Figure 4.11 Double-sided symmetrical switching sequence of the VSI modulation
over one switching period when the reference vector is located in the Sector 1
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Sector Double-sided Symmetrical Switching Sequence for SVM-VSI
1 SVOo SV1 SV2 N4 SV2 SV1 SVO0
000 100 110 111 110 100 000
2 SV7 SV?2 SV3 SVO SV3 SV2 SV7
111 110 010 000 010 110 111
3 SVo SV3 SV4 SV7 SV4 SV3 SVO0
000 010 011 111 011 010 000
4 SV7 SV4 SV5 SVOo SV5 Sv4 SV7
111 011 001 000 001 011 111
5 SVo SV5 SVeé SV7 SVé SV5 SVOo
000 001 101 111 101 001 000
6 SV7 SV6 SV1 SV0 SV1 SV6 SV7
111 101 100 000 100 101 111

Table 4.4 Double-sided symmetrical switching sequences for each sector of the
SVM-VSI

Additionally, in order to avoid a shoot-through condition, a delay time called dead
time is added to the rising edge of the gate signal for the incoming switch. This is to
ensure that the outgoing switch is completely turned off before the incoming switch in
the same inverter leg can conduct. However, the added dead time will shorten or
lengthen the gate signal pulses (depending on the direction of the current). Therefore,
if this distortion is not compensated, the implementation of the dead time in the VSI
will cause AC current waveform distortion and degrade the VSI capability to operate

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

4.3.3 CSI Modulation

The techniques described in this section can be used for both the standard CSI and the
two-stage CSI with a buck converter. The switching devices used for these inverter
topologies must be modulated in order to never open circuit the DC-link current
source; otherwise, a high voltage (L*di/dt) will result and damage the switches. In
practical terms, one of the upper switches and one of the lower switches, must be
always turned on in order to always provide the path for the circulating current. This
results in a total of nine switching states that are allowable for the CSI modulation as

shown in Figure 4.12.
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Sapx prk SCP\a Saplk pr t SCp\a Sapk prit SCp\a
Idc G) i Ich*) L i |chD i
San‘|\ Sbn‘|\ Scnjt Ia: +|dc San Sbn‘l\ Scnj Ia: 0 SanJ Shn‘l\ Scn‘|\ Ia: 'Idc
=0 ly=+ 1. 1= +lg
SC1 1= Iy SC2 1= -y SC3 =0
Sapk prk Scpx a Saplk prk Scpx a SapIt pr* Scpka
Idc C*) L Ich*) L i Idc(*) ) bc
Sanx Stn \ Scn.\ 1= -l San Sbnx Scn.\ 1=0 San‘\ Shnl Scn‘\ = +lge
l | Ib:O l l Ib:'ldc Ib:'ldc
SC4 1=+l SC5 =+l SC6 =0
sdsdsd [sAsdsd sdalsd
Idc G) i Ich) L ] bc Idc(*) L i
Sanx Sbn l\ Scn‘I Ia: 0 San | Sbnx Scn‘|\ Ia: 0 San | Shn'l\ S(:n1 Ia: 0
1,=0 1,=0 1.=0
b b b
SC7 =0 SC8 =0 SC9 =0

Figure 4.12 Nine allowable switching states used in the CSI modulation

Similar to the VSI modulation, the nine allowable switching states for the CSI
modulation are classified into two groups: active switching states (SC1 to SC6) and
null switching states (SC7 to SC9). The active switching states allow the power to be
transferred between the DC current source (lgc) and the grid whilst the null states
causes a short circuit of the DC source via the DC-link inductance and thus do not
allow any power to be transferred. For example, the active switching state SC1 will
apply a DC current of +Iq to the grid phase a and —lq4 to the grid phase ¢, whilst the
null state SCO will cause a short circuit of the DC current source and therefore no

power can be transferred between the DC side and the AC side.

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

are converted to the active vectors SC1 toSC6 and the switching states SC7, SC8

and SC9 to the null vectors SC7,SC8 and SC9. These switching vectors have the
characteristics as shown in Table 4.5. The first and second letters 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] means that the switch Sy, and

switch S¢, are on (see Figure 4.12).
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itchi itchi . L PWM Output
SV\%S&' pg Sw(ljtggéng \{I_e;;(;r Amplitude | Direction N N %
sc1 [ac] Active (2/13) 14 eJT/6 +lge 0 . .
SC2 [bc] Active (2/13) 14 eJ/2 0 +lge | -lge
SC3 [ba] Active (2/3)-14 e/5m/6 Age | e 0
SC4 [ca] Active (2/3)-14 eJ7m/6 “lge 0 +lg
SC5 [cb] Active (2/3)-14 eJ3m/2 0 “lye +lge
SC6 [ab] Active (2/3)-14 e/11m/6 oo | -l 0
sc7 [aa] Null 0 - 0 0 0
5C8 [bb] Null 0 - 0 0 0
SC9 [cc] Null 0 - 0 0 0

Table 4.5 Switching vectors and their characteristics used for the SVM-CSI

From Table 4.5, all of the active vectors (SC1to SC6) have identical magnitudes of

(2/3)-14c whilst all of the null vectors (SC7 , SC8 and SC9) have no magnitude. The

active vectors have 60 degrees displacement from each other whilst the null vectors

have no specific direction. The active vectors split the vector plane into six different

sectors (Sector 1 to Sector 6) as shown in Figure 4.13. As the AC currents obtained

from the CSI modulation will be displaced by 30 degrees leading when using the

same reference vector plane as the SVM-VSI, all switching vectors of the SVM-CSI

therefore are compensated by 30 degrees leading in order to allow the CSI modulation

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

e

S-axis

502

SC5

“'5C6

o-axis

Figure 4.13 Space vector plane for the SVM-CSI
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[N

For the given reference current vector I, - and with the use of the SVM technique
described in Section 4.3.1, the switching vectors and the duty times for each sector
used in the SVM-CSI will be determined as summarised in Table 4.6. The parameter
m; refers to the CSI modulation index which is the ratio of the peak line-to-line
current seen at the AC side of the inverter (|/.;|) to the peak DC-link current seen at

the DC side of the inverter ( [;.) as shown in (4.8).

mi:M ;0<mi<1 (4.8)
lac
Sector Selected Switching Vectors Duty Time

Active vectors Null vectors
SC6 ,SC1 SC7,5C8, SC9 T, = m;T,sin (E_ )
SC1 ,SC2 SC7,5C8, SC9 3
SC2 ,SC3 SC7,5C8, SC9
SC3 ,S5C4 SC7,5C8, SC9
SC4 , SC5 S§C7,5C8, SC9 | ; where 0 <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-CSI

By applying the criteria used to form the switching sequence presented in Section
4.3.1, a four-segment switching sequence (referred as a single-sided asymmetrical
switching sequence) is required to operate over one switching time period for the CSI

modulation. For example, the sequence SC7 — 5C6 — SC1 — SC7 (which has a switching

code of aa-ac-ab-aa) is used when the reference vector f;‘ef is located in Sector 1.
This switching sequence allows only two switches to turn on and off per vector
transition whilst having the null vector SC7 to be the first and the last vectors of the
sequence as shown in Figure 4.14. Similar switching sequences can be applied for the

other sectors (Sector 2 to Sector 6) using Table 4.7.
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SC7 SC6 SC1 SC7
aa ab ac aa
T2 T, T, T2

Figure 4.14 Single-sided asymmetrical switching sequence of the CSI modulation
over one switching period when the reference current vector is located in the Sector 1

Sector Single-sided Asymmetrical Switching Sequence for SVM-VSI
. 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
A sc7 sc3 SCa sC7
aa ba ca aa
c SC9 SC4 SC5 'SC9
cc ca cb cc
] SC8 SC5 SC6 SC8
bb cb ab bb

Table 4.7 Single-sided asymmetrical switching sequences for each sector of the

SVM-CSI

Additionally, in order to prevent a high voltage caused by the open-circuit of the DC-

link current, a delay time called overlap time is added to the falling edge of the gate

signal to the outgoing switch to ensure that a freewheeling path is always provided for

the DC-link current. In other words, the overlap time is used to ensure that the

incoming switch is completely turned on before the outgoing switch is turned off and
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thus gives the continuity of the DC-link current. However, depending on the sign of
the line-to-line AC voltage that controls the commutation process, the commutation
can take place before or after the overlap time and if not compensated, the
implementation of the overlap time in the CSI modulation will cause waveform
distortion and degrade the capability to operate at very low and at near maximum DC-
to-AC current transfer ratio [87].

4.3.4 ZSI| Modulation

The modulation techniques used for the voltage fed ZSI and the current fed ZSI

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

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

< ine-to-li i A
< peak line-to-line grid voltage shoot-through switching states

</3/2 peak line-to-line grid voltage CSI modulation

Current fed ZSI . . . ZSI Modulation using
> V/3/2 peak line-to-line grid voltage | o circuit switching states

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

From Table 4.8, as the voltage fed ZSI is the VSI-type of operation, when the PV
voltage is greater than peak line-to-line grid voltage, the VVSI modulation presented in
Section 4.3.2 can also be used for the voltage fed ZSI. On the other hand, as the
current fed ZSI is the CSl-type of operation, when the PV voltage is lower than /3,2
peak line-to-line grid voltage, the CSI modulation presented in Section 4.3.3 can also
be used for the current fed ZSI.

This section presents the modulation for the voltage fed ZSI when the PV voltage is
lower than the peak line-to-line grid voltage using the shoot-through switching states
and the modulation for the current fed ZSI when the PV voltage is greater than /3,2

peak line-to-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-through switching states can be
used to step up the low PV voltage for the voltage fed ZSI when the PV voltage is
insufficient whilst the open-circuit switching states can be used to step down the high
PV voltage for the current fed ZSI1 when the PV voltage exceeds the voltage transfer
limit. The shoot-through switching states are obtained when the switches in the same
inverter leg (of one or two or all of inverter legs) are turned on at the same time whilst
the open-circuit switching states are obtained when all of the switches on the same
DC-link rail (either upper and/or lower) are turned off at the same time. Table 4.9 and
Table 4.10 show the shoot-through switching states and open-circuit switching states
that are used in the voltage fed ZSI modulation and the current fed ZSI modulation
[88, 89].

Shoot-through Switching State Short-Circuiting

Switching State | S, | Spp | Sep | San | Son | Sen Inverter Leg(s)
STO01 1 0 0 1 1 1 phase “a”
ST02 0 1 0 1 1 1 phase “b”
STO03 0 0 1 1 1 1 phase “c”
STO04 1 1 1 1 0 0 phase “a”
STO05 1 1 1 0 1 0 phase “b”
ST06 1 1 1 0 0 1 phase “c”
STO7 1 1 0 0 1 1 phase “a” and “b”
STO08 1 1 0 1 0 1 phase “b” and “c”
ST09 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 phase “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 modulation

Open-Circuit Switching State Open-Circuiting
Switching State | Sz | Spp | Sep | San | Son | Sen DC-link rail (s)
0Co01 1 0 0 0 0 0 Lower
0C02 0 1 0 0 0 0 Lower
0Co03 0 0 1 0 0 0 Lower
0Co04 0 0 0 1 0 0 Upper
0C05 0 0 0 0 1 0 Upper
0OC06 0 0 0 0 0 1 Upper

0Co7 0 0 0 0 0 0 Lower and Upper

Table 4.10 Open-circuit switching states for the current fed ZSI modulation
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The SVM-VSI and SVM-CSI techniques described in Sections 4.3.2 and 4.3.3 can
also be used for the ZSI modulations. The only difference is the addition of the shoot-
through in the voltage fed ZSI modulation or the open-circuit switching states in the
current fed ZSI modulation. The rate of the DC-to-AC voltage boosting in the voltage
fed ZSI modulation and the rate of the DC-to-AC voltage reducing in the current fed
ZS| modulation are proportional to the duty time of the shoot-through switching state
(Tst) and duty time of open-circuit switching state (Toc).

Since both the shoot-through and open-circuit switching states do not allow the power
to be transferred between the DC side and the AC side which is the characteristics of
the null switching state, these switching states therefore should be implemented as
part of the null switching state time interval (To). Figures 4.15 and 4.16 show the
switching sequences used for the voltage fed ZSI modulation and the current fed ZSI

modulation when the reference vector is located in Section 1.

Vo Svi SV2 | SV7 . SW2 Vi SW0
000y = 100 110 111 110 100 £ 000
§To1< | STO7. | STO6 5706 sTo7 | sTol
N \ N ¥ K v
Sap 0
pr 0
Scp 0
San 0
Sbn 0
Scn 0 H H
(T Tep)4 T2 T2 TR T2 (T Tep)ld
*» < > = = > e > 4f
- > - <« - -
Te /6 Te /6 Tel6 | Terl6 Te /6 Te /6
(T Tsp)2
) Ts

>
< >

Figure 4.15 Double-sided symmetrical switching sequence of the voltage fed ZSI
modulation for one switching period when the reference vector is located in Sector 1
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SCc7 SC6 SC1 SC7
aa N ab ac K aa
oC1 oc1 ocC1
L \% RN

Sap 0
pr 0
Sep 0
San 0
Spn 0
Scn 0 i i ] i i
— < ] b > N
TOC/3 Toc/3 TOC/3
Ts .

Figure 4.16 Single-sided asymmetrical switching sequence of the current fed ZSI
modulation for one switching period when the reference vector is located in Sector 1

It can be seen from Figures 4.15 and 4.16 that:

The switching sequence of the voltage fed ZSI modulation is derived from the
sequence of the VSI modulation. Only the shoot-through switching states are
inserted “during” every vector transition of the VSI modulation, which allows
the voltage fed ZSI sequence and the VSI sequence to have the same total

number of the switchings per one switching period.

The switching sequence of the current fed ZSI modulation is derived from the
sequence of the CSI modulation. Only the open-circuit switching states are
inserted “during” every vector transition of the CSI modulation, which allows
the current fed ZSI sequence and the CSI sequence to have the same total

number of the switchings per one switching period.

Since the shoot-through switching states and the open-circuit switching states
are implemented as part of the null state duty time interval, these switching

states do not affect the operating modulation depth.
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Similar switching sequences to the sequences shown in Figures 4.15 and 4.16 can be

applied for the other sectors (Sector 2 to Sector 6) for the voltage 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

1

SVo0 | ST01

svi

STO07

sv2

ST06

sv7

ST06 | SV2

STO07

SV1 | STO1

SV0

SV7 | ST02

sv2

STO08

sv3

ST06

SV0

ST06 | SV3

STO08

SV2 | ST02

sv7

SV0 | ST02

sv3

ST09

Sva

ST04

sv7

ST04 | SV4

ST09

SV3 | ST02

SV0

SV7 | ST03

Sva

ST10

NE

ST04

SV0

ST04 | SV5

ST10

SV4 | ST03

sv7

SVo0 | ST03

NE

ST11

NG

ST05

sv7

STO05 | SV6

ST11

SV5 | ST03

SV0

oo BN

SV7 | STO1

SVé

ST12

svi

ST05

SV0

STO05 | SV1

ST12

SV6 | STO1

sv7

Table 4.11 Double-sided symmetrical switching sequences for each sector of the

Table 4.12 Single-sided asymmetrical switching sequences for each sector of the

voltage fed ZSI modulation

Sector Switching Sequences for the Current Fed ZS1 modulation
1 sc7 oc1 SC6 oc1 sc1 oc1 SC7
2 SC9 0cé6 Sc1 0c6 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

current fed ZSI modulation

4.4 Control Strategies

This section presents the control methods used for the six inverter topologies which

have been previously introduced in this chapter. The purposes of the control methods

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

synchronised with the grid voltages and to control the DC side voltage to have a

suitable level for the different types of the inverter topologies to operate.

76




CHAPTER 4

4.4.1 VSI Control

The method that is used to control the AC currents to be in phase and synchronised

with the grid voltages for the three-phase VSI topology is by converting the three-

phase AC currents into a single current vector rotating in the grid voltage space vector

plane using the technique described in Section 4.3.1 and using Pl controllers to

control the current vector to be in phase and synchronised with the grid voltage vector

[90, 91]. The schematic for the VSI control is shown in Figure 4.17, which can be

described as below:

The grid voltages (Vsanc)) are measured and transformed into a single vector

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

The actual line currents (is@anc)) are measured and transformed into a single
vector rotating in the grid voltage d-q rotating reference frame, which give the

d-q current components: isq (real current) and isq (reactive current).

The PI current controllers compare isq and isq with the reference current
demands (isg* and isq*). The real current demand isg* is generated from the
maximum power point tracking (MPPT) controller and the reactive current
demand isq* is set to be zero in order to control the AC currents to be in phase

with the grid voltages, by means of unity power factor operation.

The output of the real current controller is fed forward by vsg which is offset
by isq-wL and the output of the reactive current controller is offset by -wLisqg.
The offsets are added in order to compensate for the phase shift caused by the
voltage drop across the inductive AC filters L. This results in the reference d-g

voltage components (vig* and vig*).

Then, vig* and vig* are transferred back into the stationary frame (V*;(anc) and
supplied to the VSI modulator to determine the suitable switching vectors and
calculate the duty times for the switching devices using the procedure
described in Section 4.3.1.

The PI1 controllers control the errors between the actual AC currents and the
reference current demands to be zero and thus give the AC currents that are in

phase and synchronised with the grid voltages as required.
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The VSI modulation index (m,) is the parameter that is used to control and match the
different voltage levels between the DC side of the VSI (constant if the grid voltages
are stable) and the PV array (variable depending on the maximum power point of the

PV array). m, is defined in (4.7), and m, for this case can be estimated using (4.9).

v*
m, ~ [ rave ;0<m<1 (4.9)
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Figure 4.17 Schematic for the VSI control

4.4.2 CSI Control

The CSI control utilises the same concept as the VSI control in order to control the
AC currents to be in phase and synchronised with the grid voltages. However, as the
CSI topology usually has a constant DC-link current, the CSI control can synthesise
the current vector using the measured PV current rather than using the measured AC
currents. As a result, a single PI controller can be used 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 (Vs@anc)) are measured and transformed into a single voltage
vector rotating in the a-f vector plane using the technique described in Section
4.3.1. This creates the rotating angle 0 that can be used to be the reference
angle for the AC line current vector.

e The phase shift caused by the capacitive currents in the AC capacitors Cs is
compensated using isq* = wCivsg in order to achieve unity power factor
operation. Then the reference current demands isq* and isq* are used to
determine the reference rotating angle for the line current vector (6,*); where
isg* 1S received from the MPPT controller.

e The actual PV current (iy) is compared with the reference PV current demand
(ipy*) that is generated from the MPPT controller. This gives the errors to the

PI controller to determine the reference modulation depth demand (m;*).

e m;* in conjunction with &,* produces the duty times for the switching devices
using Table 4.6.

As the CSI can synthesises the reference current vector using the PV current, the line
current transducers are no longer necessary. This implies that the CSI topology
potentially has a simpler control circuit and an easier way to interface with the MPPT
controller compared to the VSI topology, as the DC-link current is the only parameter.
Moreover, as the DC-link current level is controlled, the DC-link voltage level will be
automatically adjusted according the change of the operating CSI modulation index
(m;) and for this case can be determined from (4.10); where AV is the output error

from the DC-link current Pl controller.

_ (vpp—AV)
1.5v¢q

;0<m<1 (4.10)

i
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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 controlled in the same manner as the
VSI when the PV voltage is sufficiently large to force the anti-parallel diodes in the
VSI to be reverse biased and enable operation in inverter mode which requires the
DC-link voltage to be higher than the peak line-to-line grid voltage. When the PV
voltage is insufficient, the PV voltage can be boosted with the use of the boost
converter. The voltage boost ratio (Bpeost) IS dependent on the ratio of the DC-link
voltage to the PV voltage. In practical terms, the Bpoost IS the ratio of the turn-on time
(Ton) to the switching cycle time of the boost switch (Tsg) as defined by (4.11). The

longer the boost switch is on, the higher the PV voltage is boosted.

Vac _ 1

B —de— T
boost Vpr  (1-Ton/TsB)

; Bboost =1 (4-11)

Figure 4.19a shows the operation of the two-stage VSI with a boost converter when
the boost switch is turned on. The inductor Lyeost IS charged and stores energy whilst
the capacitor Cy. supplies the power to the grid. Figure 4.19b shows the situation
when the switch is turned off. The boost inductor Lyoest discharges its stored energy
and produces an additional voltage (v.) that tops the PV voltage to match the higher
DC-link voltage level (vqc). If the inductor is large enough and/or the switching

frequency is high enough, a continuous inductive current (i) will be achieved [77].
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Figure 4.19 Diagrams of the two-stage VSI with a boost converter when the boost
switch is (a) turned on and (b) turned off

The scheme for the two-stage VSI with a boost converter is shown in Figure 4.20. The
DC-link voltage level adapter is added into the VSI control which has been already
presented in Section 4.4.1. The actual DC-link voltage is compared to the reference
DC-link voltage (vqc*) and then the resulting error is put into the DC-link voltage Pl
controller to generate a suitable turn-on time for the boost switch (Ton) Over one
switching period (Tsg). The reference DC-link voltage (vqc*) is usually set to be higher
than peak line-to-line grid voltage, which is the minimum required voltage level for

the VSI.
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Figure 4.20 Schematic for the two-stage VSI with a boost converter control
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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 the same manner as the CSI
when the PV voltage is less than the limit (lower than v3/2 peak line-to-line grid
voltage) in order to operate in the inverter mode as well as avoid over modulation. In
this situation the buck converter stage is disabled (the buck switch is continuously
turned on). When the PV voltage is over the CSI voltage transfer limit, the buck
converter will operate in order to reduce the DC-link voltage to the level that allows
the CSI stage to operate properly. The voltage reduction ratio (Bpyuck) iS dependent on
the ratio of the PV voltage to the DC-link voltage level. In practical terms, the Bpyck IS
the ratio of the turn off time (Tore) to the switching cycle time (Tsg) of the buck
switch as expressed by (4.12). The longer the buck switch is off, 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 CSI with a buck converter when
the buck switch is turned on. At this time the inductor L4 is connected between the
voltage from the PV source (vy,) and the DC-link voltage (vqc). The stored inductor
energy is increased. Figure 4.21b shows the situation when the switch is turned off
and the PV source is disconnected. The inductor Ly discharges its energy and
supplies the current to the grid. In average, this results in a lower voltage than the PV
source. If the inductor is large enough and/or the switching frequency is high enough,

a continuous inductive current will be produced.
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Figure 4.21 Diagrams of the two-stage CSI with a buck converter when the buck
switch is (a) turned on and (b) turned off

82



CHAPTER 4

The scheme of the two-stage CSI with a buck converter control is shown in Figure
4.22. The DC-link voltage level adapter is added into the CSI control scheme which
has been already presented in Section 4.4.2. The actual DC-link voltage (vqc) after
filtered using a low pass (LF) filter is compared to the reference DC-link voltage
(vac*) and then the resulting error is put into the DC-link voltage Pl controller to
generate a suitable turn-off time for the buck switch (Torr) Over one switching period
(Tsg). The reference DC-link voltage (vq.*) is set to be less than v3/2 peak line-to-line

grid voltage, which is the maximum voltage transfer limit of the CSI.
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Figure 4.22 Schematic for the two-stage CSI with a buck converter control

4.4.5 Voltage Fed Z-Source Inverter Control

As presented in Section 4.3.4, when the PV voltage is high enough (greater than peak
line-to-line grid voltage), the voltage fed ZSI will behave in the same manner as the
standard VSI. Therefore, the VSI modulation presented in Section 4.3.2 and the
control method presented in Section 4.4.1 can be used. On the other hand, when the
PV voltage is too small for correct operation, the shoot-through switching states will

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

Figure 4.23a presents the operation of the voltage fed ZSI topology when operating in
one of the eight allowable (non-shoot-through) switching states. In this situation, the

topology operates in the same manner as the VSI and gives the output voltage and
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current to the grid where the DC-link voltage is sufficient for the VVSI-type inverter to
operate. Figure 4.23b shows the situation when the topology operates in the shoot-
through state. In this situation, the AC side terminals of the VSI 3-phase bridge are
short-circuited that causes a zero voltage at the DC side of the inverter and thus no
power transferred between the DC side and the AC side. A high DC-link current (igc)
is created but its rate of rising is limited by the inductance of the X-shaped impedance
circuit. The summation of the voltage of the two capacitors (C; and C,) is greater than
the PV voltage (vy), where the diode is reversed bias and does not allow the current to
flow back in the PV array. The capacitors (C; and C,) release their power to charge
the inductors (L; and L,). The rate of the voltage boosting (Bzi.) is dependent on the
shoot-through time which can be determined using (4.13).

Vdc 1
BZSl—v Vpy (1-2Ts7/Ts) ’ BZSl—V =21 (4-13)
kc LL idc
| — P —
+ +

VSI — + /‘C2

Vg.| 3-Phase — PV — Vou V=0
Bridge | -

l

(b)

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

There are several control methods to implement the shoot-through time in order to
step up the PV voltage to match the DC-link voltage level [35-37, 88, 93]. The choice
of the control method is dependent on the tradeoffs between the voltage boost
capability, voltage stress across the switches, output ripple and control complexity.
The simple boost control [35] has the simplest control scheme but this method
provides the highest voltage stress on the circuit components. The maximum boost
control [88, 93] can achieve the minimum voltage stress, but the method has problems
with low frequency ripple. The maximum constant boost control [36] can eliminate

the low frequency ripple and minimum voltage stress, but this method has a complex
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control scheme. The modified VSI SVM control [37] provides simple switching
sequences, the highest boost capability and maximum modulation depth operation
capability, but the method produces high voltage stress. The third harmonic injection
technique could be used for a further voltage stress reduction as well as an increased
boost capability; however, this method has a much more complex control [94]. In this
thesis, the modified SVM control method is used.

The scheme of the voltage fed ZSI control is shown in Figure 4.24. The control used
for the voltage fed ZSI is similar to the VSI control. The difference is only that the
DC-link voltage level adapter block and the shoot-through time (Tsr) generator have
been inserted. If the PV voltage is lower than the required DC-link voltage level vyc*
(lower than peak line-to-line grid voltage, which is v/3vsd + isqwL), the shoot-through
switching states will be implemented for the time of Tsr as shown in the control
scheme (derived from (4.13)). The limiter is used to ensure that Tsr is implemented as
part of the null state time interval, which is less than the time of (1-m*)-Ts. The filter
capacitor Cpy also is added to decouple the inverter and the PV source and to smooth

the PV voltage and PV current during operating in the shoot-through switching states.
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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 ZSI can operate in both, DC-to-AC voltage
step-up mode and step-down mode [89, 95, 96]. In the voltage step-up mode where
the PV voltage is below the limit for correct operation, the current fed ZSI will behave
in the same way as the standard CSI. Therefore, the CSI modulation presented in
Section 4.3.3 and the CSI control method presented in Section 4.4.2 can be used. In
the voltage step-up mode where the PV voltage is over the limit, the open-circuit
switching states have to be used in order to step down the PV voltage to be lower than
the limit level.

Figure 4.25a shows the situation when the current fed ZSI operating in one of the nine
allowable (non open-circuit) switching states. In this situation, the topology operates
in the same manner as the standard CSI and delivers power to the grid. Figure 4.25b
shows the situation when the topology operates in one of the open-circuit switching
states. In this situation, The DC side of the topology is open circuit, which then causes
a zero DC-link current (ig.=0) and delivers no power to the grid. A high DC-link
voltage (vqc) is created but it is limited by the impedance of the X-shaped circuit. The
diode operates and conducts the current of the two inductors (L3 and L), which is
greater than the input PV current (iyy). Since the average power seen at the input side
and the output side of the X-shaped circuit should be equal, when the current of the
inductors increases, the DC-link voltage seen at the DC side of the inverter will be
reduced. The rate of the voltage reduction (Bsi.i) is dependent on the open-circuit time

which can be determined using (4.14).
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Figure 4.25 Diagrams of the current fed ZSI when operating in (a) non open-circuit
switching states and (b) open-circuit switching states
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Bysio; = 2% = P2 = 1 — 2T /T, ; By <1 (4.14)

Vpv ldc

The scheme of the current fed ZSI control is shown in Figure 4.26. The control used
for the current fed ZSI is similar to the CSI control. The difference is only that the
DC-link voltage level adapter block and the open-circuit time (Tsr) generator have
been inserted. If the PV voltage is greater than the required DC-link voltage level vgc*
(greater than v3/2 peak line-to-line grid voltage, which is 1.5vsd), the open-circuit
switching states will be implemented for the time of Toc as shown in the control
scheme (derived from (4.14)). The limiter is used to ensure that Toc is implemented as
part of the null state time interval, which is less than the time of (1-m*)-Ts. The filter
inductor Ly is used to decouple the topology and the PV source and to smooth the PV

voltage and current during operating in the open-circuit switching 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

4.5.1.1 DC-Link Filtering Component Design

Normally, the criteria for the selection of the filter components can be based on the
required limit of the ripple, the damping effect, or the resonant frequency [97]. Figure
4.27 shows the equivalent circuit of the filter when reactive components (Lq. and Cgc)
are used. The input DC filter should be rated to be able to carry the input inductor
current (i) in continuous mode and keep the ripple to be less than a specified value.
The ripple of the output capacitor voltage (vc) less than a specified value should also
be taken into account.

de
YYYN
— —_—
T i l i
PV L Inverter
Source v‘p\, Coc T ¢ v‘c

Figure 4.27 Equivalent circuit of the LC filter

Assuming that the PV source provides a constant voltage (vyy) and the DC-link filter
inductor (Lg) is small, the minimum value of the input filter capacitor (Cgyc) for the
three-phase power converters, the standard VSI and the two-stage VSI with a boost
converter can be calculated using (4.15) [98]; where AVcmaxy IS the maximum

permissible peak-to-peak voltage ripple and fs is the converter switching frequency.

_ i
Cdc(min) - 6fsDVc(max) (4.15)
On the other hand, assuming that the DC-link filter capacitor (Cqc) is large and the
input filter inductor (Lg) is used to reduce the current ripple, the minimum required
value of the inductor L4 for the three-phase power converters, the standard CSI and

the two-stage CSI with a buck converter, can be determined by using (4.16) [98];
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where Al max) 1S the maximum permissible peak-to-peak current ripple, fs is the

switching frequency of the inverter and Vjine is the grid line-to-line rms voltage.

\/EVline

: (4.16)
4fsAl(max)

de(min) =
In the case that both the inductor and capacitor are used in the DC-link filter circuit,
the resonant frequency of the filter should be well below the switching 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 capacitors) are usually used to
construct the AC filters for most power converters in order to suppress the switching
harmonics at the AC side [82, 99-101]. The resistors (commonly known as damping
resistors) are sometimes required to attenuate the resonant effect of the filters and to

improve system stability.

For the inverters with the VSI-type of operation (the standard VSI, the two-stage VSI
with a boost converter and the voltage fed ZSI), only the inductive filters L; could be
used. These inductors should be chosen such that they can absorb all of the switching
ripple cause by the VSI switching and cause a current ripple (peak-to-peak) to be
below the imposed limit. Therefore, the design presented in Section 4.5.1.1 can be
used. Alternatively, the AC inductors can be designed using the FFT analysis of the
PWM voltage and should be chosen such that their impedance at the worse harmonic
of the AC currents is below an imposed limit [99]. In this thesis, the design based on

the current ripple limit is used.

For the inverter with the CSI-type of operation (the standard CSI, the two-stage CSI
with a buck converter and the current fed ZSlI), LC filters are usually used [99]. In this
thesis the design method used for these filters based on the criteria of high output

power factor in order to eliminate effect of reactive current drawn by the filters. The
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reactive current drawn by the capacitive filter C; must never cause the power factor to
be less than a specified allowable limit. The maximum allowable value of Cs can be
determined using (4.18); where Poy is the rated output active power, gmax IS the
maximum allowable power factor angle (greater than cos™(0.95) is used in this
thesis), f| is the line frequency and Vs is the rms line voltage. And with the designed
cut-off frequency of the LC filter (f.c), the required L; can be determined by using
(4.19) [82].

Poyctan (Pmax) (418)

Cf(max) < 67TfiV52

1
f— 4Cf7T2fLZC

(4.19)

It is important to note that the cut-off frequency of the LC filter (f.c) should be well
below the switching frequency of the converter and provide lower ripple less than the
required limit. The optimum design for the cut-off frequency for the CSI-type
topologies could be found in [100]. Damping resistors (Rqamp) With a resistance higher
than the inductive filter impedance as defined in (4.20) are usually connected in
parallel with the filter inductor L [101].

Rdamp > (,()Lf (420)

4.5.2 Additional Component Design

4.5.2.1 A Boost Converter

The minimum required value of the boost inductor Ly used in the two-stage VSI with
a boost converter shown in Figure 4.3 can be determined from (4.21) [77]; where
Al max) and AVomax) are the maximum peak-to-peak DC-link current and voltage ripple
respectively, Ton Is the turn-on time of the boost switch. The maximum value of Toy
is usually used in the calculation. Section 4.5.1.1 already presented the design used to
determine the minimum required value of the capacitor Cgyc using (4.15), here the
required value for the capacitor Cqc in terms of the turn-on time of the boost switch is

presented, as shown in (4.22).
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YpyToN

L, > 4.21
dc AiL(max) ( )
C,. >—olon 4.22
dc AVo(max) ( )

4.5.2.2. A Buck Converter

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

Lo > —20rE (4.23)

- AiL(max)

4.5.2.3 X-Shape Impedance Circuits

The minimum required values of the inductors and the capacitors in Figure 4.5 (for a
ZSI-V topology) and Figure 4.6 (for a ZSI-I topology) can be determined by using
(4.28)-(4.29) and (4.30)-(4.31) respectively [102]; where Aiimaxy IS the maximum
allowable inductor current ripple and Avemax) IS the maximum allowable capacitor
voltage ripple. Tsr and Toc are the shoot-through time and the open-circuit time

respectively. Ts and fs are the switching time cycle and the switching frequency.

For the ZSI-V topology:

_ vTsT

Ly =Ly 2 et (4.28)
_ iLTsT

€= Gy 2 o (4.29)

For a ZSI-I 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 inverter topologies selected from

those already proposed in the papers and suitable converters from the literature have

been presented. These are the Voltage Source Inverter (VSI), the Current Source

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

buck converter, the voltage fed Z-Source Inverter and the current fed Z-Source

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

the methodology to design the passive components required for these topologies have

been presented. A brief summary of the details are as below:

The VSI and the CSI have the simplest circuit configurations. However, since
the VSI requires a PV voltage greater than the peak line-to-line grid voltage in
order to transfer power from the PV source to the grid, a boost converter is
usually added to step up and regulate the PV voltage to the required (constant)
DC-link voltage level. In contrast, the CSI is a DC-to-AC step up converter
that can operate over a wide PV voltage range (down to zero) but a PV voltage
lower than 0.866 peak line-to-line grid voltage must be used to avoid CSI
overmodulation and thus a buck converter could be used to step down and
regulate the PV voltage to be less than the limit for the CSI. The addition of a
boost or buck converter adds more cost, complexity and losses for these two-
stage VSI/CSI topologies. Alternatively, the two types of the ZSI topologies,
the voltage fed ZSI and the current fed ZSI, have the capability of both DC-to-
AC voltage step-up and step-down regardless of the DC voltage levels and
thus can operate in a wide PV voltage range. This can be achieved by the use
of the added X-shaped impedance circuit and the use of the shoot-through
switching states (for the voltage fed ZSI) or the open-circuit switching states
(for the current fed ZSI). However, the ZSI topologies inherently have high
voltage and current stress on the circuit components and a high number of

passive components used in the circuits.

The switching devices of the power converters must be modulated in suitable
manner in order to provide desired sinusoidal AC currents at the grid side. The

principle of Space Vector Modulation (SVM) and the criteria used to form the
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switching sequence in this thesis have been presented, which then is applied
for the different types of the inverter topologies under study in this chapter.
Three types of the modulation techniques have been presented, which are the
VSI modulation, CSI modulation and ZSI modulation. Brief details are as
follows:

o The SVM utilises the fact that any three-phase sinusoidal waveforms
can be converted into a single vector rotating on the complex plane. If
the switching states of an inverter also are converted to the active
vectors (allow power to transfer) and the null vectors (do not allow
power to transfer), and then properly placed on the complex space
plane with suitable magnitudes and directions, the rotating vector can
be used to select two of the most suitable active vectors and one null

vector (or more) and calculate the duty times for all of the switches.

o After the switching vectors are selected and the duty times for the
selected switching vectors are calculated, those switching vectors have
to be sequenced and operate for the calculated duty times. The
switching sequences used in this thesis must allow only the minimum
number of switching (up to two switching) per a vector transition to
minimise switching loss and must have the same vector for the first
and the last of the sequence in order to provide the continuity for the

next switching period when repeated.

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

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

symmetrical) sequence is required.

CSI modulation must never cause an open circuit of the DC-link
current since a high voltage will occur and damage the switches. This
creates a total of nine allowable switching states for the CSI
modulation. Using the SVM technique, these nine allowable switching
states are converted to six active vectors and three null vectors. The
active vectors split the vector plane into six sectors as does the SVM-
VSI but having 30 degrees twisted in leading compared to the VSI
space plane to correct the phase of the AC currents. The four-segment
(single-sided asymmetrical) sequence can be used for the CSI

modulation in order to satisfy the defied switching sequence criteria.

ZS| modulation used for the ZSI topologies is dependent on the PV
voltage conditions. As the voltage fed ZSI is the VSI-type of operation,
when the PV voltage is sufficiently higher than peak line-to-line grid
voltage the VSI modulation will be used; otherwise, the shoot-through
switching states will also be used. On the other hand, as the current fed
ZSl is the CSI-type of operation, when the PV voltage is lower than
0.866 of the peak line-to-line grid voltage the CSI modulation will be
used; otherwise, the open-circuit switching state will also be used.
Since the shoot-through or open-circuit switching states do not allow
the power to be transferred which is the characteristics of the null
switching state, these switching states are inserted as part of the null
switching state time interval. The shoot-through and open-circuit
switching states are implemented during every vector transition in
order to have the same number of switchings per switching period as
the VSI or CSI modulation.

The passive component design methodology used in the inverter topologies
under investigation has been also presented in this chapter. These include the
calculation of the passive components used in the DC filters, AC filters, the

inductor in the boost converter, buck converter and the X-shaped impedance
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circuits. The criteria of the ripple limit and the suitable cut-off frequency are
used for the design of the DC components whilst the minimum power factor
criteria and the suitable cut-off frequency are used for the design of the AC

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

evaluated and compared against the proposed CSI with series AC capacitors topology
in Chapter 6.
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Chapter 5

The Current Source Inverter with Series AC
Capacitors

In Chapter 4, six power inverter topologies selected from those currently evaluated in
research papers for three-phase transformerless, grid-tied PV applications have been
presented. In this chapter, an alternative candidate topology, referred as the Current
Source Inverter with series AC capacitors (CSI+SCaps), is proposed. This topology
was firstly used in [38] to reduce voltage stress on semiconductor devices for the
shunt active power filter application but the topology is firstly introduced for the PV
inverter application in this thesis. This proposed topology is a modified topology of
the CSI topology. Three AC capacitors are added in series connection with each AC
phase of the standard CSI as shown in Figure 5.1. The topology utilises the
advantages of the CSI topology in order to achieve a simple circuit, potential high
efficiency with a single stage power conversion and operation over the whole (down
to zero) voltage range of the PV array without the need of additional components. The
added AC capacitors are used to improve the efficiency of the inverter during
operation with a low PV voltage and to provide better AC power quality, lower
voltage stress on the circuit components and low input PV current/voltage ripple

compared to the standard CSI topology.

3-Phase CSI Bridge

Added series AC Capacitors
/ éz §Z I-d<:
G

Cs

—fp—
r —|
' ~f——m
3- L l
Power Grid Ci==t=— ._EZ ._EZ o

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

This chapter contains details of the operating characteristics, analytical model and
equations, modulation and control methodologies, design of series AC capacitors and
other potential applications for the CSI+SCaps topology. The performance of this
topology will be evaluated via simulation in Chapter 6, which will be compared
against the six other inverter topologies that have been presented in Chapter 4.

5.1 Fundamental Characteristics

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

inverter.
Vdc
Vs
Ve or
\_
/ s
™ = —
~ 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 level

In contrast, the presence of the series AC capacitors in the CSI+SCaps topology
allows the voltage level at the AC side of the topology to be adjusted. This is possible
because when the AC current flows through the series AC capacitors, the voltage
across the capacitors will be created. This voltage can be used to add to or subtract
from the grid voltages and thus provide an adjustable phasor voltage seen at the AC
side of the inverter to be low or high to respond to a low or high PV voltage level at
the DC side as shown in Figure 5.3. As a result, the CSI1+SCaps has a possibility to
always operate with an optimum voltage transfer between the DC side and the AC

side.
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/ LY -
% — AC | | 3Phase |/ PV
LT 1 filter CSI Bridge Array

Series AC capacitors

Power Grid

(@)

/ VL -
% — AC | | 3Phase |/ PV
L7V — filter CSI Bridge Array

Series AC capacitors

Power Grid
(b)

Figure 5.3 CSI+SCaps when operating with (a) a low PV voltage level and (b) high
PV voltage level

5.2 Analytical Model and Equations

To facilitate the explanation of the operation and control methodologies and the
design of the series AC capacitors used for the CSI+SCaps, its analytical model and
equations are derived. The model based on the phasor diagram is used to show
magnitudes and phases of the AC side parameters when the CSI+SCaps operates in
different situations whilst the equations are used in the control methodologies and the

design of the series AC capacitors.

The circuit configuration of the CSI+SCaps in Figure 5.1 can be represented by the
per-phase equivalent circuit as shown in Figure 5.4. The terms of the parameters
shown in the figure are described in Table 5.1. These parameters will be used to

derive the model and equations for the CSI+SCaps topology.
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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 capacitor Cs and the filter inductor L¢
Ict AC current phasor drawn by the filter capacitor 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

lyc DC-link current

Table 5.1 Parameters used for the analysis of the analytical model and equations of
the CSI1+SCaps topology

By applying the phasorial summation theorem for the parameters on the AC side of
the equivalent circuit in Figure 5.4, a model based on the phasor diagram for the
CSI+SCaps can be derived as shown in Figure 5.5 and the magnitudes of the phasors
can be derived as shown in (5.1)-(5.4); where 6 and ¢ refer to the phase displacement

angle between Vs and Is (power factor angle) and between Vcs; and Ics.

Figure 5.5 Phasorial diagram representation of the analytical model of 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()? — 2VslsXesin ; 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 (5.4), the active
(Pcsi) and reactive power (Qcsi) seen at the AC side of the inverter can be derived as
shown in (5.5) and (5.6).

PCSI = %VSlsC'OSQ (55)

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

When considering the situation of the power equilibrium between the AC side and DC
side of the inverter, the components of the AC current phasor (isq and isq) can be
derived as shown in (5.7) and (5.8); where Py is the power seen at the DC side of the
inverter. The components isq and isq are used in the modulation and control for the

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

; 2P 4.

isq = Igc0s0 = ﬁ (5.7)
. _ . _ Vs 2, XCXCf(XCf+XC)

lsq = IsSInd = [(XCf+2Xc) $ vs(xcr+2xc) (8)

The terms of the component igq in (5.8) can be simplified where the estimated value of
the AC current (Is) can be derived using the definition of CSI modulation index (m;).
The m; is the control parameter used to provide the desired current transfer ratio
between the DC side and the AC side for the CSI-type inverters, which is defined as
the ratio of the AC current magnitude seen at the AC side of the inverter to the peak
DC-link current seen at the DC side, as shown in (5.9). And by substituting (5.9) for
(5.4), the estimated AC current can be derived as shown in (5.10).

mi=% 0<m; <1 (5.9)
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Vssin9+\/(mi1chCf)2 —(VscOSQ)Z

(Xcr+Xc)

Is =

—m/2<0<m/2 (5.10)

The analytical model based on the phasor diagram is used to shown the magnitudes
and phases of the AC side parameters when the CSI+SCaps operates in different
operating points. The equations are used in the modulation and control for the
topology presented in Section 5.3 and the design of the series AC capacitors presented

in Section 5.5.

5.3 Modulation and Control Methodologies

Since there are no additional switches or switching states used in the CSI+SCaps
when compared to the standard CSI, the modulation techniques used for the standard
CSI topology (Section 4.3.3) can be used also for the CSI+SCaps topology. This
section presents the control principle and the possible control 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 CSI+SCaps so that the AC voltage
level seen at the AC side of the inverter can be adjusted to match the voltage level at
the DC side, the voltage across the series AC capacitors has to be controlled. Since
the magnitude of the series AC capacitor voltage is dependent on the AC current, as
defined in (5.1), it means that the magnitude of this voltage can be controlled via the
control of the AC current. By substituting (5.10) for (5.1), the magnitude of the
voltage across the series AC capacitors (Vc) will be derived as shown in (5.11) whilst
the phase of V¢ can be derived from the phasor diagram shown in Figure 5.5, which is
shown in (5.12).

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

(Xcp+Xc)

Ve =

X (5.11)

Ve =(6-7) (5.12)
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It can be seen from (5.11) and (5.12) that for the given grid voltage (Vs), available
DC-link current (l4;) and known values of X¢r and Xc, the magnitude and phase of the
V¢ can be controlled using the power factor angle (¢) and the modulation index (m;).

Figure 5.6 shows how the power factor angle (6) can be used to control the series AC
capacitors (V¢) and provide the AC voltage at the AC side of the CSI+SCaps topology
(Vcsi) matching the voltage level at the DC side (Vqc). In the situation that Vg is high
(Figure 5.6a), the leading of @ can be used to adjust the phase of V¢ and increase Vs
to be higher than the grid voltage (Vs) in order to match the high Vq.. Alternatively, in
the situation that V. is low (Figure 5.6b), the lagging of & can be used to adjust the
phase of V¢ and decrease Vcs to be lower than Vs in order to match the low Vjc.

(17 24 CGA)’

VC VC
T —

_| |__
CsSlI v CslI v
3-Phase de 3-Phase de
Vs Vesi Bridge Vs Vesi Bridge

4—
3 gt?aI\se ‘D
Vs Ves Bridge T Ve

(@)

(b)

Figure 5.6 Diagrams to show how the power factor angle can control the AC voltage
level of the CSI1+SCaps topology to match (a) a high DC voltage level and (b) a low
DC voltage level
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Table 5.2 shows the range of the power factor angle (#) required for a particular
increase/reduction rate of Vcsi when compared to Vs; where 6, (5.13) refers to the
power factor angle that causes Vcsi to have the same magnitude as Vs, which is
derived from (5.2),(5.4) and (5.10) by considering the different ratios between Vg
and Vc.

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

Table 5.2 Required power factor angle () for a particular rate of Vcs/Vs

Besides the power factor angle (#), the magnitude of the AC line current (lIs) is also
the important parameter that affects the level of V¢ and Vcs. The parameter that is
used to control Is is the modulation index (m;) as shown in (5.1) and (5.10): the higher
the modulation index, the higher the level of Is and V¢, but the magnitude of Is cannot
be greater than the peak DC-link current (l4) as restricted by the definition of m; (see
(5.9)). Figure 5.7 shows the effect of Is on the level of V¢ and Vcg. It can be seen that
when 6 is constant, a higher AC line current (lIsz) causes a larger series AC capacitor

voltage (Vc2) but a smaller amplitude of Vcs; than a lower AC line current (Isy).

Figure 5.7 Diagrams to show how the magnitude of AC line current (lIs) can affect the
voltage level at the AC side of the inverter (Vcs))
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The control method for the CSI topology is normally designed to achieve unity AC
power factor [103], and so called the Unity Power Factor (UPF) control (the
schematic and operation of the UPF methods has been presented in Section 4.4.2).
The UPF control can be used also for the CSI+SCaps topology. However, if the UPF
control is used for the CSI+SCaps, the higher voltage level than the grid voltage will
be created at the AC side of the inverter as shown by the phasor diagram in Figure
5.8. This high AC voltage may lead to higher voltage stress on the switching devices
and increases switching loss.

S~

RS

-

= O VS \ III

~~~~~

Figure 5.8 Phasor diagram when the CSI+SCaps operating with UPF control

In this section, two novel control methods suitable to be used for the CSI+SCaps
topology are proposed: the Minimum Switching Voltage (MSV) control and the
Optimum Power Factor (OPF) control. These methods have the tradeoffs between the
minimum switching voltage (AC side voltage of the inverter) and the maximum
power factor. The MSV control aims to control the CSI+SCaps topology to achieve
the operation with the minimum switching voltage and the OPF control be used to

achieve the operation at the optimum point between low switching voltage and high
power factor.

5.3.2.1 Minimum Switching Voltage Control

The Minimum Switching Voltage (or MSV) control allows the CSI+SCaps topology
to operate with the minimum switching voltage, by means of minimum voltage level
across the inverter. This leads the topology to achieve the lowest voltage stress on the
circuit components (power semiconductors, DC-link inductance). The control utilises
the fact that the AC side or switching voltage (Vcsi) of the topology will have the

minimum level when the maximum voltage across the series AC capacitor (Vc) is
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created and hence can be used to subtract from the grid voltage (Vs), as described by
(5.14):

VCSI(min) =Vs— VC(max) (5.14)

Therefore, in order to maximise V¢, the series AC capacitors have to be rated to carry
full AC line current (Is), as described by (5.1). In practical term, this can be achieved
by setting the CSI+SCaps topology to always operate with the maximum modulation
index (m;=1) so that the AC line current can fully draw the current from the DC side

as suggested by (5.9).

Figure 5.9 presents the schematic of the CSI+SCaps topology when operating with the
MSV control. The MSV control has the same schematic as the UPF control (Figure
4.18). The difference is that the AC line current components isg* and isq* calculated
from (5.7) and (5.8) are used to be the reference current vector for the SVM-CSI

modulator that sets the modulation index to operate near its maximum value (my* =1).

3-Phase CSI Bridge

N
Power grid Ce L, 452 4éz - Ly
I o e
|| M - PV
L 1T
N . I} M (>
LT T__EI Cf—ff—L
o TIT €|«
Vs(abc) |;L<F| T
\%
CSI Modulator |
Vsd mi*:]- va ipv
dq, m*:(vpv'AV)ll'SVsd s ’?‘

i* using (5.7) 0> i *
. : MPPT P
ls* using (5.8) dqabc—.@ Controller

T

PWM Signal Generator

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

In some applications where the allowable range of the power factor is restricted, the
Optimum Power Factor (or OPF) control would be more preferable. In this case both
the modulation index (m;) and the power factor angle (#) are controlled in order to
enable the CSI+SCaps topology to maximise the power factor and to minimise the
switching voltage at the same time.

The point that the CSI+SCaps can provide the optimum balance between the
minimum switching voltage (by means of the minimum amplitude of Vcg ) and the
maximum power factor (by means of the highest value of cosé) is the point where the
phasors Vs, Vc and Vg form a right triangle shape as shown in Figure 5.10. At this
point, the phasor Is will be in-phase with the phasor Vs, and the ratio of Vcsi/Vs will
be equal to cosé# (power factor). In practice, this control method can be achieved by
controlling the AC line current phasor (Is) to be always in phase with the AC voltage

phasor seen at the AC side of the inverter (Vcs)).

~
‘‘‘‘‘

Figure 5.10 Phasor diagram for the CSI+SCaps operating with the OPF control

The concept of the OPF control has been firstly utilised for the control a shunt active
power filter in [38]. The method directly measured the actual Vcs from the circuit
and used the phase-locked loop (PLL) techniques [104, 105] to synthesise the
reference current vector for the SVM-CSI modulator to generate the switching
signals, which is complicated and required additional V¢s voltage transducers.

In this thesis, a simpler technique to implement the OPF control is proposed. Unlike

in [34], the proposed technique directly synthesises the desired power factor angle
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(6,*) from the measured DC-link current (l4;) and the operating modulation index
(m;); where 6,* can be determined using (5.15), which is derived from (5.2) when
using Vcsi/Vs=cos6. Therefore, this control technique does not require any additional

transducers for measuring Vcs.

(5.15)

Figure 5.11 shows the schematic of the CSI+SCaps when operating with the OPF
control. The OPF control has the same control schematic as the UPF control. The
difference is only that the reference current vector for the SVM-CSI modulator is

synthesised using (5.10) and (5.15).

3-Phase CSI Bridge
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Figure 5.11 Schematic of the CSI+SCaps topology operating with the OPF control

5.3.3 DC-Link Current Control Design

This section presents the analysis for the design of a PI controller used in the DC-link

current control. This control method can be used for both the standard CSI topology
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and the CSI+SCaps topology. Figure 5.12 shows the DC side equivalent circuit of the
topology; where Rs is the internal equivalent series resistance of the PV source
(Section 2.4).

lac Ly Ry ipv
T — CsSl
0 3-Phase tle
Power < PWM Vdc Vov GD PV
Grid _| Bridge -

Figure 5.12 DC side equivalent circuit of the CSl-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). Transferring (5.16) into the S-
domain and rearranging terms, the open-loop DC-link current transfer function G(s)
will result as shown in (5.17).

dige

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

_dac(®) 1 . _ B
G(S) =305 = stor } AV(S) = vy (S) = 4 (S) (5.17)

Figure 5.13 shows the control diagram when a P1 controller is used to control the DC-
link current. The PI controller is expressed in the S-domain as shown in (5.18) [106];

where k, and k; refer to the proportional gain and the integral gain of the controller.

PI(s) = k,, +% (5.18)
o™ 4i(S) AV(S)
- PI(S) YO >
idc

Figure 5.13 Diagram of the DC-link current control for the CSI-type topology
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Applying the closed-loop control theorem and using (5.17) and (5.18), the closed loop
transfer function (G ’(s)) can be derived as shown in (5.19).

ki Skp
i P()G(s) m( 23 “)
G'(s) = 1+P(s)-G(s) Sz+S<M)+£ (5.19)
Lgc Lgc

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

ki
G'(s) = e (5.20)
s%s(ﬁ)ﬁc

As a result of comparing (5.20) to the standard second order transfer function (G(s))
as shown in (5.21); where w,, is the natural frequency and ¢ is the damping factor.
Hence,

2

Gs(s) = 5= (5.21)

s2+28wps+w?

Hence, k, and k; can be formulated as (5.22) and (5.23) respectively.
k, = 2§éwyLgc — Rs (5.22)

k; = w2Lg, ; where ki >> ky (5.23)

The selection of { and w, will be made by considering the specifications that define
the step response shown in Figure 5.14. The parameter M, refers to the peak
overshoot (in % of the final value), t, to the time to the peak value, 7 to the equivalent
time constant and t, to the rise time (from 0.1 to 0.9 of the final value); the time unit is

in seconds. These parameters are defined as shown in (5.24)-(5.27) [106].
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Figure 5.14 Specification parameters for the step response

M, = exp (%) X 100% (5.24)
T
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 ; for0.6<¢<0.9 (5.27)

Figure 5.15 shows the simulation waveforms of the DC-link current demand (l4c*)
and the corresponding DC-link current (lq) when the Pl controller with the design

specifications and the simulation parameters in Table 5.3 are used for the CSI+SCaps

topology.

Item Parameter Value and Unit
. . n 350 rad/sec
Design specifications
=0.7 0.7
Vs 415V/50Hz
Ve 425V
Simulation parameters Lyc 10mH
Rs 0.5Q
Cs 500uF
Calculated P1 parameters Ii(. "::132?3 -

Table 5.3 Design specifications and simulation parameters used to observe
functionality of the designed PI controller
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Figure 5.15 Comparison of the DC-link current demand (l4.*) and the corresponding
DC-link current (l4c) obtained from the CS1+SCaps when operating with the PlI
controller using the simulation parameters from Table 5.3

Table 5.4 shows the comparison of the step response parameters My, t,, ©(2%) and t.
between the calculation using the design specifications (5.24)-(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

1©(2%) 16.5 17 msec
t 6 6.5 msec

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

It can be seen from Figure 5.15 that the designed PI controller can control the DC-link
current levels to have the same final levels as demanded. Similar results between the
design and the measured values of the step response parameters in Table 5.4 confirms
that the DC-link current PI controller design presented in this section can 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 of the series AC capacitors used in
the CSI+SCaps topology. All other circuit components used in the topology can be

designed using the procedures presented in Section 4.5.

To facilitate the design, the parameter a is defined, which is the ratio of the magnitude
of the voltage seen at the AC side of the inverter to the magnitude of the grid voltage,
as shown in (5.28). This parameter is used to indicate how much the AC side voltage
level of the inverter is reduced in comparison to the grid voltage level. By substituting
(5.28) for (5.2) and using (5.5), the required value of the series AC capacitors can be
formulated as shown in (5.29). Therefore, the required value of the series AC
capacitor is dependent on grid voltage and frequency (Vs and w), power factor angle
(), required AC voltage level (a), load power (Py:) and AC filter inductance (Ly).

q = Zest a>0 (5.28)

Vs

C. = 2Pde (5.29)
s 202LgPgc+ 3wVE cos (sin 0+VaZ—cos? 0) '

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

applications where high supply frequency of 400Hz is usually used [107].

1500

1500

Cs (uF)

ﬁ()(} 4(I]U (w(ll() 800 0 200 400 600

Vs (V) o2 (H2)

(@ (b)

Figure 5.16 Values of the series AC capacitors required for different (a) grid voltage
Vs and (b) grid frequency ®; where 6 = n/4, a=0.8, P4.=20kW and L=1mH
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Figures 5.17a and 5.17b show the required value of the series AC capacitors for the
different power factor (cosé) and different AC voltage (a). It can be seen that:

e The largest size of the series AC capacitors is required when the power factor
(cosh) is low and then becomes smaller when the power factor has a low-
medium value. The capacitors’ size becomes larger again when the power
factor has a medium-high value and reaches the largest size in the high power
factor range at the point where “cosf=a”; (see Figure 5.17a where cosf=a=
0.8 for this case).

e A smaller series AC capacitor is required for a lower level of the required AC
side voltage (a). If differentiating the terms in (5.29) by a, it will be found that
the maximum value of the series AC capacitors will be determined at the point
where “a=cos0” (see Figure 5.17b where a= cosd= 0.707 for this case).

1500 800
‘ | 600
LL LL
= 400§
%] %]
O s000 TS o 3 |
2()()_ ........... e ......................... -
0 : - i 0 ‘ i :
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Cos 0 (no units) a (no units)
(@) (b)

Figure 5.17 Values of the series AC capacitors required for different (a) power factor
6 and (b) required AC side voltage compared to the grid voltage (a); where
Vs=415V/50Hz, w/2n=50Hz, P4;=20kW and L=1mH

Figures 5.18a and 5.18b show the required value of the series AC capacitors for the

different load power (Pq4c) and different AC filter inductance (Ls). It can be seen that:
e A larger series AC capacitor is required for a higher operating load power.

e The value of AC filter inductance (L) does not affect to the required size of

the series AC capacitors.
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Figure 5.18 Values of the series AC capacitors required for different (a) load power
(P4c) and (b) different AC filter inductance (Ly); where Vs=415V/50Hz, ®/27=50Hz,
6= m/4 and a=0.8

As mentioned previously and shown in Figure 5.17, the largest size of the series AC
capacitors is required for the condition where a= cos6. Using this constraint for
(5.29), the largest value of the series AC capacitors that is required for a particular

level of the AC side voltage of the inverter can be formulated 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 maximum values of the
series AC capacitors required for the different AC side voltage of the inverter (0< a <

1) and different DC load power (Pq.) levels.

3000

2000

1000

Maximum Cg (nF)

AC voltage reduction rate (Vcg/Vs)

Figure 5.19 Maximum values of the series AC capacitor required for different AC
side voltage of the inverter and different load power levels; Vs=415V/50Hz, L=1mH
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It can be seen from Figure 5.19 that the size of the series AC capacitors required for
all the load power levels can be minimised when the required AC side voltage of the
inverter is in the range of 0.5-0.9 when compared to the grid voltage. In fact, this
reduced voltage range is the required operating range for the grid-tied PV inverters
since it is the range where the PV array delivers maximum output power (see more
detail in Section 3.1). This means that the reduced sizes of the series AC capacitors
are even favoured for practical applications.

5.5 Operating Results of the CSI with Series AC capacitors

In Section 5.3 three alternative control methodologies for the CS1+SCaps (UPF, MSV
and OPF control) have been presented. In this section the simulation results of the
CSI+SCaps when operating with these control methodologies are presented. There are
two operating scenarios considered in this simulation work: the operation under

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

5.5.1 Operating Results under Normal Grid Voltage Conditions

As mentioned in Section 3.1, under normal grid voltage the grid-tied PV inverters are
required to operate at the maximum power points (MPP) of the PV array as well as
at/near the maximum PV voltage (no load voltage) where the inverters start-up their
operation. In this section the operating results of the CSI+SCaps when operating with
the UPF, MSV and OPF control at three different MPPs (100%, 50% and 10% power
levels) and near no load PV voltage are presented. The results of the standard CSI
with the UPF control when operating at the same points are also 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) that are used to
observe the performance of the CSI+SCaps with the UPF, MSV and OPF control and
the standard CSI with the UPF control when operating with different power levels at
MPPs (100%, 50% and 10%). Table 5.5 presents the conditions and parameters used

in this simulation. The value of the series AC capacitors is calculated using (5.30).
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Figure 5.20 Three operating points (OP1, OP2 and OP3) used to observe the
performance of the inverter topologies under investigation at different power levels

Inverter Circuit Components Grid-PV Specifications
Topology Lgph | Ciph | Cs/ph Lgc Grid PV Array
22 strings of 24 series
Standard CSI | 1mH | 10uF - 10mH connected PV panels:
3-phase module BP SX30
415V/50Hz
CSI+SCaps 1mH | 10pF | 560uF | 10mH :QSX?::EX\SIAVC:‘%}%SV
25°C

Table 5.5 Simulation model parameters used to observe the performance of the
inverter topologies under investigation at different power levels

Figures 5.21, 5.22 and 5.23 show the simulation waveforms at the DC side and the

AC side of the standard CSI and the CSI+SCaps when they operate at the operating

points and simulation conditions shown in Figure 5.20 and Table 5.5. The DC side

waveforms are the PV voltage (Vp), the PV current (I,) and the DC-link voltage (Vqc)

and the AC side waveforms are the AC side inverter voltage (Vcs), the grid voltage

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

and current as well as the peak values of the DC-link voltage/current according to the

DC side waveforms are presented in Table 5.6, whilst the equivalent phasor diagrams

according to the AC side waveforms are presented in Table 5.7.
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Figure 5.21 DC side (left) and AC side (right) simulation waveforms of the standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and OPF control when
operating at 100% load power (OP1)
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Figure 5.22 DC side (left) and AC side (right) simulation waveforms of the standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and OPF control when
operating at 50% load power (OP2)

118



CHAPTER 5

380
= Vpv 0 |
:‘} 360
i 340 250 -
n_ .
S |- ¢ I s s
= |z s = 0 ‘
8 ] Z :
o 800 250 4 :
5 |= |
£ |~ e |
g |7, =TT | o | . ‘ ‘ |
I T T T
2 036 037 038 039 04 0.36 037 0.38 0.39 0.4
Time (sec) Time (sec)
380 500 4 T
R |
& s
— 340 250
LL ;
S [z 5y 2 :
2T e ol || :
a | ¢ z
8 800 250
n |= ;
E :
0 |~ ] -300 5
O 0 T T T T I
0.36 037 038 039 0.4 036 0.37 0.38 0.39 0.4
Time (sec) Time (sec)
380 500
% 360 }‘__}TRL_M___,_ e _m+
:2-
— 340 250
|- o Ty -
=> f 3 % 0
% |7 s e :
% 800 -250 E
5 | AN NN :
% |-, MMNNNNNMNMENNN | :
(@) T T T T [ T T T 1
036 037 038 0.39 04 036 037 038 039 0.4
Time (sec) Time (sec)
380 500
= Vi :
3360 P
P 250 - ;
LL :
o | ¢ Ipv =
9 < 3 = 0 i
: . :
8|7 s 2 :
S 800 250 |
wn = :
S ER i L ?
& |, ISy | . .
r T T 1
0.36 037 0.38 0.39 0.4 036 037 0.38 0.39 0.4
Time (sec) Time (sec)

Figure 5.23 DC side (left) and AC side (right) simulation waveforms of the standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and OPF control when
operating at 10% load power (OP3)
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PV Operating Results on the DC Side

Operating Topology Vv lov | %AV, | %Al | Vi lac
Point and Control (mean) (mean) (ripple) (ripple) (peak) (peak)
M | A M) (A) M | A
Standard CSI (UPF) | 400 40 0.2% 3.5% 673 40.7
OP1 CSI+SC (UPF) 400 40 0.2% 4.3% 725 40.8
(MPP 100%) CSI+SC(MSV) 400 40 0.1% 1.7% 520 40.5
CSI+SC(OPF) 400 40 0.1% 2.3% 539 40.4
Standard CSI (UPF) | 390 21 0.2% 6.2% 633 21.7
OoP2 CSI+SC(UPF) 390 21 0.3% 6.7% 650 21.8
(MPP 50%) CSI+SC(MSV) 390 | 21 | 01% | 38% | 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 voltage (Vpy) and current (l,,) and the
peak values of the DC-link voltage (Vq4c) and current (lqc) collected from the DC side
waveforms shown in Figures 5.21, 5.22 and 5.23

Operating Point Standard CSI CSI+SCaps
(UPF control) UPF control MSV control OPF control

g oPL |
S S
£ -7 339V) || Vesi
3| 400V, 40A (344V)
S| 16kwW (100%)
o 'IS

PV voltage (V) (32A) Il 6=0°
< 300v, 214
£ 8kW (50%) o2 Vs v
s 339V) || Vs
S ~ (339V) (358V)
e

_|S
PVvoltage (V) ~ [(16.4A) Il 6=0°
Ve

% 360V, 4.54 (3§/98V) Vs Vs
3| LKW (10%) 3a2v)|  (343v)| Vs
> \ OP3 (339V)
* AN 'IS 'IS

PV voltage (V) (3.3A) 4 6=0° 0=0° & (3.3A)

Table 5.7 Equivalent phasor diagrams representing the operation of the standard CSI
with UPF control and the CSI+SCaps with the UPF, MSV and OPF control 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 Tables 5.6 and 5.7 that:

The standard CSI with the UPF control can achieve operations of unity power
factor (ls is in-phase to Vs) for all the investigated operating points. However,
the AC side voltage of the inverter (Vcs=342-358V) remains high and almost
constant with the similar magnitude to the grid voltage (Vs=339V) even if the
PV voltage level at the DC side is reduced (from 400V to 360V) when the
load power decreases (from 16kW to 1.6kW). These mismatched voltage
levels between the DC side and AC side can be adjusted by reducing the
operating modulation index (m;) but this can cause a high peak DC-link
voltage (595-673V) at the DC side. In addition, reducing the modulation index
means that larger zero voltage intervals are created on the PWM waveforms
due to a longer operating time of the CSI null switching states (see Section
4.3.3). These larger zero voltage intervals require a longer time to be filtered
and thus cause a high peak-to-peak ripple in the PV current (l,,) waveforms
for the standard CSI (3.5%-28.9%).

The CSI+SCaps with the UPF control can achieve operations of unity power
factor for all the investigated operating points as does the standard CSI.
However, the voltage drop across the series AC capacitors is summed to the
grid voltage that causes a larger AC side voltage (Vcs1=343-402V) compared
to the standard CSI. This results in an even higher peak DC-link voltage (596-
725V) and the higher peak-to-peak PV current ripple (4.3%-28.9%) for the
CSI+SCaps with the UPF control compared to the standard CSI.

With the control principle presented in Section 5.3.2.1, the CSI+SCaps with
the MSV control can achieve low AC side voltage levels (Vcsi=270-320V)
matching to the change of the PV voltage levels at the DC side. Therefore, the
CSI+SCaps with the MSV control can always operate with the optimum
voltage transfer ratio (by means of maximum modulation index, m; =1). This
reflects by the lower peak DC-link voltage levels (520-558V) and the lower
peak-to-peak PV current ripple (1.7%-24.4%) compared to the standard CSI.
However, the power factor obtained from the CSI+SCaps with this control

method is relatively low (0.68-0.81) compared to the standard CSI, which is

121



CHAPTER 5

also reflected by a larger phase shift between Vs and Is as shown in Figures
5.21,5.22 and 5.23.

e With the control principle presented in Section 5.3.2.2, the CSI+SCaps with
the OPF control can achieve low AC side voltage levels (Vcsi=284-339V)
compared to the standard CSI and the CSI+SCaps with the UPF control, whilst
providing an improved power factor (0.84-0.98) compared to the CSI+SCaps
with the MSV control. However, the CSI+SCaps with the OPF control
provides higher peak DC-link voltage (539-608V) and higher peak-to-peak PV
current ripple (2.3-28.9%) compared to the CSI1+SCaps with the MSV control.

If the level of the AC side voltage (Vcsi) and the peak DC-link voltage (Vqc) designate
the level of the switching voltage stress across the inverters, the CSI+SCaps with the
MSV control would provide the lowest switching voltage stress on the switching
devices and thus potentially has the lowest switching losses; following by the
CSI+SCaps with the OPF control, standard CSI with the UPF control and the
CSI+SCaps with the UPF control. If the PV current ripple designates the size of the
inductor required the DC-link current filter, the CSI+SCaps with MSV control would
require the smallest size of the inductor; following by the CSI+SCaps with the OPF
control, standard CSI with the UPF control and the CSI+SCaps with the UPF control.
However, when evaluating in terms of power factor, the topologies with the UPF
control should be used whilst the CSI+SCaps with the MSV control provides the
lowest power factor among all the control methods. The CSI+SCaps with the OPF
control would be the best choice if both high power factor and low switching voltage

stress are considered. Table 5.8 presents a summary for the above comparisons.

Comparison Item Standard CSI CSI+SCaps | CSI+SCaps CSI+SCaps
(UPF) (UPF) (MSV) (OPF)
Switching voltage stress 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, size of DC-link filter
and power factor among the standard CSI with the UPF control and the 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 when the standard CSI with the UPF
control and the CSI+SCaps with the UPF, MSV and OPF control operating near no
load voltage (maximum voltage) of the PV array where these inverter topologies start-
up their operation. The simulation circuit components and the grid-PV specifications
used in Section 5.5.1.1 and the operating point (OP4) at the PV voltage/current and
power of 500V (98% of the no load voltage), 1A and 0.5kW are used in this
simulation work. Figure 5.24 shows the simulation waveforms of the standard CSI
and the CSI+SCaps when they operate with the aforementioned simulation parameters
and operating point. The mean values and the ripple of the PV voltage and current and
the peak values of the DC-link voltage/current according to the DC side waveforms in
Figure 5.24 are presented in Table 5.9, whilst the equivalent phasor diagrams
according to the AC side waveforms are presented in Table 5.10.

PV Operating Results on the DC Side
Operating Topology Vo v | %AV, | %Al | Vi lac
Point and Control (mean) (mean) (ripple) (ripple) (peak) (peak)
M | A M) (A) M 1 A
Standard CSI (UPF) | 500 1 0.1% 68.0% | 578.3 | 1.36
OP4 CSI+SC (UPF) 500 1 0.1% 73.0% | 581.9 | 1.39
(500V,1A,0.5kW) CSI+SC(MSV) 500 1 0.1% 67.0% | 578.0 | 1.36
CSI+SC(OPF) 500 1 0.1% 67.0% | 578.0 | 1.36

Table 5.9 Mean values and ripple of the PV voltage (Vpy) and current (l,,) and the
peak values of the DC-link voltage (Vqc) and current (lqc) collected from the DC side
waveforms shown in Figure 5.24

; ; Standard CSI CSI+SCaps
Operating Point
P g (UPF control) UPF control MSV control OPF control
V

2 Cc Ve Ve
g Vs \Y
o| OP4 V V V csl
= 339V csl csl csl
5| so0v, 14 @3V liasgvy|  @aiv) 3?\jfgsv @Y . (333V) y
>| oskw o ( _S) 1 ey o (336%)

PV voltage (V) (LAA) W 0=440] 0=44.7°W (1L.4A) (1.4A) wl g=450 (LAA) w g=450

Table 5.10 Equivalent phasor diagrams representing the operation of the standard CSI
with UPF control and the CSI+SCaps with the UPF, MSV and OPF control according
to the AC side waveforms shown in Figure 5.24
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Figure 5.24 DC side (left) and AC side (right) simulation waveforms of the standard
CSI with UPF control and the CSI+SCaps with UPF, MSV and OPF control when
operating near no load PV voltage (OP4)
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It can be seen from Figure 5.24 and Tables 5.9 and 5.10 that all the topologies and
control methods have a similar operation when operating near no load PV voltage
(OP4), reflected by the similar operating waveforms and operating phasor diagrams.
This is because both of the standard CSI and the CSI+SCaps operate with a small
fraction of the PV current (I,,=1A) when operating near no load voltage (500V). The
small PV current can be used to create only a small AC line current (1.4Apea) and
thus a small voltage across the series AC capacitors in the CSI+SCaps topology. This
small series capacitor voltage therefore does not provide significant difference in the
operation of the CSI+SCaps and their associated control methods compared to the
standard CSI. Only a slight deviation of the AC side voltage amplitude (Vcs=333-
341V) compared to the grid voltage amplitude (Vs=339V). As the voltage across the
inverter topologies are similar, the topologies operate close to the maximum
modulation index and thus the phase shift between Vs and s (6=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 should have the capability to
ride-through low grid voltage faults (sags) to ensure safe and stable operation of the
electrical network as required by the grid codes. The inverters should be able to stay-
connected to the grid during a significant grid voltage fault (sag) for a given time
before a trip is allowed, support the grid with reactive current during the fault and
supply power to the grid immediately after the grid voltage fault clearance. In this
section, the operating results of the CSI+SCaps in comparison to the standard CSI

when operating during low grid voltage sags are presented.

As the reactive current is required at the grid side during the low grid voltage faults,
the unity or optimum power factor control is no longer relevant. This leads the MSV
control to be the most obvious choice for the CSI+SCaps whilst the phase shift
between Is and Vs must be used for the standard CSI. In this section, the operating
results of the standard CSI and the CSI+SCaps when operating during low grid
voltage sags are presented. The simulation circuit components and the PV array used
in Section 5.5.1.1 are also used in this simulation work. Table 5.11 shows the

simulation conditions for the grid and the PV array used in this simulation work. Two
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operating points when the grid voltage dips by 30% (OP5) and 70% (OP6) from the
nominal levels (415V/50Hz) are investigated; where the reactive current required to
support the grid during these grid voltage dips based on the E.On Netz 2006 grid code
[12] (see Figure 3.5) are used.

Operating Point Grid Condition PV Condition
Vs Required Reactive Current | Vpy, lov Pov
OP5 30% dip | 60% (equivalent to #=54°) | 200V | 44.5A | 8.9kW
OP6 70% dip | 100% (equivalent to #=90°) | ~0V | 45A | OkwW

Table 5.11 Simulation parameters used to observe the operation of the standard CSI
and the CSI1+SCaps when operating during the grid voltage sages

Figures 5.25 and 5.26 show the simulation waveforms at the DC side and the AC side
of the standard CSI and the CSI+SCaps when they operate at the operating points OP5
and OP6. The mean values and the ripple of the PV voltage and current as well as the
peak values of the DC-link voltage/current according to the DC side waveforms are
presented in Table 5.12, whilst the equivalent phasor diagrams according to the AC

side waveforms are presented in Table 5.13.
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Figure 5.25 DC side (left) and AC side (right) simulation waveforms of the standard
CSI and the CSI+SCaps when operating during 30% grid voltage dip (OP5)
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Figure 5.26 DC side (left) and AC side (right) simulation waveforms of the standard
CSI and the CSI1+SCaps when operating during 70% grid voltage dip (OP6)

Operating Results on the DC Side
Opergti ng Topology Vo Iy %AV, | %Al Vo I
Point and COl"ltI"Ol (mean) (mean) (ripple) (ripple) (peak) (peak)
M 1 A %) (A) V) (A)
P 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
OP6 Standard CSI 6 45 5.0% 1.6% 220.1 | 454
CSI+SC (MSV) 6 45 4.7% 1.1% 177.2 | 45.3

Table 5.12 Mean values and ripple of the PV voltage (Vpy) and current (I,,) and the
peak values of the DC-link voltage (Vqc) and current (lqc) collected from the DC side
waveforms shown in Figures 5.25 and 5.6
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PV Operating Point Standard CSI CSI+SCaps with MSV control
<
£ 7
s| ops 0.7Vs
3 | 200V, 44.5A, (237V) || Ves
Z | 8.9kw (266V)
_|S
PV voltage (V) (45A) 9=540
<
g 0.3V
t| OP6 (102V) ¥ Vg
O | ~0V, 45A,
S (148V)
& | Okw -lg
(45A)
PV voltage (V) 6~90°

Table 5.13 Equivalent phasor diagrams representing the operation of the standard CSI
and the CSI+SCaps with the MSV control according to the AC side 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:

During a grid voltage dip of 30% (OP5) and 70% (OP6), both the standard
CSI and the CSI+SCaps can inject a reactive current of 60% and 100% of the
rated current to support the grid as required. This are reflected by the phase
shift between Vs and Is of approximately 54° when operating at OP5 and 90 °
when operating at OP6 for both the converters, as shown in Figures 5.25-5.26
and Table 5.13.

However, with the use of the voltage drop across series AC capacitors (Vc)
which can be used to reduce the AC side voltage of the CSI+SCaps to match
the low voltage level at the DC side as shown by the phasor diagrams in Table
5.13, the CSI+SCaps provides lower peak DC-link voltage levels (298.6V,
177.2V) compared to the standard CSI (488.4V, 220.1V) as well as lower PV
current ripple levels (1.1-1.6%) compared to the standard CSI (1.6-2.5%)
when operating at OP5 and OP6.
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In summary, during a low grid voltage fault, both the standard CSI and the
CSI+SCaps can inject the correct amount of the reactive current into the grid.
However, the CSI+SCaps topology provides a lower peak DC-link voltage and a
lower PV current ripple than the standard CSI. The performance of the CSI+SCaps
and the standard CSI in terms of the capability to ride through 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 reduce the voltage level at the AC
side of the converter, the voltage across the components used in the converter should
also be reduced. This leads to the possibility of using this inverter topology in order to
achieve reduced component voltage rating. In [38], the CSI+SCaps topology was used
to reduce the voltage rating of the IGBTSs for a three-phase shunt active power filter
application. In that application, the CSI+SCaps topology was connected to a DC
inductive load (Lg) that forms a shunt active filter generating harmonic current
waveforms to cancel the actual current harmonics produced from a non-linear load
(e.g. a full bridge diode rectifier with an RL load). As a result, the sinusoidal supply

currents (ls) can be produced.

O R Liog

A) YN

L Qs o |:| Rload
A) nmm

Power llcs, 2IS ZIE *

Supply Non-linear Load

Vs, s G Tvigbt

% de
=1 1 1
GLITT o L

CSI +SCaps Shunt Active Power Filter

{;

Figure 5.27 The CSI+SCaps shunt active power filter
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Figure 5.28 shows the simulation waveforms obtained from the CSI+SCaps shunt
active power filter and the traditional CSI shunt active power filter. A 20kVA non-
linear load connected to the 690V/50Hz three-phase power supply and with the
simulation parameters in Table 5.14 is considered. The waveform I_ refers to the
nonlinear load current, Ics refers to the harmonic current generated from the shunt
active filter, Vs and Is refer to the phase supply voltage and phase supply current, Vcs;
refers to the voltage at the AC side of the CSI+SCaps shunt active filter and Vigy 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
Cs AC filter capacitor 6 uF/ph
Lqc DC inductor 140 mH
Lioad Load inductor 20 mH
Rioad Load resistor 50 Q

Table 5.14 Circuit components and their values for the CS1+SCaps and the traditional
CSI shunt active power filter

z <
A a
- -
< Lesi <
b 0.0 Nf\[t\/f\k/\l JKM @
g ‘ &
200 200
800.0 - 800.0
400.0 4 400.0
S =) e,
z 2 !
4000 4} WA 400.0
800.0 -800.0
. lZk, Lk
= 6000 lol-,t ’II I~ II |I Z 6000 4| l'bbl ...............................................
z 00— | I | 2 00 g [.ll II! p |_.Il TIH
] 6000— ‘ul]/‘ T -600.0 l . r . l’r
= ik 7k
1 [ T I T 1
0.16 0.17 0.18 0.19 0.2 0.16 0.17 0.18 0.19 0.2
Time (sec) Time (sec)
(@ (b)

Figure 5.28 Simulation waveforms when compensating 20kVA RL-type load in 690
supply voltage with the harmonic generated from (a) the traditional CSI active power
filter and (b) the CSI+SCaps active power filter
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From Figure 5.28, both the traditional CSI filter and the CSI+SCaps filter generate the
similar harmonic current waveform (lcs) to cancel the actual harmonics for the load
current waveform (1) and hence produce similar sinusoidal supply current (Is) at the
supply side. However, the CSI+SCaps filter can achieve a lower peak voltage across
the IGBT (Vign) (up to 526V) when compared to the traditional CSI filter (up to
1071V). Therefore, lower voltage ratings of the IGBT can be used 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 the AC filter of the CSI+SCaps
topology when the damping resistor (Rr) and series resistor (Rs) are also considered.
By applying the voltage divider theorem, the transfer function of the filter in terms of
Jjw for the CSI+SCaps topology and the standard CSI topology (without Cs) can be
derived as shown in (5.31) and (5.32).

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

Lt
Vg Ct =  Veg

Py

®

Figure 5.29 Equivalent circuit of the AC filter of the CSI1+SCaps topology
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Figure 5.30 presents the plots of the filter gain for the CSI+SCaps topology and the
standard CSI topology when these topologies operate at the maximum PV power
point (OP1) with the parameters in Table 5.5; where R=47Q and Rs=0.5Q. Both
filters are the second order low-pass filters; having a similar cut-off frequency at

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

20
0 .| Standard CSI [: {1
g [CSI+SCaps| \
= T T \‘\ AR
! ! \\‘\
AR R R R ‘\\
i i S T
: ! L
-80 . i i - L i
10° 10' 10" 10’ 10" 10 10°
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Figure 5.30 Comparison of the harmonic amplitude attenuation performance of the
AC filters used in the standard CSI topology versus the CSI+SCaps topology

It can be seen from Figure 5.30 that the filter of the CSI+SCaps topology provides
better high harmonic attenuation than the conventional LC filter of the standard CSI
topology, which is reflected by lower filter gains at higher frequencies. This implies
that the CSI1+SCaps topology should produce better AC output power quality with a

low harmonic distortion when compared to the standard CSI topology.

Figure 5.31 shows the comparison of the harmonic profiles (FFT) of the AC line
current produced by the standard CSI topology and the CSI+SCaps topology when
operating at the maximum PV power point (OP1) and using the simulation parameters

in Table 5.5.
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Figure 5.31 Supply current harmonic amplitudes of (a) the standard CSI topology and
(b) the CSI1+SCaps topology when operating at the maximum PV power point (OP1)
and using simulation parameters in Table 5.5

From Figure 5.31, it can be seen that the filter of the CSI+SCaps topology can reduce
the amplitudes of the switching harmonics above the cut-off frequency and higher
frequencies compared to the standard CSI topology. The harmonic amplitudes around
the sampling frequency (10 kHz) and the multiples of the sampling 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 voltage (V,y), the DC-link voltage (Vqc)
and the DC-link current (l4c) of the standard CSI topology and the CSI+SCaps
topology when they operate at the maximum power point (OP1) and with the

simulation parameters specified in Table 5.5.
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Figure 5.32 PV voltage (Vp,), DC-link voltage (Vdc) and DC-link current (lqc)
simulation waveforms when (a) the CSI topology and (b) the 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 operating PV voltage and current
levels are similar (400V and 40A), the CSI+SCaps provides a much lower peak DC-
link voltage (Vacpeak =520V) and a much lower DC-link switching current ripple (lgc,
ripple=0.12A at 10kHz and 0.04A at 20kHz) compared with the standard CSI topology
(Vacpeak =673V and lqc, ripple=0.41A at 10kHz and 0.12A at 20kHz). This is because of
the fact that the CSI+SCaps topology can operate with a reduced voltage at the AC
side of the inverter due to the use of the voltage drop across the series AC capacitors.
Since the CSI+SCaps topology provides a lower DC-link current ripple than the CSI
topology, the smaller and lighter magnetic cores could be used for the DC-link
inductor for the CSI+SCaps topology compared to the standard CSI topology.

5.7 Summary

In this chapter, an alternative three-phase, transformerless grid-tied PV inverter
topology to the current source inverter (CSl), called the CSI with series AC capacitors
(CSI+SCaps), has been proposed. Details of the circuit configuration, fundamental
characteristics, analytical model and equations, modulation and control
methodologies, design of the series AC capacitors, simulation results and other
possible applications of the proposed topology have been described. The following

lists are a brief summary for each of these details:

e The CSI+SCaps topology has the same circuit configuration as the standard
CSI topology. The difference is only that three AC capacitors are added by

connected in series with each of the three AC phase of the CSI topology.

e When the AC currents flow through the series AC capacitors, the AC voltages
will be created across these capacitors. These voltages can be controlled to add
to or subtract from the grid voltage and cause the voltages seen at the AC side
of the inverter to be higher or lower than the grid voltage levels. This
characteristic allows the voltage at the AC side of the CSI+SCaps topology to
be adjusted to response to the high or low level of the PV voltage at the DC
side. As a result, the CSI+SCaps topology can operate with the optimum

voltage transfer ratio between the DC side and the AC side of the converter,
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which leads to a lower switching voltage stress on the circuit components and
a lower input DC current ripple compared with the standard CSI topology.

The analytical model of the CSI+SCaps topology is constructed based on the
phasor diagram. The analytical equations are derived from the analysis model
using the phasorial summation theorem. The analytical model is used to show
the magnitudes and phases of the AC side parameters when the topology
operates in different situations. The analytical equations are used to design the
series AC capacitors and the modulation and control strategies.

The same modulation techniques used for the standard CSI topology presented
in Chapter 4 can also be used for the CSI+SCaps topology. Three control
methodologies: the Unity Power factor (UPF) control, the Minimum
Switching Voltage (MSV) control and the Optimum Power Factor (OPF)
control have been presented in this chapter.

o The UPF control is the commonly used control technique for the
standard CSI topology in order to provide unity power factor outputs at
the grid. However, this control method can cause a problem of needing
a higher AC side voltage than the grid voltage when using for the
CSI+SCaps topology.

o The MSV control set the modulation index to the maximum and allows
only the phase of the AC current to be adjusted. With this way this
control method always provides the lowest switching voltage level and
a better matching of the AC side voltage to the DC side voltage of the
topology in both the normal grid voltage and the grid voltage sags.

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

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

switching voltage level.

However, only the MSV control can be used for the CSI+SCaps topology
during the situation of low-voltage grid faults where the reactive current
(partial or full rated level) is required to be injected into the grid to support

voltage recovery.
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The required size of the series AC capacitors for the CSI+SCaps topology
depend on five parameters: the grid voltage level, the grid frequency, the
power factor, the level of voltage reduction at the inverter AC side, and the
DC power level. Smaller series AC capacitors are required for a higher grid
voltage level and a higher grid frequency. Larger series AC capacitors are
required for a higher DC power level and the largest size are required for the
point that the power factor angle is equal to the amplitude ratio between the

AC side voltage of the inverter and the grid voltage (i.e. cos6=a).

The operation and control principle of the CSI+SCaps topology when
operating with the UPF, MSV and OPF control have been verified via the
simulation and in comparison to the standard CSI topology when operating
with the UPF control. The operating results show supporting results to the

theoretical control principles.

The CSI+SCaps topology could be used in applications where reduced
component voltage rating or improved high frequency harmonic attenuation or

smaller DC-link inductor are needed.

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

demonstrated.

o It was also shown that the added series AC capacitors in the
CSI+SCaps topology are also part of the filters which provide better
capability to attenuate high frequency switching current harmonics and
therefore provide a low harmonic distortion of the AC output
waveforms compared with the traditional LC filters in the standard CSI

topology.

o As the CSI+SCaps topology also provides low DC-link current ripple
compared to the standard CSI topology which is where a smaller DC-

link inductor could be used.
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Chapter 6

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

In Chapter 5 an alternative inverter topology to the Current Source Inverter (CSI) for
transformerless grid-tied PV applications, called the CSI with series AC capacitors
(CSI+SCaps), has been proposed. This chapter presents an evaluation of the
performance of the CSI+SCaps in comparison with the standard CSI and five other
inverter topologies (which have been presented in Chapter 4). Table 6.1 shows a list
of all the candidate inverter topologies. To facilitate the evaluation, the topologies are
divided into two groups based on the type of core PWM bridge circuits (VSI based

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

Core PWM Bridge Circuit Inverter Topology Symbol

Standard Voltage Source Inverter VSI

VSI based Two-stage VSI with a Boost converter | VSI+Boost
Z-Source Inverter (Voltage fed) ZSI-V
Standard Current Source Inverter CslI
Two-stage CSI with a Buck converter | CSI+Buck

CSI based
Z-Source Inverter (Current fed) ZSI-1
CSI with Series AC Capacitors CSI+SCaps

Table 6.1 Candidate inverter topologies under evaluation

In this study, all of the candidate inverter topologies were designed to convert and
feed the power from a PV source into a 415V/50Hz power grid. A PV source with the
specifications shown in Table 6.2 was used (definition of the PV 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 irradiance | 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 the SABER simulation
program. The simulation results are used as part of the evaluation and analysis. The
candidate topologies are evaluated in terms of the required PV voltage and current
ratings, operating modulation depths, required circuit components, input and output
power quality, voltage and current stress on power semiconductors, estimated cost of
power semiconductors, semiconductor power losses, European efficiencies and

overall performance.

6.1 Comparison of PV Voltage and Current Ratings

As presented in Section 3.1, grid-tied PV inverters should have voltage and current
ratings higher than the voltage and current rating of the PV source in order to provide
proper connection compatibility between them. Therefore, higher PV voltage and
current ratings require higher voltage and current ratings of the inverters and hence
cause higher losses within the inverters. In addition, a higher PV voltage can lead to a
higher resistance within the PV cells (see Section 2.7.3), and hence cause higher

losses within the PV source.

With the given specifications of the PV source in Table 6.2 and the grid, the voltage
and current ratings required for each candidate topology when operating at the same
power levels can be determined as shown in Figure 6.1. The parameters Vimpp, Impp and
Pmpp refer to the output voltage, current and power of the PV source at the rated MPP,
Voc and Isc refer to the open circuit voltage and the short circuit current (maximum

voltage and current) of the PV source.
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Figure 6.1 PV voltage and current ratings required for each candidate inverter

topology

From Figure 6.1 it can be seen that:

e The CSI+SCaps requires the same PV ratings as a standard CSI

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

higher PV current rating compared to all the other candidate topologies

As the CSI+SCaps has the same PV ratings as a standard CSI, the topology can be

directly connected to the PV source in the same way as a standard CSI. A lower PV

voltage rating may lead the CSI+SCaps and a standard CSI to potentially have lower

switching losses within their circuits and lower internal losses within the PV cells.

However, since the CSI+SCaps and a standard CSI have the highest PV current

rating, these topologies potentially have the highest conduction losses within their

circuits (this issue is discussed in more detail in Section 6.8).
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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 (as presented in Section 4.3 and

Section 4.4). The definitions of m are as follows:

e For the VSI based topologies, m is the ratio of the AC output voltage
magnitude (|7,.|) “seen” at the AC side of the PWM circuit of the topologies to
the peak DC input voltage (7,.) as shown in (6.1).

_ [Vl
Musiy =5

5 0< m(,,sl-) <1 (61)

dc

e For the CSI based topologies, m is the ratio of the AC output current
magnitude (|7,.|) “seen” at the AC side of the PWM circuit of the topologies to
the available DC input current (1,.) as shown in (6.1). Assuming no power loss
within the topologies and under power equilibrium between the DC side and

AC side (P,. = |B,.|), m for the CSI based topologies can be also defined as

(6.3).
acl

m(CSl) - Tac ; 0< m(csi) <1 (6-2)

or Mcsiy = ﬁ ; if pdc = ?dcidc = |l7ac||f/:1c| = |pac| (63)

From the definitions of m, a higher m designates a higher utilization of the DC input
voltage (or current) from the PV source and a more optimum voltage and current
levels between the DC side and the AC side. For example, if msj)=1, the required DC
input will be equal to the AC output magnitude (7, = |f,|) but if mes=0.5, the DC

input current with two times higher than the AC output magnitude is needed (i, =

2|1 )

Using (6.1) and (6.3), m as a function of operating PV voltage (V) for each candidate
topology can be derived as shown in Table 6.3. The supply voltage amplitude (Vs) is
assumed to be constant. The voltages drops across the filtering components are
neglected. The plots of the functions in Table 6.3 when V,, varies from 0.6 to 1 of the

rated no load voltage (rated maximum PV voltage) are shown in Figure 6.2.
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Inverter Topology Modulation Depth (m)
3V,
Standard VSI | m ~ V3V
Vow
D 3V
g VSI+Boost m(boost) =~ 1; m(buck) = \/I: .
PV
ZS1-V m(shoot through) = M; m(buck) = V3k
Vow Vow
Zva
Standard CSI | m =~ A
2V,
CSI+Buck m(boost) ~ —2= ; m(buck) =~ 1
% W
© ZSI-I m(boost) = 231/1;/7;; m(open circuit) = %‘ZZDO)
2,
CS|+SCapS m= W ~

Table 6.3 Theoretical modulation depth (m) as a function of operating PV voltage
(Vo) of each candidate inverter topology; parameters Vs is the phase grid voltage
amplitude, D, is the switching duty cycle and cosé is the output power factor

VSI+Boost CSI+SCaps
(Boost)
1 Vi L
ZSl-1
g_ 0.9 _/ ZSI1-V /(Open-cwcun)
8 (Shoot-through)
[
2
= 08 4 VSI+Boost (Buck)
3 and and
= ZSI-1 (Boost) ZSI-V(Buck)
07 L /,
Standard CSI
0.6 ; | | I
0.6 0.7 0.8 0.9 1

PV \Woltage ( per unit of rated no load voltage)

Figure 6.2 Plot of modulation depth (m) curves as a function of operating PV
voltages for each candidate inverter topology (according to Table 6.3)
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It can be seen from Figure 6.2 that:

e The CSI+SCaps can operate with the highest modulation depth (m~1) for the

whole PV voltage operating range.

e If the candidate inverter topologies are prioritised to operate within a typical
MPP range (0.6-0.8 of rated no load voltage) and then a higher PV voltage
(0.8-1 of rated no load voltage), the candidate inverter topologies which
provide the best performance in terms of high operating modulation depth
would be ordered as follows: CSI+SCaps, VSI+Boost, ZSI-V, CSI+Buck,
ZSI-1, standard VSI and standard CSI respectively

The presence of the series AC capacitors in the CSI+SCaps allows the AC output
converter voltage to be adjusted to have almost the same level as the DC input voltage
from the PV source. This is the reason why the CSI+SCaps always operates with high
operating modulation depth regardless of any change of input PV voltage (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 any power semiconductor
devices, voltage and current transducers and controllers in both the power circuits and
control circuits of the candidate topologies. A larger number of active components
would represent higher complexity and power consumption in the control circuits of

the topologies.
According to the control schematics of the candidate topologies presented in Section

4.4 and Section 5.5.2, the required active components for each topology can be found

in Figure 6.3.
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Figure 6.3 Required active components for each candidate inverter topology

It can be seen in Figure 6.3 that the CSI+SCaps and the standard CSI require the
minimum number of active components compared to all the other candidate inverter
topologies. With the possibility of using RB-IGBTSs [34], the CSI+SCaps and all the
CSI based inverters (a standard CSI, a CSI+Buck and a ZSI-1) would no longer
require any series power diode for their circuits and hence need fewer power
semiconductors than the VSI based inverters (a standard VSI, a VSI+Boost and a ZSI-
V). As a result, the CSI+SCaps and the standard CSI would have the simplest power
circuits and control circuit configuration as well as the lowest 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 Section 6.1 could be used to predict
the size of passive components (inductors and capacitors) for the candidate
topologies. If this is the case, the VSI+Boost, CSI+Buck, ZSI-V and ZSI-I may have a
preferable size of passive components when compared to the standard VSI, standard
CSl and CSI+SCaps as a result of their optimum PV ratings. However, in most cases,
the passive components used in the converter topologies are usually part of a filter,
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used to provide an improved power quality of input and output waveforms. As a
result, the size of passive components based on the power quality criteria is worth
considering, which is discussed in this section.

The size of passive components required for the candidate topologies in order to meet
a specific input and output power quality can vary depending on the operating point of
the PV source. Figure 6.4 shows three different PV operating points, which are used
to observe the size of passive components for each candidate topology in this study.
These operating points are chosen from the extreme conditions of the operating

voltage and power of the converters within their normal operating ranges.
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PV voltage (per unit of no load voltage)

Figure 6.4 Three different PV operating points for observing the size of passive
components required for each candidate topology

As shown in Figure 6.4, the first point is called Full Power and Full Sun (FPFS),
which is where the candidate topologies operate with the maximum output PV power
(16kW) at rated MPP under 100% sun irradiance. The second point is called Low
Power and Full Sun (LPFS), which is where the candidate topologies operate close to
the maximum PV voltage (0.95 of rated no load voltage) and with low output PV
power (4kW) under 100% sun irradiance. The third point is called Light Power and
Light Sun (LPLS), which is where the candidate topologies operate close to the lowest
PV voltage (0.65 of rated no load voltage) and 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 procedure presented in Section 4.5 and

the given operating points shown in Figure 6.4, the values of the passive components

required for each candidate topology in order to provide an input PV voltage and

current ripple of 0.5%V p-pk and 10%Ak-ok and an output line current THD of 5% are

shown in Table 6.4.

PV

Required Passive Component

- Inverter AC side DC side
OpF?Or?r'][;ng Topology L Cs Ly Cuc Additional Component
(mH/ph) | (uF/ph) | (mH) | (uF)
Standard VSI 1.6 - - 280 | -
VSI+Boost 14 - 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 | -
ZSI-l 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-Vv 5.5 - - 300 | C1=C2=50uF; L1=L2=0.2mH
LPFS Standard CSI 0.45 5 11 - -
CSI+Buck 0.65 5 11 650 | -
ZSI-l 0.6 5 13 - C1=C2=60uF; L1=L2=2.5mH
CSI+SCaps 0.45 5 11 - 3xCs=200puF/ph
Standard VSI 25 - - Q0 |-
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-l 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 inverter topology when
operating at PV operating points in Figure 6.4 (FPFS, LPFS and LPLS)

If the maximum values of the required passive components on both the AC side and

the DC side in Table 6.4 are selected in order to provide input ripple and output THD

lower than specified values over the whole considered operating range, and if the

sizes of those components vary with their values, the size of total required passive

components of each candidate topology (after normalised with the maximum value of

total passive components) has a result as shown in Figure 6.5.
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Figure 6.5 Size of total required passive components of each candidate topology

It can be seen from Figure 6.5 that, in order to reach the specification required:

e The CSI+SCaps and all the CSI based topologies (a standard CSI, a CSI+Buck
and a ZSlI-1) have a smaller size of total passive components compared to all
the VSI based topologies (a standard VSI, a VSI+Boost and a ZSI-V)

e The CSI+SCaps has the largest size of total passive components compared to

all the other CSI based topologies

The series AC capacitors leads to the larger size of a CSI+SCaps (approximately 40%
larger) compared to a standard CSI. However, if the size of a DC-link inductor (L) is
considered (see Table 6.4), the CSI+SCaps would require a smaller DC-link inductor
(2.2-13mH) compared to all the other CSI based topologies (0.9-24mH). The
CSI+SCaps also requires the smallest AC filtering inductor (Lf) (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+SCaps is evaluated in comparison
to all the candidate topologies. The input power quality in terms of input voltage and
current ripple is considered. A high level of input voltage and 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 MPP tracking controllers [108].
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The high input voltage and current ripple also reduces working life of the PV cells
[21]. Therefore, high input voltage and current ripple should be avoided.

In Section 6.3.2 the different sizes of passive components which are required to meet
a specified ripple content for the input voltage and current in all the candidate
topologies has been presented. In this section, the similar sizes of passive components
are used and the input voltage and current ripple are observed. The selected
components are primitively designed to provide similar input and output power
quality for a standard VSI and a standard CSI at the rated MPP. Then, the same sets of
the components are used for all the same type topologies, as shown in Table 6.5. The
additional components are used to ensure proper operation for the topologies. All the
candidate topologies are modelled and tested in the SABER simulation at the same
operating points described in Section 6.3.2. Simulated waveforms of the input voltage
and current are shown in Figures 6.6-6.8 and measured input voltage and current

ripple are presented in Table 6.6.

Passive Component
Inverter AC side DC side
Topology L Cr Lo Cao Additional Component
(mH/ph) | (uF/ph) (mH) (1F)
Standard
s 5 - - 1000 | -
g VSI+Boost 5 - 10 1000 | -
C1=C2=500F;
ZSI-V 5 - - 1000 L1=12=0 2mH
Standard
csl 2 5 10 - -
g CSI+Buck 2 5 10 1000 | -
ZSI-1 2 5 10 - C1=C2=50pF; L1=L2=2.5mH
CSI1+SCaps 2 5 10 - 3xCs=500 pF/ph

Table 6.5 Passive components used for an evaluation of input power quality for each
candidate inverter topology
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topologies operating at Low Power and Full Sun (LPFS)
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Figure 6.8 Input voltage and current simulation waveforms for all the candidate

topologies operating at Light Power and Light Sun (LPLS)
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Measured Input VVoltage and Current Ripple
Inverter Topology at FPFS at LPFS at LFLS
V(%pk-pk) | 1(%pk-pk) | V(%pk-pk) | 1(%opk-pk) | V(Yopk-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
& | CSI+Buck 0.01 0.3 0.03 6.3 0.01 24
O | zSI- 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 candidate topology

It can be seen from the waveforms in Figures 6.6-6.8 and Table 6.6 that:

e All the candidate topologies produce different waveform shapes and different
ripple levels despite the use of similar passive components. These are the
effects of different modulation and control strategies used between the

topologies.

e Most candidate topologies provide the lowest input voltage ripple (up to 0.9%)
at LPFS, which is where the input voltage is sufficient for the VSI based
topologies and most CSI based topologies can operate with high modulation
depths. On the other hand, most candidate topologies provide the highest input
voltage ripple (up to 0.22%) at LPLS, which is where the input voltage is
insufficient for the VSI based topologies and thus their voltage step-up
mechanism has to operate, leading to increased fluctuation of the input voltage

level.

e Most VSI based topologies have the lowest current ripple (up to 3%) at LPFS;
where these topologies can operate with high modulation depths, whilst most
CSI based topologies have the lowest current ripple (up to 3.6%) at rated MPP
(FPFS); where these topologies can operate with medium-high modulation
depths and high operating current at the same time (a more ideal current
source). On the other hand, most candidate topologies provide the highest
current ripple (up to 44.7%) at LPLS, which is the same point and has the

same causes to where these topologies provide the highest voltage ripple.
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e The CSI+SCaps provides the better input power quality than a standard CSI
with both a lower input voltage ripple and a lower input current ripple for all
the considered operating points.

e A clearer comparison for the input power quality of all the candidate
topologies can be made by considering the average DC input voltage and
current ripple of the three considered operating points. The 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 voltage ripple
and is ranked 5" out of the seven candidate topologies (see Figure 6.9).

o The CSI+SCaps gives a medium level of input current ripple and is
ranked 4™ out of the seven candidate topologies (see Figure 6.10).

o 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 CSI1+SCaps can be improved by adding a
DC-link capacitor into the DC side of its circuit. The CSI+SCaps provides lower input
voltage and current ripple than a standard CSI because the topology can operate with

a higher modulation depth than a standard CSI, as described in Section 6.2.
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Figure 6.9 Average input PV voltage ripple for each candidate topology
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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 are required to produce high
output power quality complying with all relevant grid codes and standards. In this
Section the output power quality in terms of Total Harmonic Distortion (THD) and
Power Factor (PF) produced by the CSI+SCaps is evaluated in comparison to all the
other candidate topologies. In this study, the topologies are required to operate with a
current THD lower than 5% (specified by IEEE 1547) and provide a PF higher than
0.9 for the PV power greater than 50% of the rated power (IEC 61727).

Similar to the evaluation in Section 6.4, all the candidate topologies were
implemented in the SABER simulation program using the simulation parameters in
Table 6.5 and the same operating points as described in Section 6.3.2. Since an ideal
balanced and harmonic free utility connection is used in the simulation, the only
source of harmonic distortion is from the power converters. As a result, the THD of
the supply current can be used to represent the output power quality of the candidate
topologies. Simulated waveforms for the output phase supply voltage (us), phase
supply current (is,) and FFT spectra for the phase supply current (FFT(isy)) for each
candidate topology are shown in Figures 6.11-13. Measured supply current
fundamental amplitude (Is@sonz), THD and PF are presented in Table 6.7,
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Measured Output Supply Current Parameters

Inverter at FPFS at LPFS at LPLS
Topology lsosorz | lsro) | PF | b@sorz | lsrioy | PR | lsosorz | lsvo) | PF
A [ @ 01l ®w | @ 0]l n’ |l %W O
— [ Standard VSI | 28.3 | 157 | 1.00| 3.0 | 17.04 | 1.00| 1.7 | 2555 | 1.00
2 [ Vsi+Boost 292 | 143 | 1.00| 50 | 868 | 1.00| 1.7 | 2550 | 1.00
ZSI-V 314 | 1.35 | 1.00| 79 | 551 |1.00| 45 | 1545 | 1.00
Standard CSI | 31.8 | 4.13 | 1.00| 7.8 | 314 | 099| 40 | 532 | 0.98
= | CSI+Buck 313 | 311 | 100| 80 | 378 | 099 40 | 461 | 098
O [zsi 31.7 | 337 | 1.00| 79 | 306 |1.00| 40 | 319 | 099
CSI+SCaps | 38.0 | 2.99 | 0.84| 84 | 2.80 | 094| 6.3 | 3.32 | 0.62

Table 6.7 Measured phase supply current parameters: fundamental amplitudes

(Is@sonz), THD and PF

It can be seen from the waveforms in Figures 6.11-6.13 and the figures in Table 6.7

that:

All the candidate topologies can achieve quasi sinusoidal output supply
current waveforms for all the operating points but with different amplitudes,

phases and quality.

The CSI based topologies operate with higher supply currents (31-38A) than
the VSI based topologies (28-31A) for all the operating points. The
CSI+SCaps operates with the highest supply current (38A) among all the

topologies.

All the CSI based topologies can achieve lower supply current THD levels
(2.8-5.3%) than the specified limit (5%) at all the operating points. All the VSI
based topologies can achieve lower THD levels (1.3-1.6%) than the specified
limit only at rated MPP (FPFS) whilst providing the high and even higher
supply current THD levels at LPFS (5.5-17%) and LPLS (15-25.5%).

All candidate topologies can achieve a high PF in the range of 0.98-1, except
the CSI1+SCaps, which has a low PF in the range of 0.62-0.94.
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Figure 6.11 Output phase supply voltage (Vs) and phase supply current (Is) simulation
waveforms and the FFT spectra of phase supply current (FFT(is)) for all the candidate
topologies operating at Full Power and Full Sun (FPFS)
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Figure 6.12 Output phase supply voltage (Vs) and phase supply current (Is) simulation
waveforms and the FFT spectra of phase supply current (FFT(ls)) for all the candidate
topologies operating at Low Power and Full Sun (LPFS)
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Figure 6.13 Output phase supply voltage (Vs) and phase supply current (Is) simulation
waveforms and the FFT spectra of phase supply current (FFT(ls)) for 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 the output power factor for
all the three operating points (in Table 6.7) for all the candidate topologies are shown
in Figures 6.14-6.15.
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15.00% 4 14.72%

11.87%
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5.00% A 4.20%
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Output AC Line Current THD (%)
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CSI+Scaps ZSI-1 CSI+Buck Standard CSI ZSI-V VSI+Boost Standard VSI

Candidate Inverter Topology

Figure 6.14 Average output supply current THD of each candidate inverter topology
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Candidate Inverter Topology

Figure 6.15 Average output power factor of each candidate inverter topology

It can be observed from Figures 6.14-6.15 that:

e The CSI+SCaps provides the lowest (the best) average output supply

current THD among all of the candidate topologies

e The CSI+SCaps provides the lowest (the worst) average output AC power
factor among all the candidate topologies
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The low output current THD of the CSI+SCaps is a result of the addition of the series
AC capacitors to the CSI circuit. As presented in Section 5.7.2, the series AC
capacitors form a narrower low-pass band filter with the traditional LC filters.
Therefore, the switching frequency harmonics generated from the converter are better
attenuated using the CSI+SCaps topology. However, as presented in Section 5.5, the
power factor is one of the control parameters used for the CSI+SCaps in order to
achieve the minimum switching voltages and the optimum voltage-current transfer
ratio (high modulation depth). As a result, the output power factor in the case of the
CSI+SCaps cannot be independently controlled.

6.6 Comparison of Stress on Power Semiconductors

This section evaluates the voltage and current stress on the power semiconductors
used in the CSI+SCaps in comparison with all the other candidate topologies. High
voltage and current stress may shorten the working lifetime of the semiconductor
devices more quickly and increase the potential for device destruction, which should
be avoided. In this study, the voltage and current stress on the 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 the candidate topologies were
modelled and tested in the SABER simulation with the simulation parameters shown
in Table 6.5 and the operating points explained in Section 6.3.2. Simulated waveforms
of the DC-link voltage (vgc) and DC-link current (igc) for all the candidate topologies
are shown in Figures 6.16-6.18 and measured peak DC-link voltages and peak DC-

link currents are summarised in Table 6.8.
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Figure 6.16 DC-link voltage (V) and DC-link current (lqc) simulation waveforms for
all the candidate topologies operating at Full Power and Full Sun (FPFS)
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Figure 6.17 DC-link voltage (V) and DC-link current (lq4c) simulation waveforms for
all the candidate topologies operating at Low Power and Full Sun (LPFS)
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Figure 6.18 DC-link voltage (V) and DC-link current (lqc) simulation waveforms for
all the candidate topologies operating at Light Power and Light Sun (LPLYS)
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Measured Peak DC-Link Voltage and Current

Inverter at FPFS at LPFS at LPLS
TOpOIOQy Ve, pk Tdc,pk Ve, pk Idcpk Ve pk Igcpk
M) A) M) A) M) (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
& | 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 candidate topology

It can be seen from the waveforms in Figures 6.16-6.18 and the figures in Table 6.8

that:

In most cases, the VSI based topologies have an almost constant DC-link
voltage but a large variation of the DC-link current, whilst the CSI based
topologies have an almost constant DC-link current but a large variation of the
DC-link voltage. However, when the ZSI-V operates with the “shoot-through”
states (at FPFS and LPLS) and the ZSI-I with the “open-circuit” states (at
FPFS and LPFS), these topologies have a large variation of both the DC-link
voltage and DC-link current (see Figures 6.16 and 6.18 for the ZSI-V and
Figures 6.16 and 6.17 for the ZSI-I).

When not considering the ZSI topologies, the VSI based topologies have the
highest levels of voltage stress (up to 927V ) at the no load (LPFS) whilst the
CSI based topologies have (up to 752Vyy) at the rated MPP (FPFS). All the
candidate topologies have the highest current stress at the rated MPP (FPFS).
However, the CSI based topologies have the higher current stress (up to
40Ax) compared to the VSI based topologies (up to 31A).

The ZSI-I provides the highest voltage stress (1207V at LPFS) and the ZSI-
V provides the highest current stress (59.8An at FPFS) among all the

candidate topologies.

The CSI+SCaps have lower voltage and current stress (587V and 39.5A) 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 current of each
candidate inverter topology in Table 6.7 can be used to represent the maximum
voltage and current stress on the power semiconductors, a comparison of the
maximum voltage and current stress on power semiconductors, for each topology, is

shown in Figures 6.19-6.20.
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Csl VSI

Candidate Inverter Topology

Figure 6.19 Maximum voltage stress on power semiconductors for each candidate
topology
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Candidate Inverter Topology

Figure 6.20 Maximum current stress on power semiconductors for each candidate
inverter topology

It can be seen from Figures 6.19-6.20 that:

e The CSI+SCaps has the lowest voltage stress on power semiconductors

among all the candidate topologies (see Figure 6.19).
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e The CSI+SCaps has the high current stress on power semiconductors and

is ranked 5™ out of the seven candidate topologies (see Figure 6.20).

The low peak DC-link voltage (stress) on power semiconductors of the CSI+SCaps is
a result of its high operating modulation depth, which transfers power from the DC
side to the AC side with an optimum voltage and current level (as described in
Section 6.2). The high peak DC-link current (stress) on power semiconductors is the
effect of high operating PV current rating of the CSI+SCaps. However, despite the
same PV current rating as a standard CSI, the CSI+SCaps provides 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 cost is also a main
requirement of an ideal grid-tied PV converter. As presented in Section 3.3.3, power
semiconductors are the most expensive components for the power circuit (12% of
total converter cost). In this section, the estimated cost of power semiconductors for
the CSI+SCaps topology is assessed in comparison to all of the other candidate

topologies.

The power semiconductor cost estimation method proposed in [109] is used. The
method utilses the maximum voltage and current stress (peak DC-link voltage and
current) to identify a specific power installed in the power semiconductors (XPsw/Pin)
as expressed by (6.4). The parameter ng, is the number of power semiconductors used,
V(acepk IS the peak DC-link voltage, lgcpk) is the peak DC-link current, V,, and Iy, are

the average input voltage and average input current of the PV source.

P max (Vgcpk) max (Iacpk)
(Z2) = gy, x el n: Qe (6.4)
Pin valpv

Using the information in Table 6.8 and the equation (6.4), the estimated cost of power
semiconductors based on the specific power installed in power semiconductors for

each candidate topology can be calculated as shown in Figure 6.21.
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Figure 6.21 Specific power installed in power semiconductors (Estimated cost of
power semiconductors) of each candidate inverter topology

It can be seen from Figure 6.21 that the CSI+SCaps has the lowest power installed in
the power semiconductors. This result in the lowest cost of power semiconductors
compared to all the other candidate topologies. The low installed power of the
semiconductors for the CSI+SCaps is a result of the reduced number of
semiconductors used in its circuit and the capability to operate with high modulation
depth.

6.8 Comparison of Estimated Semiconductor Power Losses

This section evaluates the power losses of the power semiconductors for the
CSI+SCaps in comparison with all of the other candidate topologies. The
semiconductor power losses are the major losses that reduce the overall power

conversion efficiency of the power converters.

The semiconductor power losses can be divided into two types: conduction power loss
(Pcong) and switching power loss (Psw) [77]. The conduction power loss is that
associated with the device conduction of current whereas the switching power loss is
a result of the imperfect operation of the semiconductors when 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 using the methods proposed in [34,
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110, 111]. These methods define the conduction power loss and the switching power
loss as (6.5)-(6.9); where the parameters in (6.5)-(6.9) are described in Table 6.9.

1 (Tsim
Pcond = T fo * [(VCEO +7q¢ Ic—on) : Ic—on] -dt
stm

Pow_on =

Pq

ton+rec -

borf =

w=off — 2Tgim

1
2Tsim

1

2:(Eon+Erec)
{VCE 'IC}datasheet

2:(Eoff)

{VCE'IC}datasheet

Tsim
Ztilo [(Vce—on : Ic—on) : ton+rr]

Y2 (Veemogs * Ie=ops) - toss]

(6.5)

(6.6)

(6.7)

(6.8)

(6.9)

the test condition

Parameter Description Type | Unit Data Source

t simulation time variable sec |-
collector-emitter voltage -

V ce-onvoff during turning on/off state variable V from measurement
collector current -

le-onvoft during turning on/off state variable A from measurement

Tsim ending time of the simulation constant sec | defined by user/program
internal conducting .

Vceo collector-emitter voltage constant V estimated from datasheet

rq device conducting resistor constant Q estimated from datasheet

Ton+rec turn on + reverse recovery time constant sec | estimated from datasheet

Totr turn off time constant sec | estimated from datasheet

Eon+rec turn on + reverse recovery Energy | constant J taken from datasheet

Eos turn off Energy constant J taken from datasheet
collector-emitter voltage at

Ve the test condition constant Vv taken from datasheet

Ic collector current at constant A take from datasheet

Table 6.9 Parameters and description of the parameters used for the estimation of the

semiconductor power losses

From Table 6.9, the parameters Vceonofr and I can be directly measured from the

simulation waveforms whilst the other parameters can be determined from the

datasheets. The method to determine the estimated values for the parameters Vceo, fq,

ton+rr @nd tofr from the datasheets can be determined using the procedure described in
Table 6.10 and Figures 6.22-6.23 [34].
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Parameter

Procedure

Vceo

Considering the Ic-Vce curve in the datasheet. Using a straight line to
represent the average Ic-Vce curve as shown in Figure 6.22, Vcgo can be
found at the crossing point between the line and the Vg axis (where Ic
is equal to zero)

Fd

Using the same procedure used to determine Vceo, but rq is the slope of
the straight line (see Figure 6.22).

ton+rec

Considering the Eonrec-lc curve in the datasheet. Using the operating
current (Ic) to find Eqn and Erec from the curve and using the given Ve
specification for that test condition in the datasheet (see Figure 6.23a),
ton+rec CaN be determined from (6.8).

toff

Considering the Eqn-Ic curve in the datasheet. Using the operating
current (Ic) to find Eor from the curve and using the given Ve
specification for that test condition in the datasheet (see Figure 6.23Db),
torr can be determined from (6.9).

Table 6.10 Procedure used to determine the parameters Vceo, I, ton+rr and tofs for the

estimation of the semiconductor power losses

) Y aai
—A13V
T 50 /?//
e _— 11V
39.4A 44 o
) /|
ﬁ'/ rs=slope=35.2mQ
20
av
10
o 2.822V
0 / 2 4 6 Vv 8
Ve .0=1.414V Veg —

70

Figure 6.22 Methods used to determine Vce.o and rq for the estimation of the

semiconductor power losses
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Figure 6.23 Methods used to determine (@) ton+rr and (b) tos for the estimation of the
semiconductor power losses

In this study, the IGBTs and Diodes of type MWI25-12E7 [112] are used for the VSI
based candidate topologies and the RB-1GBTSs of type IXRH 40N120 [113] are used
for the CSI based candidate topologies. These power semiconductors have similar
typical Vce and I¢ ratings (1200V and 52-55A), which are selected to match to the

specifications of the electricity network and the PV source used for the evaluation in

this chapter (as presented in Table 6.2). By following the procedure shown in Table

6.10 and Figures 6.22-6.23 and using the specifications of the selected power

semiconductors, the values of the parameters used for the semiconductor power loss

estimation at the operating points described in Section 6.3.2 for all the candidate

topologies are determined, as shown in Table 6.11.
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Parameters and Their Values

Inverter at FPFS at LPFS at LPLS
TOpOIOgy Veeo-1GBT, I4-16BT, t t Veeo-1BT, l4-16BT, t, t, Veeo-1GBT, ld-16BT, t t
(Vceo- ) (r ! ) -ON+ITEC off (Vceo- ) (I’ ' ) n+rrec ff (Vceo- ) (r ' ) ON+ITeC off
o ey | @ | T ey |09 | @ | | ey | ] @9
Standard | 1.208 | 38.1 1.208 | 38.1 1.208 | 38.1
3 (1.120) | (29.4) | 7% | 268 | 1.120) | (20.4) | % | ¥ | (1.120) | (29.4) | 1094 | °63
— 1208 | 381 1208 | 38.1 1208 | 381
(9p]
G | vsi+Boost | 1150 | 504y | 6% | 253 | (1 120) | (204) | B26 | 44 | (1Tag) | (204 | 2081 | 498
1208 | 38.1 1208 | 38.1 1208 | 381
7SIV (1120 | ooy | 6% | 53| 1120 | oy | 826 | 414 | 1T20) | oo | 1031 | 498
g‘g{‘dam 1414 | 352 | 2470 | 114 | 1.414 | 352 | 3095 | 63 | 1.414 | 352 | 3388 | 55
_ 1414 | 352
7 | CsBuck | 150y | ooy | 2709 | 95 | 1414 | 352 | 3363 | 55 [ 1414 | 352 | 3673 | 68
© 7SIl 1414 | 352 | 509 | o5 | 1414 | 352 | 3383 | 55 | 1.414 | 352 | 3673 | 68
(1.120) | (29.4) : : : :
CSI+SCaps | 1.414 | 352 | 2470 | 114 | 1414 | 352 | 3095 | 63 | 1414 | 35.2 | 3388 | 55

Table 6.11 Parameters and their values used for the estimation of the power
semiconductor power losses for all the candidate topologies at the operating points
FPFS, LPFS and LPLS

With the use of the equations (6.5)-(6.9) and the parameters in Table 6.11, the

estimated conduction power 10ss (Pcond), Switching power loss (Psy), power losses

caused by the additional components (Pagq) and total semiconductor power 10Ss (Pjoss-

i) for each candidate topology can be calculated and obtained as shown in Table 6.12.

Figure 6.24 shows the graphical presentation of the information in Table 6.12. It is

noted that Paqq is the summation of the conduction losses and switching losses of the

semiconductors in the additional circuits.

Estimated Semiconductor Power losses

Inverter
at FPFS at LPFS at LPLS

Topology P P | P Py | P P | P Poy | P P | P
Psw cond add loss-tt SW cond add loss-tt SW cond add |oss-tt
Standard 196w | 113w | 3sw | 348w | sow 10W BW 65W 25W 6W 4w 3BW
_ | sl (123%) | (0.71%) | (0.24%) | (2.18%) | (1.21%) | (0.24%) | (0.14%) | (158%) | (121%) | (0.30%) | (0.19%) | (1.70%)
%) 158W | 110w | 193w | 471w | 16w BW W W 2IW oW 50W 8BW
> | VSIHBOOst | gogu) | (075%) | (1219%) | @.95%) | ©0.41%) | 0.38%) | (0.19%) | (0.97%) | (1.03%) | (0.20%) | (2.83%) | (a.15%)
Y 467W | 133W | 55W | 655W | 60W 2W W 86W 91w 16W W 114w
(2.92%) | (0.83%) | (0.34%) | (4.09%) | (150%) | (0.54%) | (0.10%) | (2.13%) | (4.37%) | (0.78%) | (0.30%) | (5.45%)
Standard 26W | 200w sw | aw 20W 76W 34w 20W - 54W
csl (L47%) | (1.37%) (284%) | (1.15%) | (0.71%) (1.86%) | (1.69%) | (0.98%) (2.67%)
— | csl+Buck | 22w [ mow [ 7ow | 43w | sow 41w %W | 188W | 30w BW W 53W
) (120%) | (0.99%) | (0.50%) | (2.69%) | (1.24%) | (1.01%) | 2.37%) | 4.62%) | (L47%) | (0.77%) | (0.38%) | (2.62%)
O 2o 736W | 162W w 899W | 201w | 20w 2W 322w | 42w 16W 58W
(459%) | (1.01%) | (0.0%) | (5.60%) | (7.24%) | (0.72%) | (0.05%) | (8.01%) | (2.09%) | (0.77%) (2.86%)
CSI+SC 204W | 217W 21w | 4w 29W 75W AW 20W 51W
+0aPS | 1 2g06) | (1.36%) 2.65%) | (1.13%) | (0.71%) (1.84%) | (153%) | (0.98%) (2.51%)

Table 6.12 Estimated semiconductor power losses for all the candidate topologies at

the operating points FPFS, LPFS and LPLS
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Figure 6.24 Estimated semiconductor power losses for each candidate inverter
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:

e All the candidate topologies provide higher total power loss when operating at
higher power levels, as expected for most hard switched power converters, i.e.
the converters generate the total loss up to 899W at FPFS (16kW), 322W at
LPFS (4kW) and 114W at LPLS (2kW).

e In most cases, the switching loss is the major loss for the candidate topologies
with 55-61% of the total loss; where the conduction loss and additional loss
contribute 24-33% and 11-14% respectively. The ZSI topologies have the
highest switching loss compared to all the other candidate topologies, due to
their high DC-link voltage and increased current stress (as explained in
Section 6.6).

e The CSI based topologies provides higher conduction loss (55% on average)
than the VSI based topologies at all the operating points. The CSI+SCaps and
standard CSI provide higher conduction loss than all the other topologies.
However, the CSI+SCaps has lower total loss than the standard CSI (up to
7.9%).

e The VSI+Boost and the CSI+Buck have high additional losses when the boost
and buck converters operate whilst only the CSI+SCaps and the standard CSI

do not have additional power losses.

If the total semiconductor power loss for all the three operating points is considered,
the comparison of total semiconductor power loss for all candidate topologies would
result as shown in Figure 6.25. It can be seen that the CSI+SCaps can achieve low
total semiconductor power loss and is ranked 2" out of the seven candidate

topologies.

Although the CSI+SCaps has a high conduction power loss (as does a standard CSI),
the CSI+SCaps has low total semiconductor loss. This is because of the fact that the
CSI+SCaps does not have any other power loss caused by the additional components.
Moreover, the CSI+SCaps can operate with a reduced DC-link voltage where the
power semiconductors can switch a lower voltage level and therefore lower switching
loss. This leads to a great reduction in the overall power loss in the semiconductors

for the CSI+SCaps topology.
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Figure 6.25 Total semiconductor power loss for each candidate inverter topology

6.9 Comparison of Estimated Inverter Efficiency

As mentioned in Chapter 3, grid-tied PV power converters are required to operate
with high efficiency at every MPP of the PV source for high PV power extraction.
However, different converter types may require different MPP ratings, which would
be difficult for comparison. Therefore, in order to allow the efficiency of different
converter types to be compared, an efficiency calculation method such as European

Efficiency (7euro) should be used (details of this method can be seen in Section 3.3).

In this section, the efficiency of the CSI+SCaps based on the European Efficiency
consideration is compared for all of the candidate topologies. As required by the
European Efficiency equation (equation (3.3) in Section 3.3), the efficiencies (7) of
the topologies operating at the MPP under 5%, 10%, 20%, 30%, 50% and 100% sun
irradiance levels are needed. The methods used to estimate the semiconductor power

loss described in Section 6.8 are utilised to determine these efficiencies using (6.10).

1, = mep@~Plosstotaln) 1005+ x = 59, 10%, 20%, 30%, 50% and 100%  (6.10)

Pmpp(x)
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The estimated efficiencies for all the candidate topologies at the operating points

required for the European Efficiency calculation are determined by the following

procedures:

First, the input voltage (Vimpp), current (Impp) and power (Pppp) of the PV source
when the candidate topologies operate at the rated MPP under 5%, 10%, 20%,
30%, 50% and 100% sun irradiance levels are determined. The specifications
of the PV source presented in Table 6.2 and the operating modulation depths
shown in Figure 6.2 are used to calculate these parameters and give the results
shown in Table 6.13.

Then, the information in Table 6.13 is used to determine the values of the
parameters Eon+rrec, Eoft, Ton+rrec @Nd Tosr; Where the parameters Veeo and rg can
be used from Table 6.11. These parameters can be determined by following
the methods described in Section 6.8. The values of these parameters are
shown in Table 6.14.

Substituting the parameters in Table 6.14 for equations (6.5)-(6.7), the

estimated power losses are obtained, as shown in Table 6.15.

Finally, substituting the values of Py, (from Table 6.13) and Pioss(otary (from
Table 6.13) for equation (6.10), the estimated efficiencies can be determined.
The results are presented in Table 6.16. The plots of the results in Table 6.16

are illustrated in Figure 2.26.
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Sun Irradiance Inverter PV Parameters
level Topology Vinpp (V) | Impp (A) | Pmpp (W)
Standard VSI 733 21.8 15979.4
VSI+Boost 586 27.3 15997.8
ZSI1-V 586 27.3 15997.8
100% Standard CSI 406 39.4 15996.4
CSI+Buck 508 315 16002.0
ZSI-l 508 31.5 16002.0
CSI+SCaps 406 39.4 15996.4
Standard VSI 700 11.4 7980.0
VSI+Boost 560 14.3 8008.0
ZSI1-V 560 14.3 8008.0
50% Standard CSI 388 20.6 7992.8
CSI+Buck 485 16.5 8002.5
ZSl-1 485 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-l 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
ZSI- 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-1 413 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
50 Standard CSI 315 2.5 787.5
CSI+Buck 395 2.0 790.0
ZSI-1 395 2.0 790.0
CSI+SCaps 315 2.5 787.5

Table 6.13 Input voltage (Vmpp), current (Impp) and power (Pmpp) 0f the candidate
topologies operating at the MPP under 5%, 10%, 20%, 30%, 50% and 100% sun
irradiance levels
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Sun Inverter Power Loss Estimation Parameters
Irradiance Topology Vee I E, Eon = Tonerr Tons
level (V) (A) (mJ) (mJ) (mJ) (ns) (ns)
Standard VSI 600 21.8 1.5 3.08 1.75 700 268
VSI+Boost 600 27.3 1.7 4 2.07 696 253
ZSI-V 600 27.3 1.7 4 2.07 696 253
100% Standard CSI 600 39.4 7.6 21.6 1.33 2470 113
CSI+Buck 600 315 7.2 18.4 0.9 2709 95
ZSI-1 600 315 7.2 18.4 0.9 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 1.28 725 298
ZSI-V 600 14.3 1.11 2 1.28 725 298
50% Standard CSI 600 20.6 5.6 11.2 0.39 2718 63
CSI+Buck 600 16.5 5.2 9 0.3 2869 61
ZSI-1 600 16.5 5.2 9 0.3 2869 61
CSI+SCaps 600 20.6 5.6 11.2 0.39 2718 63
Standard VSI 600 7.2 0.68 0.94 0.81 750 375
VSI+Boost 600 9 1.11 1.28 0.91 885 337
ZSI-V 600 9 1.11 1.28 0.91 885 337
30% Standard CSI 600 13 4.4 7 0.2 2923 51
CSI+Buck 600 10.4 4 5.4 0.16 3013 51
ZSI-1 600 10.4 4 54 0.16 3013 51
CSI1+SCaps 600 13 4.4 7 0.2 2923 51
Standard VSI 600 49 0.51 0.94 0.72 986 490
VSI+Boost 600 6.2 0.6 1.02 0.74 871 398
ZSI-V 600 6.2 0.6 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 0.14 2272 66
ZSI-1 600 7.1 0.34 45 0.14 2272 66
CSI+SCaps 600 8.9 0.38 5 0.16 2015 60
Standard VSI 600 3.2 0.3 0.75 0.54 1094 563
VSI+Boost 600 4.3 0.5 0.83 0.64 1031 496
ZSI-V 600 4.3 0.5 0.83 0.64 1031 496
10% Standard CSI 600 6.1 3 3.2 0.1 3388 55
CSI+Buck 600 49 2.8 2.6 0.1 3673 68
ZSI-1 600 49 2.8 2.6 0.1 3673 68
CSI+SCaps 600 6.1 3 3.2 0.1 3388 55
Standard VSI 600 1.3 0.25 0.5 0.47 1923 1205
VSI+Boost 600 1.8 0.27 0.56 0.52 1537 963
ZSI-V 600 1.8 0.27 0.56 0.52 1537 963
5% Standard CSI 600 2.5 1.5 1.3 0.08 3733 107
CSI+Buck 600 2 1.3 1.1 0.08 4000 133
ZSI-1 600 2 1.3 1.1 0.08 4000 133
CSI+SCaps 600 2.5 1.5 1.3 0.08 3733 107

Table 6.14 Power loss estimation parameters and their values for all the candidate
topologies operating at the MPP under 5%, 10%, 20%, 30%, 50% and 100% sun

irradiance levels
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Semiconductor Power Losses

| Slg? Inverter PWM Bridge Circuit Additional Circuit Total
rradalan
ce |eve| TOpOIOgy Psw-on+rr Psw»off Pcond»igbt Pcond»frd I:)sw-on+rr Psw-off Pcond-igbt Pcond- Ploss(total)
(W) (W) (W) (W) W) W) W) ({;{’,) W)
Standard VSI 136.97 55.42 | 101.40 | 11.81 - - - 38.46 | 344.06
VSI+Boost 113.30 43.85 | 115.06 | 443 | 116.21 | 43.92 | 7.49 | 17.01 | 461.27
ZSI-V 333.19 | 14175 | 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
ZSI- 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
ZSI-l 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 4480 | 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-1 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-1 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
ZSI- 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 - - - 1.54 16.64
V/S|+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
ZSI- 17.51 2.10 5.92 - - - - - 25.53
CSI+SCaps 1451 0.42 7.50 - - - - - 22.43

Table 6.15 Estimated semiconductor power losses for all the candidate topologies
operating at MPP under 5%, 10%, 20%, 30%, 50% and 100% sun irradiance levels
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Estimated Efficiency (%)
Inverter Topology

MN5% MN10% MN20% MN30% MN50% MN100% Neuro

Standard VSI 97.9 98.3 98.4 98.2 97.8 97.8 98.0

g 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-1 96.8 97.0 97.2 97.2 94.6 94.6 95.4
CSI+SCaps 97.2 97.4 97.7 97.7 97.4 97.4 97.6

Table 6.16 Estimated efficiencies (mso, N10%, N20%, M30%, Ns0% and N1oo%) at the MPP
under 5%, 10%, 20%, 30%, 50% and 100% sun irradiance levels and the European
efficiencies (neuro) for all the candidate topologies

100% 1~

Heuro
98% A /__‘\.\’-\* 98.0%

96% -

Power Conversion Efficiencies, ) (%)

—Standard VSI
& CS|+Buck
—+—CSI+Scaps
= Standard CSI
=*=VSI+Boost
ZSI-1
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 efficiencies (#euro) for all the candidate
topologies
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It can be seen from Table 6.16 and Figure 6.26 that:

Most candidate inverter topologies provide high efficiency under the sun
irradiance levels of between 20% and 50%, except the VSI+Boost and ZSI-V
which provide a higher efficiency at higher sun irradiance levels (50% to
100%).

The CSI+SCaps can operate with a higher efficiency than the standard CSI,
VSI+Boost, ZSI-I and ZSI-V at all the operating points.

The CSI+SCaps has a high European efficiency (97.6%) and is ranked 3" out
of the seven candidate topologies. The standard VSI (98.0%) and CSI+Buck
(97.7%) are the 1% and 2" of the ranking, following by the standard CSI
(97.2%), VSI+Boost (96.7%), ZSI-1 (95.4%) and ZSI-V (95.1%) for the 4™ to

7" of the ranking respectively.

6.10 Overall Performance Evaluation

Performance evaluations of the CSI+SCaps in comparison to the other candidate

topologies for the specific criteria have been presented in Sections 6.1-6.9. In this

section the overall performance of all the candidate topologies when considering all of

those criteria is presented.

Table 6.17 shows the list of the evaluation criteria, assessment parameters and

numbers 1 to 7. The assessment parameters are used to justify the numbers whilst the

numbers are used to score the performance for each evaluation criteria. The methods

to justify the number are as follows:

Firstly, the maximum and minimum values for a particular assessment
parameter are selected from the information provided in Sections 6.1-6.9. For
example, the values of the maximum PV voltage rating 1000V and 508V are
selected from Figure 6.1 for the criteria of low internal power losses within a

PV source.
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e Secondly, the range between these maximum and minimum values is divided
“equally” into seven sub-ranges. For example, (<1000V, <927, ..., <562) as

shown for the criteria of low internal power losses within a PV source.

e Finally, the numbers 1 to 7 are assigned for all the sub-ranges 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 Source
Low internal power Max. PV voltage Figure
losses within a PV source rating (Volts) <1000 ) <927 | <854 | <78l | <708 | <635 | <562 6.1
Min. operating
High power transfer ratio mog:;?r?on >0.60 | >066 | >0.77 | >0.78 | >0.84 | >0.90 | >0.96 Flegt;re
(no units)
. Min. number of
Simple control and low active Fioure
control circuit power components 523 | s21 | >19 | >17 | >15 | »13 | >11 é’ 3
consumption P :
(pieces)
Max. size of
. . passive .
\?V':ia':]ts'ze and light components | <1.03 | <088 | <0.73 | <058 | <0.43 | <0.28 | <0.13 F'g%re
g (times of max. '
size)
Max. input Fioure
Low input voltage ripple voltage ripple <015 | <013 | <011 | <0.09 | <0.07 | <0.05 | <0.03 gg
(%) '
Max. input Fiqure
Low input current ripple current ripple <175 | <149 | <123 | <97 <71 | <45 <19 6910
(%) '
Low output line current Max. average Figure
P line current THD | <148 | <129 | <110 | <91 | <72 | <53 | <34 g
THD 6.14
(%)
- Min. Power .
;2;3 output power factor >079 | >082 | >0.85 | >088 | >091 | >094 | >0.97 Fégi’ée
(no units) '
Low voltage stress on Max. peak DC- Figure
g link voltage <1210 | <1107 | <1004 | <901 | <798 | <695 | <592 g
power semiconductors 6.19
(Volts)
Maximum peak .
Low current stress on X Figure
power semiconductors DC-link current | <600 | <552 | <504 | <456 | <40.8 | <36.0 | <31.2 6.20
(Amps)_ _
Max. specific
Low estimated cost of installed power Figure
power semiconductors (ZPo/Py) <16.8 <155 <14.2 <129 <116 | <103 <9.0 621
(no units)
Max. total
Low semiconductor semiconductor | _ 1280 | <1142 | <1004 | <866 | <728 | <590 | <450 Figure
power losses power losses 6.25
(Watts)
High European efficiency Ma(’;'/o')‘e“m <952 | <957 | <962 | <967 | <972 | <977 | <982 Fég;ée

Table 6.17 All evaluation criteria and their scores for the overall performance

evaluation

181




CHAPTER 6

Using the justification criteria and the information provided from the data sources

listed in Table 6.17, the overall performance of the candidate topologies is given, as

shown in Table 6.18.

Inverter Topology

VSI Csl
Evaluation Criteria 2| 3 % | x 8
s|1&8|2l=2|ad8|=2]|9
[38} ) @ + wn wn
- sl m - =X N +
s | < s 3 )
n n O
Low internal power losses within a PV source 114 4|7 5|5 |7
High power transfer ratio 116 |5|1|6]|5]|7
Simple control and low control circuit power consumption 211|127 |4 /|67
Small size and light weight 4 | 31116 |6 |7]|6
Low input voltage and current ripple 712|316 |43
Low output line current THD 112 4|5 |5 |77
Unity output power factor 7T\ 7| 7177|711
Low voltage and current stress on power semiconductors 5 6 3 5 6 3 7
Low estimated cost of power semiconductors 516 1 5|6 117
Low semiconductor power losses 715|416 5|16
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 provides the best overall

performance with the highest total score in this evaluation; followed by a CSI+Buck,
a standard CSI, a ZSI-I, a standard VSI, a VSI+Boost and a ZSI-V. However, it
should be noted that the ranking of the topologies can be different from this if only

specific requirements are considered. For example, the CSI+SCaps may be less

attractive if the criteria of the unity power factor are the critical requirements for a

particular application.
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6.11 Summary

In this chapter, the performance evaluation of the proposed transformerless, grid-tied
PV inverter topology, called the CSI with series AC capacitors or (CSI+SCaps), in
comparison with the six other candidate topologies has been presented. The six other
topologies are a standard VSI, a standard CSI, a two-stage VSI+Boost, a two-stage
CSI+Buck, a ZSI-V and a ZSI-I.

There are several evaluation criteria discussed. Those are the required PV ratings,
operating modulation depths, required circuit components, input and output power
quality, voltage and current stress on power semiconductors, estimated cost of power
semiconductors, semiconductor power losses, European efficiencies and overall
performance evaluation. The evaluation results are summarised as shown in the

following points:

e The CSI+SCaps requires the same PV ratings as a standard CSI. The topology
has the lowest PV voltage rating (potentially low internal losses within the PV
module) but the highest current rating (potentially high conduction losses

within its circuit) among all of the other candidate topologies.

e The CSI+SCaps can operate with the highest modulation depth (m~1) for the
whole voltage range of the PV source. This means that the CSI+SCaps provide
a higher power transfer ratio with a more optimum voltage-current level

between the input and output side of the converter topology.

e The CSI+SCaps requires the minimum number of active components (as does
a standard CSI). As a result, the CSI+SCaps and a standard CSI can achieve
the simplest control circuit and the lowest control circuit power consumption

compared with the other candidate topologies.

e The CSI+SCaps has a large size of total passive components (ranked 4™ out of
all the seven topologies). This is because of the use of the series AC capacitors

in its circuit.

e The CSI+SCaps provides a relatively high input voltage ripple (ranked 5 out

of the seven topologies) whilst providing a medium input current ripple
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(ranked 4™ out of the seven topologies). However, the CSI+SCaps CSI gives a
lower input voltage and current ripple when compared with a standard CSI

(approximately 20%).

e The CSI+SCaps provides the best quality of output supply current with the
lowest average THD. However, the topology provides low output power factor
compared with all of the candidate topologies.

e The CSI+SCaps gives the lowest voltage stress on the power semiconductors

but high current stress compared with all of the other candidate topologies.

e The CSI+SCaps can achieve the lowest estimated cost of power

semiconductors compared with all of the candidate topologies.

e The CSI+SCaps has low total power losses and is ranked 2™ out of all the
seven candidate topologies. However, the CSI+SCaps (and also the standard
CSI) have relatively high conduction losses compared with all of the other
candidate topologies, the ZSI topologies have the highest switching power
losses and the VSI+Boost and the CSI+Buck have the highest total power

losses caused by their additional semiconductors.

e The CSI+SCaps has high European efficiency (97.6%) and is ranked 3" out of
all the seven candidate topologies. The topology can operate with a higher
efficiency for all the considered operating points when compared with the
standard CSI, VSI+Boost, ZSI-V and ZSI-1.

The results of overall performance evaluation shows that The CSI+SCaps can achieve
the best performance; followed by the CSI+Buck, standard CSI, ZSI-I, standard VSI,
VSI+Boost and ZSI-V respectively. This is a result of the use of the series AC
capacitors which leads the CSI+SCaps to be able to operate with high operating
modulation depth, reduced switching voltage levels and better AC filtering created by

the connection of the standard LC filter and the series AC capacitors.
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Chapter 7

Design and Construction of Experimental Test-Rig

This chapter presents details of the design and construction of the experimental test-
rig, which has been used to experimentally validate the performance of the proposed
CSI with series AC capacitors (CSI+SCaps) topology in comparison to a standard CSI
topology when using for grid-tied photovoltaic (PV) applications. The test results
obtained from this experimental test-rig are presented in Chapter 8.

7.1 Overview of the Experimental Test-Rig

Figure 7.1 shows the block diagram of the experimental test-rig. The 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 —— HECIES — b Power Supply
! CSI+SCaps 1
AAA
va: Ipv S(1,2,3,4,5,6) Vs(a,b,c)
»| Interfacingand [«
» Control Circuits |«

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 have the following functions:

e The PV emulator is used as a PV source generating DC power to supply the

prototype CSI+SCaps.

e The prototype CSI+SCaps converts the DC power from the PV emulator into

AC power which is then connected to the three-phase power supply.

e The interfacing circuits measure voltages (Vs@ap,c), Vpv) and current (1) from
the main circuit. The control circuits utilise these measured parameters to

CSI+SCaps to produce the desired AC output waveforms.

Figure 7.2 shows the overview hardware of the experimental test-rig. The computer is
also a part of the control circuit used for editing, compiling and uploading control
programs. Details of the design and construction for each element are presented in
Sections 7.2-7.7.

B Interfacing and -
3-Phase Power Supply | '] control Circuits

== Fa
CSI+SCaps

Figure 7.2 Photograph of the experimental test-rig

7.2 PV Emulator

A PV emulator is a power electronic device that can be programmed to emulate a PV
panel by tracking a given voltage/current characteristic. The PV emulator is usually
used in the experimental work because the device requires less operating space than
the actual PV source as well as allowing the PV system to be analysed in a controlled

environment [114-117]. The PV emulator used in these tests is designed to have

186



CHAPTER 7

characteristics equivalent to a PV array built from the four strings of fourteen series-

connected PV panels (model BP SX30 [54]), which has following specifications:

Generate peak output power of 1.6 kW with the output voltage and current in
the range of 0-295V and 0-7.8A and having typical PV specifications and
characteristic curves as defined in Table 2.5 and Figures 2.16-2.17 (see
Section 2.7.4). These specifications are selected to match to the capability of

the components used in the emulator circuit.

Provide seven environmental test conditions: 5%, 10%, 20%, 30%, 50%, 70%
and 100% sun irradiance. This selection allows the prototype CSI1+SCaps to be
evaluated in terms of European Efficiency (see definition in Section 3.3.1)
[12].

7.2.1 Overview of Hardware

Figure 7.3 shows the overview of hardware configuration of the PV emulator used in

this experimental work. The PV emulator consists of two elements: a programmable

DC power supply (model SM300-10D [118]) and an analogue control circuit. These

elements have the following features:

The power supply SM300-10D is a general purpose programmable DC power
supply. The power supply can be programmed to produce output voltage and
current in the range of 0-300V and 0-10A using the analogue control signals
of 0-5V. The power supply also gives output voltage and current monitoring
signals (0-5V) which can be used for the analogue control circuit. A detailed

specification of this power supply is given in [118].

The analogue control circuit provides seven selectable switches for seven sun
irradiance test conditions. When the test condition is selected, the circuit will
issue two analogue control signals to program the power supply. The first
signal is used to limit the maximum output current of the power supply for a
particular selected test condition. The second signal is used to program the
output voltage of the DC power supply for a particular output current (via a
current monitoring signal) so that the PV emulator can produce 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 Circuit
Terminals | s

Test Condition
Switches

Output Voltage 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 emulator. The DC power supply
measures and converts the output current (l,,) of 0-7.8A to a current monitoring signal
(Imon) Of 0-3.9V. When the test condition (SWy) is selected, the analogue control

circuit will issue the following signals to control the DC power supply:

e The control signal (lorog) Which is used to limit the maximum output current of
the DC power supply. The value of l,g is depended on the sun irradiance

condition, which can be calculated from (7.1).

Iprog = (3.9) 7= V5 x= 5%, 10%, 20%, 30%, 50%, 70% and 100% (7.1)

e The control signal (Vprog) Which is used to program the output voltage of the
DC power supply for a particular measured current (Imon). The control voltage
range of 0-4.9V is used for Vprog in order to produce an output voltage of O-
295V from the PV power supply.
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To 3~
Power Supply

DC Power Supply (SM300-10D)  1p(0-7.8A)
E——
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1 [ . X Pty

1]

CSI+SCaps
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lorog Vg | 1 (0-3.9V)
0.2-3.9v)| |(0-4.9v) | 'mon (B

«—— Test Condition

A
|:| 0O SW,
(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 and construction of the analogue
control circuit. The analogue control circuit consists of a test condition selecting
circuit, an 1/0O interfacing circuit and a PV equivalent circuit, as shown in Figure 7.5.

These circuits have the following functionality:

e The test condition selecting circuit provides seven selectable switches for
seven sun irradiance test conditions. When the test condition is selected, this
circuit will connect the setting values of the potentiometers (R1, R2, R3 and

R4) for a particular selected switch to the 1/O interfacing circuit.

e The I/O interfacing circuit uses the values of R1, R2, R3 and R4 obtained from
the test condition selecting board to adjust the gains of the buffers Al, A2 and
A3 to provide suitable voltage levels for the input/output signals (Imon, lprog @nd
Vprog) for a particular selected test condition. The control signal lprog is directly

generated from this circuit by adjusting the gain of the buffer A3.

e The PV equivalent circuit is a “small” PV source which provides similar
output V-I characteristics as the actual PV source, but with a reduced output
voltage (Vo) in the range of 0-4.95V, which is suitable to be used as a control
signal Vprog to program the output voltage of the DC power supply. The output
current monitoring signal (Imen) IS required for the circuit used to specify the

location of the operating point on the designed PV characteristic curves.
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Test Condition Selecting Circuit
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Formulas:

1,=1.2/Rc
Imon_out=(1+R2/R1)* 1o in

Virog=(R4/(R3+R4))*V, I

Iprog=(R6/(R6+R6))*V, I/0 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 circuit is shown in Figure 7.6. The
seven switches made from four pole single throw push-button switches are used to
manually select the sun irradiance test conditions for the PV emulator. These switches
allow four potentiometers to connect to the I/O interfacing circuit at the same time
with a single press as well as releasing the previous active switch when pressed.

Therefore, only one test condition can be selected at a time.
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Ribbon Cable Connector
(To I/O Interfacing board) ~\

Push-Button
Switches

Figure 7.6 Hardware configuration used for the test condition selecting circuit

7.2.2.2 1/0 Interfacing and PV Equivalent Circuits

Figure 7.7 shows the hardware of the 1/O interfacing circuit and the PV equivalent

circuit. These two circuits built in the same board.

CircuitON | | 415vpc Ribbon Cfable
LED (To Load Selecting Board)
RN g = ‘-
o ,A';_\ J N\ y .,".,_‘_ 2 st ; i CC
Ty “-“’: - | LED
ON/OFF i) —
Switch OL\EIIIS
3 1
E
. 1/0 Signal
PV Equivalent Connector
Circuit 1/0 Interfacing (To DC Power Supply)

Circuit

Figure 7.7 Hardware configuration used for the /O interfacing circuit and the PV
equivalent circuit
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From Figure 7.7, the /O interfacing circuit is built from five operational amplifiers

Al to A5 (op-amp LM741CN). These components have the following functionality:

The non-inverting amplifier (A1) made from an op-amp LM741CN with two
potentiometers R1 and R2 is used to fine tune the voltage level of I, in order

to match to the operation voltage range of the MOSFET.

The voltage attenuator A2 (an op-amp LM741CN with a potentiometer R3) is

used as an output buffer as well as fine tuning the voltage level of Vyyqq.

The voltage attenuator A3 (an op-amp LM741CN with a potentiometer R4) is
used to generate lnrog, Which then is used to program the output current of the

DC power supply.

The Op-amps A4 and A5 are used to be a buffer for Vprog and Imon respectively.

From Figure 7.7, the PV equivalent circuit consists of a current source, a large scale

diode, a resistor, a reverse current blocking diode (D;) and a power MOSFET. This

circuit is an equivalent circuit of the designed PV array but is 78 times smaller in size

in order to allow the circuit to operate up to 5V (control voltage range). These

components have the following functionality:

The current source is made from a voltage regulator (LM317) and a series

resistor (12Q2) generate a constant current (l,) of 200mA [119].

The three strings of four series connected diodes (RG02-20E) effectively form
a large scale diode. The connection of four series diodes (typically Vr=1.65 V)
produces a total voltage during open circuit of 6.8 V, but the net output
voltage after compensating the voltage drops across the series diode D; is 4.95
V. This voltage level is suitable for producing Vprog to program the DC power
supply. The three strings are used to reduce the diode current on each string

which helps to reduce voltage variation due to thermal drift.

The parallel resistor (Rp) and series resistor (Rs) of the original PV equivalent
circuit (Table 2.4) are reduced to 470Q and 0.15Q respectively. However,

since the value of R is 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 current of the
DC power supply (0-10A) to the PV equivalent circuit current (0-100 mA). In
this sense the MOSFET functions as a voltage controlled current sink, which
receives the input control voltage of 0-5V (Inn) from the DC power supply
and varies the output current of 0-100mA on the output side for the PV
equivalent circuit. The output current of the PV equivalent circuit decreases as
Imon decreases and becomes zero when the MOSFET is completely turned off
(Imon=0V). The high current rating of the MOSFET (30A) is used in order to
give stable operation regardless of any temperature variation.

Figure 7.8 shows the complete hardware of the analogue control circuit with the cover
box. The experimental results obtained from the PV emulator 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 prototype CSI+SCaps. 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 Sections 7.3.2-7.3.4.

SeriesA:C CHIEEIR 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 module. The module

includes all relevant components used in the power conversion stage as listed below:

e The semiconductor devices (IGBTS)
e The power bus bars
e The heatsink
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Power Bus Bars

Heatsink Semiconductor

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 connected in series with a power
diode are used in a standard CSI and a CSI with series AC capacitors [73],[120].
Alternatively, devices such as Reverse-Blocking IGBTs (RB-IGBTS) could be used.
These devices include the series connected diode function and would provide a
simpler and smaller CSI power circuit. RB-IGBTs also provide lower power
semiconductor losses compared to standard IGBTs as well as the possibility of being
more cost effective with mixed devices configurations [34]. Figure 7.11 shows
photographs of the RB-IGBTs (model IXRA15N120) and the mounting layout of the
devices on the converter prototype. The specifications of the devices are presented in
Table 7.2

1=Gate
2=Tab=Collector
3=Emitter

(@) (b)

Figure 7.11 Photographs of (a) the RB-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, @25-125°C
25 A max, @ 25°C
Ic Collector current 15 A max, @125°C
Ve Gate-emitter voltage 20V max, continuous
0
Ve Collector-emitter saturated voltage gg x [2.95V gglng)l(zgés c

(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. ;
tacorn Internal diode turn-off time 212 ns Inductive load;
t Fall time 41 ns @1250C, Vce =600V,
Eon Turn-on energy 3 mJ Ic =10A; Vge =£15V;
Eott Turn-off energy 01 m Re=47Q
Erecint Initial Reverse recovery energy 065 mJ
Typ, @125°C;
toe Reverse recovery time 300 ns xg'; ;::6105(1\//;’ le=10A;
dl/dt=-800A/us
Rinic Thermal resistance (junction to case) 0.65 °C/W typ.
Rinic Thermal resistance (junction to heatsink) 0.25 °C/W typ, with heatsink

Table 7.1 Technical specifications of the RB-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 power device
package can cause high-dynamic overvoltage during fast commutations (V=Ldi/dt).
Therefore, the distributed inductance throughout the inverter and its components
should be minimised[121, 122]. This section considers the inductance contributed

from the bus bars.

In this prototype, low inductance bus bars using planar plate configurations are used
[123, 124]. The total bus bar stray inductance between two parallel conducting planar
plates that are separated by a dielectric material with relative permeability (xr) can be
approximated using (7.2) and the estimated overvoltage spike using (7.3); where L; is
the total bus bar inductance, L; is the internal inductance caused by the skin effect and
the proximity effects; L. is the external inductance depended on the geometry of the
two conducting planar plates; z, is the permeability of free space = 4nx10” NAZ; w, |,
t are the width, length and thickness of a conducting plate respectively; Inax 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 (EMI), EMI suppression capacitors
(Cemi) are used [125]. These capacitors should be large enough to provide a higher
self-resonance frequency f, (given by the datasheets) than the bus bar resonance
frequency (f;) caused by the bus bar inductance (L;), as 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), 0.47uF EMI capacitors (PHE 844R)
were selected. From the datasheet, these capacitors have a self-resonance frequency f,
of 1.5MHz, which is greater than the calculated bus bar resonance frequency f,
(1.32MHz). Using (7.5), the inductance of the EMI capacitors can be calculated, as
23.95nH.

Figure 7.12 shows the geometrical structure of the 3-phase AC planar bus bar module
used in this prototype. The bus bars are made from the copper plates; having the
width, length and thickness (w, I, t) of 60x150x2 mm (see the drawings in Appendix
B). The thin layer dielectric sheets (Nomex type410) with the thickness of 0.25mm
and u, of 2.7 are used to separate the copper plates. The EMI suppression capacitors
of 0.47uF are mounted between the power bus bars. The DC-link bus bars are also
made from the copper plates and are located above the AC bus bars 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 Sheet

AC Bus Bar (C)

EMI Suppression Capacitors I
(PHE 844R)

Figure 7.12 Geometrical structure of the Power Bus Bars of the prototype CSI+SCaps

7.3.2.3 The Design of Heatsink

In this prototype, a natural air cooling heatsink is used to dissipate the power losses
(heat) from the RB-IGBTs. The term thermal resistance Ry, (°C/W) is usually referred
to in the design of heatsink [126], [127]. Ry is the ratio of the temperature difference
across the system (AT) to the dissipated power (Pp) as defined by (7.6). The heatsink

must have the thermal resistance less than a specified value.

Ry, = 5L (7.6)

Figure 7.13 shows a simple structure of the CSI power circuit module and relevant
parameters where the power module operates with the PV output power of 3kW and
dissipates power losses of 47.09W (estimated using the method presented in Section
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6.8). When the ambient temperature of 40°C and the maximum temperature of the
heatsink less than 70°C are chosen (to ensure proper functionality of power circuit
components which may malfunction at very high temperature), the thermal resistance
of the heatsink calculated using (7.6) should be lower than 0.64 °C/W.

IGBT
(IXRA15N120)

Insulator sheet

(KOOL-PADS K177) 51.7C Ripje= 0.25°C/W

Heatsink 58.8°C Ry, = 0.40°C/W

(Aluminum Alloy)

<70°C Ry < 0.64°C/W
Air 40°C
Figure 7.13 Structure of the CSI power module and all relevant parameters when the

converter prototype operates at PV output of 3 KW

An Aluminium Alloy heatsink with a standard extruding configuration (Figure 7.14)
was used in this prototype. The heatsink was split into two sheets with the AC bus
bars placed between them. This structure provides a large air gap area, which allows a

larger area for the cooling air to circulate around the power circuit 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 ripple lower than 10% peak-to-
peak at rated MPP. Using (4.16) presented in Section 4.5.1.1, the calculated value of
the DC-link inductor is 11.3mH. Two inductors with a value of 6.5mH and designed
by Dr. Junaidi [128] were used in this prototype, which provides the total inductance
of 13mH. Photographs of the DC-link capacitors are shown in Figure 7.15.

Figure 7.15 Photographs of the DC-link inductors

7.3.3.2 The AC Filters

The AC filter capacitors (Cs) are designed to ensure that the converter achieves a
power factor higher than 0.99 at rated maximum power. Using (4.18) presented in
Section 4.5.1.2, the required value of C; can be determined. With the designed cut-off
frequency of 1.7 kHz and using (4.19) and (4.20), the required values of the AC filter
inductors (L¢) and the damping resistor (Rgamp) can also be determined:
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(1.67kW)tan (cos1(0.99)) _
Cr(max) < 6mx50x%(230)2 = 48uF

L= 1
f 7 ax(4.7uF)xm?x(1.7kHz)?

= 1.9mH
Ramp > 27 X 50 X 1.9mH = 0.59Q

In this prototype, polypropylene film capacitors model PH450 (250V ac) of 4.7uF, AC
filter inductors of 1.92mH and damping resistors of 47Q were selected. The
photographs of the AC filter components are shown in Figure 7.16.

Damping Resistors

’ Al -

':@-; =08

JoF e

L\ 4
’h_' ) '-'""(,. -@
‘*L' ) ,;r,’
AC Filters

’ AC Filter Inductors ‘

W

’ 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 of series AC capacitors can

be determined:

2(1.6kW) — 160.254F
(2x(2:50)2x1.9mHx1.6kW)+ 3x (27)x0.8(V1-0.82) ol

C, >

In order to minimise the construction cost of the experimental test-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 parallel that provide total
capacitance of 165uF/phase as shown in Figure 7.17. Since the voltage rating of the
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capacitors is 4.5 times larger than the AC voltage rating, a very large capacitor
volume of 19x29x18 (WxLxH in cm) = 9918 cm? resulted. In practice, much smaller
capacitors can be used, e.g. general purpose AC capacitors model GP84-416.84 with
the capacitance of 175uF/phase at 250VyN [129] can have a total volume of
3%6.5x6.5x15 (WxLxH in cm) = 634 cm®, which 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. Klumpner and Dr. Junaidi
[101] was used with some modifications. Figure 7.18 shows a circuit diagram of the
gate drive circuit for each IGBT. An optocoupler (HCPL3120) is used to individually
receive a control input PWM signal from the FPGA (0V for gated-off and +3.5V for
gated-on), which then produces an output control signal to drive the IGBT (-15V for
gated-off and +15V for gated-on). The optocoupler also provides the 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 gate current into the device.
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+S5V HCPL-3120 Vo= +15V

| :
3V i 0.1uF~= é:) 15Q
[7] » Output
? Y EIJ (+15V)
i t———> TolIGBT

7y . 5 Q
47 Vie=-15V

Figure 7.18 Circuit diagram of the gate drive circuit for each single IGBT

Control Input

(0-3.5V)
From FPGA

Figure 7.19 shows the complete gate drive circuit board connected to the IGBTs on
the power module. This board was actually designed to drive eight IGBTs with auto-
inverted output signals between IGBT pairs (e.g. +15V output for Sz will
automatically give -15V output for Say). However in this prototype, only six gate
drivers are used since there are only six RB-IGBTs used in the power module. Each
driver on this board is also modified to be controlled independently in order to
facilitate the implementation of the overlap-time for the CSI modulation in the FPGA
(see Section 7.5.2). The gate driver board is supplied by a single +5V source, which
will be shared and converted into £15V for the optocouplers using miniature DC/DC
converters (NMAOQO515SC). Zener diodes [BZX79-C18] are used to avoid IGBT

destruction by gate-emitter over voltage.

Gate Drive Circuit

Optocoupler
(HCPL-3120)

Control Inputs
(from FGPA)

DC/DC converter
(NMA0515SC)

Zener Diode
(BZX79-C18)

Control Outputs
(to IGBTS)
B

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 circuits used in this converter. Each
circuit is comprised of three voltage transducers, which are used to measure the 3-
phase voltages. The first circuit is constructed based on the technology of voltage
dividers with electrical isolation (designed by Dr. Klumpner [101]). The circuit is
used to measure and convert phase to neutral grid voltages (< 350V peax) into a level
of 5V suitable for the controller (FPGA) to process. The second circuit is
constructed using the commercial transducers (LEM LV25-P) and is used to measure
the voltage at the AC side of the CSI PWM bridge circuit and is designed to have the
similar measuring capability to the first circuit. The detailed design for the first
voltage measurement circuit can be seen in [101]. The second circuit is explained in

this section.

Figure 7.20 shows the circuit diagram of the AC voltage measurement circuit using
the transducers (LEM LV25-P). An input 50kQ resistor (5W) produces 7mA
maximum primary current for the AC input voltage of £350V peax. With the conversion
ratio of the transducers of 1:2.5, the maximum current at the secondary 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 photographs of the voltage
measurement circuits: one is placed close to the AC grid and the 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 50kQ ——— 3.5V
+350V e THT—AAA/ -
HT —>
L+ 0+15V
Al ‘ Mo ls 2000
X ?} _<>—(:)+/\/\/\/——0 oV
T_ 0-15V

Figure 7.20 Circuit diagram of the AC voltage measurement circuit using LEM
LV25-P voltage transducers

204



CHAPTER 7

\oltage Measurement Circuit
(\Voltage Divider)

......

3% 50kQ (5W)

Inside the box

\Voltage Measurement Circuit
(LEM LV25-P)

Figure 7.21 Photographs of the AC voltage measurement circuits: using voltage
divider technology and using commercial LEM LV25-P voltage transducers

7.4.2.2 DC Voltage and Current Measurement Circuit

The DC voltage and current measurement circuits are used to measure the output
voltage and current of the PV emulator. These measured voltage and current are used

by the controller for the DC-link current control.

The LEM LV25-P transducer is used for the DC voltage measurement circuit. Hence,
a similar design method presented in Section 7.4.2.1 can be used. With the maximum
DC-link voltage value of 500V peak and the use of a S0kQ resistor at the primary side
results in a 10mA current drawn in the primary side. With the conversion ratio of
1:2.5 of the transducer, a 25mA current will be drawn in the secondary side, which is

then converted to voltage with the range of £4.675V by a 187Q resistor.

For the DC current measurement circuit, a current transducer LEM LA55-P is used to
measure the maximum DC current of +15Apca. 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 current of £45Ayca as
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shown in Figure 7.22. With the transducer conversion ratio of 1:1000, the +45mA peax
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 shows a photograph of the DC
voltage and current measurement circuit. The circuit is placed on the DC side of the

prototype CSI+SCaps.

Input Current
+15A
peek Output
£4.50V e
—
D)) |+ os15y
x3 Mol 100Q
S L o———(HAAA~—O OV
]:‘ 0-15V
¢ LEM LA55-P

Figure 7.22 Circuit diagram of the DC current measurement circuit

DC \oltage Transducer
(VL25-P)

DC Current Transducer
(LA55-P)

(a) Frontside (b) Left side

Figure 7.23 Photographs of the DC voltage and current measurement circuit
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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 for the prototype CSI+SCaps.
The core controller consists of a Digital Signal Processor (DSP) and a Field
Programmable Gate Array (FPGA). The DSP is used as a central processing unit that
performs the functions associated with mathematical calculations and processing
control commands. The FPGA is used as an interfacing unit that converts the
analogue signals from the voltage/current measurement circuits into digital signals
suitable for the DSP. The FPGA also sends the control pulses out to the gate drive
circuit as the commands of the DSP as well as providing safe operation for the
prototype using programmable overvoltage/current protection. The computer is used
as a programming workspace for editing, debugging and uploading the programs for
both the DSP and FPGA as well as being a host interface for the prototype via a Host
Port Interface (HPI) daughter card.

V,(abc)

Computer - AC Voltage Measurement Circuit (1) ‘
«M{ AC Voltage Measurement Circuit (2) ‘
p DA » FPGA <—Vdc—‘ DC Voltage Measurement Circuit ‘
<—|d°4’ DC Current Measurement Circuit ‘
£

AA ! >

v | Gate Drive §

DSP InterfacingCard [¢«—»{ DSP clret I

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+SCaps
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7.5.2 DSP Board

In this prototype, the DSP board module TMS320C61713 [130] is used. Figure 7.25
shows a photograph of this board. The control methodologies of a standard CSI and
the CSI+SCaps presented in Section 4.4.2 and Section 5.5.2, are interpreted and

implemented on the DSP using the C language codes through the use of CCstudio 3.1
code composer.

CoreChip
C6713DSP

"

TMS320C6713 DSK 5, o
et I

TMS320C6713 DSK Board

(aagananny

mzm‘m & HPI Daughter Card

‘ HPIExpansion
Expansion Connectors Connector
+5V Power Supply | | USB Host Interface Connector (ToFPGA)

(not use if HPI Connector is used)

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 Empringham and Dr.
Liliana de Lillo, of the PEMC group in the University of Nottingham, is used in this
work. The FPGA board operates with fixed clock frequency of 10MHz and provides
10 channels of 12-bit analogue to digital converters (ADC). The 5V analogue signals
are converted into 0 to 2.5V, which are required by the ADC circuits. The fault trip

level for each ADC channel can be set individually using an onboard potentiometer
and comparator circuit.
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Figure 7.26 Photographs of (a) the FPGA board and (b) its connections
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The Actel Libero IDE v.8.0 program is used to create and edit the control source
codes of the FPGA using Very-high speed Hardware Description Language (VHDL).
The most popular and easiest technique is to use the schematic editor tool, which
allows the users to build their own circuit schematics using standard components from
the program library or user defined components. Then the complete schematics can be
converted later into VHDL using the program complier. In this work the FPGA
schematic code for the Space Vector Modulation (SVM) for a three-phase voltage
source inverter (VSI) developed by Dr. Liliana de Lillo is used [131]. However, some

modifications are needed in order to be used for the three-phase CSI.
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Figure 7.27 presents the first modification, which is required to separate the gate
control signals for each switch to be independent rather than sharing the command
signals as previously used for the voltage source inverter (VSI) applications.

DT[7:0] OV[7:0]
RESET RESET
PWM_IN5:0] ENABLE PWM_IN[5:0] ENABLE
CLOCK CLOCK
DEAD_TIME OVLAP_TIME
t— Clock Out ) S SW.AP t— Clock Out ) > SW.AP
PWM_IN[0] PWM_IN[0]
P_Reset P_Reset
DT[7:0] OV [7:0]
DEAD_TIME OVLAP_TIME
t— Clock Out SW_AN t— Clock Out SW_AN
1 PWM_IN[1] —‘ ) ? PWM_IN[1] —‘ ) ?
P_Reset P_Reset
DT[7:0] ov[7:0]
DEAD_TIME OVLAP_TIME
t— Clock Out ) > Sw.BP t— Clock Out ) > SW_BP
PWM_IN[2] PWM_IN[2]
P_Reset P_Reset
DT[7:0] oV [7:0]
DEAD_TIME OVLAP_TIME
t— Clock Out SW_BN t— Clock Out SW_BN
—1 PWM_IN[3] —[ D PWM_IN[3] —[ D 7
P_Reset P_Reset
DT[7:0] OV [7:0]
DEAD_TIME OVLAP_TIME
t— Clock Out ) > sw.cp t— Clock Out ) > Sw.cp
PWM_IN[4] PWM_IN[4]
P_Reset P_Reset
DT[7:0] oV [7:.0]
DEAD_TIME OVLAP_TIME
] Clock Out ) > SW.CN ~— Clock Out ) > SW.CN
PWM_IN[5] PWM_IN[5]
P_Reset P_Reset
DT[7:0] OV [7:0]

(a) Original schematic

(b) modified schematic

Figure 7.27 Comparison of (a) original schematic and (b) modified schematic for the
FPGA code in order to achieve independent gate control signals required for the CSI

The second modification is shown in Figure 7.28. The FPGA schematic is modified
for the implementation of the overlap time for the CSI rather than the implementation
of the dead time which was used for the voltage source inverter (\VSI) in the previous
work (see more details about the overlap time and the dead time in Section 4.3.1-
4.3.2).
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(a) Original schematic (dead time implementation)
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Figure 7.28 Comparison of (a) original schematic and (b) modified schematic for the
FPGA code in order to achieve the overlap time implementation for the CSI

7.6 Protection Circuit

Figure 7.29 shows the circuit diagram and a photograph of the clamp circuit, which is

used to limit high voltage spike caused by the demagnetisation of the DC-link

inductors during shutdown the prototype CSI+SCaps (e.g. during fault conditions).

The circuit consists of two power diodes, two capacitors and two resistors. The diodes

are used to control the direction of current flow during the demagnetisation whilst the

capacitors and resistors are used to restore and release the energy during and after the
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demagnetisation of the DC-link inductors. The clamp circuit is placed between the
DC input of the CSI power module and the DC-link inductors. It is noted that the
reverse DC current blocking circuit, which is used to control the direction of the

current flow (from PV emulator to the inverter), is also shown.

‘ DC Capacitors (10uF) ‘

Reverse DC current
= Blocking circuit

Positive DC-link Rail

[ O

33kQ
Connected to +/- DC-link inductors
33kQ —
Clamp circuit
terminals
¥y,
O O e
Negative DC-link Rail |+ Input PV terminals
(@) (b)

Figure 7.29 DC-link clamp circuit: (a) the circuit diagram and (b) photographs of the
DC-link clamp circuit shown the inside view (top right) and the outside (bottom right)
of the cover box

7.7 Three-Phase AC Electrical Network

Figure 7.30 shows the photographs of three-phase AC electrical network connection.
The main circuit breaker, known as Residual-current Circuit Breaker with Overload
protection (RCBO), is used to limit current (trip when a current over than its rating of
32A flows and provide earth leakage protection). The emergency stop switch is used
to cut-off all power when pressed. The power ON/OFF switch is used to
enable/disable the power from the AC power supply. The three-phase variac is used to

vary the supply voltage amplitudes, which is used to observe the performance of the
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converter prototype under the supply (grid) voltage deviation. In this work the
electrical network operates at its nominal voltage of 230V/50Hz.

3-Phase
Connectors

-od| bl
Emergency Stop
Switch

3-PhaseVariac

Figure 7.30 Photographs of the three-phase AC electrical network

7.8 Summary

This chapter presents the detailed design and construction of the experimental test-rig,
which has been used to experimentally validate the performance of the proposed CSI
with series AC capacitors (CSI+SCaps) in comparison to a standard CSI. The
experimental test-rig consists of four main elements: the PV emulator, the prototype
CSI+SCaps, the interfacing and control circuits and the three-phase AC electrical

network.

The PV emulator is used to be a PV source providing output electrical characteristics
similar to the actual designed PV array built from four strings of fourteen series
connected PV panels (model BP SX30). The PV emulator consists of two elements: a

programmable DC power supply (model SM300-10D) and an analogue control
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circuit. The power supply generates desired output voltage and having a maximum
output current limited as commanded by an analogue control circuit. The analogue
control circuit is made of a small scale PV equivalent circuit that can produce control
signals similar to the PV characteristics to program a DC power supply. The analogue
control circuit includes also the test condition selecting circuit, which allows different
sun irradiance conditions to be tested and facilitates the evaluation of the prototype
CSI+SCaps in terms of the European efficiency.

The prototype CSI+SCaps is designed to operate as both the CSI+SCaps and a
standard CSI. The prototype consists of the power circuit module, the filtering
components and the series AC capacitors. The power circuit module is constructed
from six RB-IGBTs, low stray inductance power bus bars with the planar plate
configurations and air cooling heatsinks. The filtering components are included of the
split DC-link inductors on the DC side and the LC filters with damping resistors at the
AC side.

The interfacing and control circuits consist of the gate drive circuit, the voltage and
current measurement circuits, the DSP and FPGA, the HPI daughter card and the
computer. The gate drive circuit produces suitable gate voltage levels to operate the
RB-1GBTSs, limits gate control current and provides electrical isolation between the
controller and the power module. The voltage and current measurement circuits
measure the voltages and currents required by the controllers for using in the control
programs. The DSP is the central processing unit that functions in all mathematical
calculations and processing control commands. The FPGA is the interfacing unit that
converts the measured analogue signals from the voltage and current measurement
circuits into digital signals suitable for the DSP to process. The HPI daughter card is
the data interfacing port for sending and receiving the commands or data between the
DSP card and the computer. The computer is the programming workspace that allows
the users to create, to edit, to compile and to upload the control programs for the DSP
and FPGA.

The three-phase AC electrical network consists of a three-phase variac, a circuit
breaker, a power on/off switch and an emergency stop switch. The three-phase variac

allows the supply voltage level to be varied, which is used to observe the performance
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of the prototype under supply voltage deviation. A circuit breaker disconnects the
experimental test-rig from the power network if a current higher than its rating (32A)
flows. A power on/off switch is used to enable/disable the power from the power

supply. An emergency stop switch is used to cut-off all the power when pressed.

In addition, the DC-link clamp circuit is placed between the DC input of the prototype
CSI+SCaps and the DC-link inductors. The circuit is used to limit DC-link voltage
spike caused by demagnetisation of the DC-link inductors during shutdown the

prototype.
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Chapter 8

Experimental Results

This chapter presents the experimental results obtained from the test-rig designed in
Chapter 7. Results are presented in two sets. The first set is used to verify the
functionality of the test-rig. The second set is used to experimentally evaluate the
performance of the CSI with series AC capacitors (or CSI+SCaps), which is the novel
topology for transformerless, grid-tied PV applications proposed in Chapter 5. The
results are compared to the standard CSI topology and also used to validate the

simulation results given in Chapters 5 and 6.

8.1 Test-Rig Verification

As presented in Chapter 7 the experimental test-rig comprises of four main elements:
the PV emulator, the CSI+SCaps prototype, the interfacing and control circuits and
the 3-phase electrical network. This section provides the experimental results which

verify the functionality of these elements in comparison to the design specifications.

8.1.1 PV Emulator

As described in Section 7.2 the PV emulator operates as an emulator of the PV source
for the test system. The emulator is designed to generate the output voltage, current
and power as specified by the PV characteristic curves shown in Section 2.7.4. Figure
8.1 shows the test circuit diagram which was used to verify the PV emulator. Figures
8.2 and 8.3 show the experimental results which can be compared with the design

specifications.
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pv

PV Emulator

|

pv

a”’ R Load
0-672 Q

Figure 8.1 Circuit diagram used to verify the PV emulator
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Design Specifications
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Figure 8.2 Experimental results for the PV emulator and design specification I-V
characteristic curves at varying sun irradiance levels; where V,, is the output PV
voltage and I, is the output PV current
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Figure 8.3 Experimental results for the PV emulator and design specification P-V
characteristic curves at varying sun irradiance levels; where V,, is the output PV
voltage and Py, is the output PV power

It can be seen from Figures 8.2 and 8.3 that the PV emulator exhibits output current,
voltage and power profiles similar to the design specification. A very close match can
be observed at 5%-50% sun irradiance levels. However, at higher sun irradiance
levels (70% and 100%) the PV emulator has a PV current which decays more rapidly
and has a higher current at high voltage than the specification as shown in Figure 8.2.
This has an effect on the higher PV output power when compared to the design
specification as shown in Figure 8.3. The difference between the experimental results
and the design specifications at high sun irradiance levels is caused by the non-linear
characteristics of the components used in the analogue control circuit of the emulator.
For example, the power MOSFET (STP36NFO6L) which is used to convert a current
of 0-10A into a control signal of 0-5V will begin to have a nonlinear relationship
when operating above 4-5A (see more details in Section 7.2.3). However, this
difference will not affect the evaluation of the CSI+SCaps topology and a standard
CSI topology as the same PV emulator will be used for both circuits. Therefore

comparable results can be obtained.
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Figure 8.4 shows the experimental waveforms of output PV voltage (V) and output
PV current (Ip) of the emulator when sun irradiance levels change in steps from 5%
to 100% and from 100% to 5% whilst Rjeaq is fixed at 56€.

400
100%
— 3007 70% 70%
= 50% 50%
= 20% 20% v
100 1 10% B
506 (] 10% 506
0 4
OFF OFF
-100
4 100%
70% 9
~ 50% () 70% 50% :
o ) 30%~ 30% pv
g 2 10% 207 iy e 20% 100
< 5% mawn 7 p— 5%
2 0 - P
OFF OFF
_2 i + i e L + + i
0 10 20 30 40 50
Time (sec)

Figure 8.4 Experimental waveforms of output PV voltage (Vpy) and output PV current
(Ipv) of the PV emulator when Ryeaq is fixed at 56€2 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 can produce stable and consistent
output PV voltage and current waveforms for each constant sun irradiance level and
can provide continuous output waveforms when sun irradiance levels change. Stable
and consistent output waveforms from the PV emulator are important for the
experimental tests as one may need to repeat tests at specific operating points or test
for long periods of time (e.g. inverter efficiency tests in Section 8.2.4). Continuous
output waveforms from the PV emulator will provide a realistic behaviour similar to
an actual PV source. The short drops in the output waveforms during the transitions of
sun irradiance levels of the emulator are caused by the overlap of two switches on the

analogue control circuit board of the emulator (see more details 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 capacitors (CSI1+SCaps) prototype
is the main focus of the experimental testing. The inverter prototype is designed to
convert and transmit power from the PV emulator into a 280V/50Hz three-phase grid
connection. The inverter prototype is also designed to operate as a standard CSI so
that comparable test results can be produced. Figure 8.5 shows experimental set up
used to test functionality of the inverter prototype together with the interfacing and

control circuits.

- 19mH

+ + v
nverter
Y'Y\
PV Emulator |V, \ﬁﬂc Prototype AN

111
LI Tanr R0 oag

(56Q/ph)
Standard CSI =0.8
* SVM Modulation e

3-phase AC references

Figure 8.5 Circuit diagram used to verify the CSI+SCaps inverter prototype

In the circuit shown in Figure 8.5, in order to simplify the testing of the inverter
prototype, the inverter is operated as a standard CSI and is connected to a three-phase
resistive load rather than directly to the grid in order to allow simple open-loop
control to be used. The inverter operates with a fixed modulation depth (m*=0.8) and
with standard CSI SVM modulation (see Section 4.3.2), which generates more ideal
gate control signals and therefore allows good comparisons to be made with the
simulation results. The corresponding experimental results obtained from the inverter
prototype when operating at 10% sun irradiance and a comparison to the simulation

results are shown in Figure 8.6.
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Figure 8.6 (a) Simulation and (b) experimental results of the CSI+SCaps inverter
prototype when operating as a standard CSI with the modulation depth of 0.8 at 10%
sun irradiance

It can be seen from Figure 8.6 that the inverter prototype can provide similar results to
the simulation. The prototype produces sinusoidal and in phase waveforms of the AC
load voltage and the AC load current as expected for standard CSI VSM modulation.
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The output AC load current amplitude is 0.65A with an input PV current of 0.8A (see
Figure 8.4), which gives a modulation index of 0.81. This result confirms the proper

operation of the inverter prototype.

Figure 8.7 shows the experimental results of the inverter prototype when sun
irradiance changes from 10% to 20% and from 20% to 30%. It can be seen that the
inverter prototype can provide continuous and stable output AC load waveforms for
each constant sun irradiance level and during transitions. The small drop in the load
voltage and current during the transition are caused by overlap in the switches as

explained in Section 8.1.1.
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Figure 8.7 Experimental results of the inverter prototype when operating under 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 from the testing of a complete grid-
tied PV system with the CSI+SCaps topology (shown in Figure 8.8) are evaluated in

comparison to the standard CSI topology. The results are presented in four sets. The
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first set is related to safe operation of the topology during start-up and shutdown. The
second set and the third set of results are the performance of the topology when
operating at normal grid voltage and at low grid voltage respectively. The forth set of

results is the efficiency evaluation for the topology.

N

13mH ﬁ
M
l . LomH Power grid
NN
PV Vi, Inverter A
Emulator Prototype 1 M =
| o LI Tamnr

PWM Signal Generator

i
I* oy —»@—{ PI Controller ‘

Figure 8.8 Diagram of the grid-tied PV test system based CSI+SCaps topology

8.2.1 Performance during Start-Up and Shutdown Conditions

This section presents converter performance related to the safe operation of the
CSI+SCaps topology during start-up and shutdown tests in comparison to a standard
CSI topology. The same circuit components and Pl-controller are used for both
topologies so that the results can be directly compared. Figures 8.9 and 8.10 show the
experimental results of the CSI+SCaps topology and the standard CSI topology

during the start-up and shutdown tests.
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Figure 8.9 Experimental results for (a) the standard CSI topology and (b) the
CSI+SCaps topology during start-up at time= 100msec
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Figure 8.10 Experimental results for (a) the CSI topology and (b) the CSI1+SCaps
topology during shutdown at time= 100msec
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As it can be seen from Figure 8.9 both the CSI+SCaps topology and the CSI topology
can operate safely during start-up with low DC-link voltage and current overshoots
(Vae< 450V and lI4.< 4A) compared to the ratings of the switches (1200V and 25A).
The CSI+SCaps topology has slightly higher DC-link voltage and current overshoots
and a slower dynamic response than the CSI topology, which is caused by the large
series AC capacitors (165uF) used in the AC circuit of the CSI+SCaps topology.
However, the CSI+SCaps topology has a lower DC-link current ripple than the CSI

topology.

As it can be seen from Figure 8.10 both the CSI+SCaps topology and the CSI
topology have higher DC-link voltage and current overshoots during shutdown
compared to start-up. However, both topologies can provide safe operation as the
voltage and current overshoots (Vg4.< 900V and l4.< 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 on the DC side.

8.2.2 Performance during Normal Grid Voltage Conditions

This section presents the experimental results for the CSI+SCaps topology and the
standard CSI topology when operating under normal grid voltage conditions. The
results are presented in three sets. The first and second sets show the steady state and
dynamic operation of the topologies under constant sun irradiance. The third set
shows steady state operation under different sun irradiance levels. The Minimum
Switching Voltage (MSV) control (see Section 5.3.2.1) is used for 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 required to operate at the
maximum voltage, current and power ratings of the PV source for proper connection
compatibility between the PV source and inverters. Under normal grid voltage and
constant sun irradiance, the maximum voltage rating of the PV source is the open-

circuit PV voltage and the maximum current and power ratings are the current and
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power at the maximum power point (MPP) of the PV source. This section presents the

experimental results for the CSI+SCaps topology and the standard CSI topology when

operating close to these maximum PV ratings.

Figures 8.11 and 8.12 show the experimental results for the topologies operating close
to the maximum PV voltage ratings (OP1) and at the MPP (OP2) under 50% sun

irradiance. The frequency spectrum of the supply current waveforms for each

topology at OP1 and OP2 are shown in Figures 8.13 and 8.14. The measured

magnitudes of the waveforms in Figures 8.11, 8.12, 8.13 and 8.14 are summarised in

Table 8.1.
Measured OP1 OP2
Parameter Standard CSI | CSI+SCaps | Standard CSI | CSI+SCaps
Ve (peald 456V 419V 463V 381V
Ve (average) 271V 283V 246V 251V
S L (peak 5.2A 4.2A 6.9A 5.2A
Q I e (average) 1.7A 1.7A 3.2A 3.2A
Alge-ripple(peak-peak) 5.4A 4.1A 6.2A 3.2A
Pac (average) 461W 481W 787TW 803W
Vs rms) 161V 162V 163V 162V
Vst (ms) 163V 156V 163V 138V
= Is gms) 11A 1.2A 17A 2.2A
g: Power Factor 0.86 0.84 0.98 0.78
Is (fundamental) 1.56A 1.69A 2.40A 3.11A
Is (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) the CSI+SCaps
topology operating at the point close to the maximum PV voltage rating (OP1)
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Figure 8.12 Experimental results of (a) the CSI topology and (b) the CSI+SCaps

topology operating at the maximum PV current and power point (OP2)
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Figure 8.13 Frequency spectrum of the supply current (Is) waveform in Figure 8.11
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Figure 8.14 Frequency spectrum of the supply current (Is) waveform in Figure 8.12
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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 agree with the results of
the operation principles presented in Section 5.5.1 and simulation waveforms
shown in Figures 5.22 and 5.24.

As expected, in Figure 8.11, the CSI+SCaps topology and the standard CSI
topology provide similar waveforms when operating close to the maximum
PV voltage rating (OP1); whereas the CSI+SCaps topology draws low PV
current (1.7A) and produces only insignificant voltages across the series AC

capacitors.

At the maximum power point (OP2), the CSI+SCaps topology draws higher
PV current (3.2A) and produces higher voltages across the series AC
capacitors. These voltages are used to reduce the AC side voltages (Vcsi) for
the CSI+SCaps topology, as shown in Figure 8.12. In contrast, the CSI

topology has the same Vg levels to the supply voltage level (Vs).

When both operating points are considered, the CSI+SCaps topology has more

advantages than the standard CSI topology because it has:

o Lower peak DC-link voltage (381-419V) than the CSI (456-463V) and

therefore a lower voltage stress on the circuit components than the CSI.

o Lower peak DC-link current (4.2-5.2A) than the CSI (5.2A-6.9A) and

thus a lower current stress on the circuit components than the CSI.

o Lower peak-to-peak DC-link current ripple (3.2-4.1A) than the CSI
(5.4-6.2A) and therefore a better input power quality and allowing the

use of a smaller DC filter inductor than the CSI.

o Lower supply current THD (7.8-13.5%) than the CSI (15.6-18.5%) and
therefore a better output power quality than the CSI, as shown in
Figures 8.13 and 8.14.

The CSI+SCaps topology has some disadvantages when compared to the CSI
topology in that it has higher fundamental supply current (1.7-3.1A) than the
CSI (1.6-2.4A) and a lower power factor (0.78-0.84) than the CSI (0.86-0.98).

These characteristics lead to the need for slightly larger wires for connection
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to the power transmission network for the CSI+SCaps topology when
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 experimental results for the
CSI+SCaps topology and the standard CSI topology operated at 70% sun irradiance.
In order to observe the dynamic response of the topologies, the PV current is stepped
up from 0.5A to 1.5A at time=100ms and from 1.5A to 3.0A at time=200ms and then
decreasing from 3.0A to 1.5A at time=300ms and from 1.5A to 0.5A at time=400ms.
The circuit components and parameters used in both the simulation and experimental
tests are the same as ones shown in Figure 8.8. It can be seen from Figures 8.15 and
8.16 that:

e The converter prototype provides similar results to the simulation. The
CSI+SCaps topology and the standard CSI topology can track closely the
change of the DC-link current reference and reach the demand values in steady

state.

e With the use of the same circuit components and a Pl-controller both the

experimental results and the simulation results show that:

o The CSI+SCaps topology provides a slower dynamic response
compared to the standard CSI topology. This would be reflected in
more fluctuations during transients and longer settling times for the

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 between 200ms
and 300ms).
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Figure 8.15 Simulation results of (a) the CSI topology and (b) the CSI+SCaps
topology operating under 70% sun irradiance and PV current steps from 0.5A to 1.5A
at time=100msec, 1.5A to 3.0A at time=200msec, 3.0A to 1.5A at time=300msec and
1.5A to 0.5A at time=400msec
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Figure 8.16 Experimental results of (a) the CSI topology and (b) the CSI+SCaps
topology operating under 70% sun irradiance and PV current steps from 0.5A to 1.5A
at time=100msec, 1.5A to 3.0A at time=200msec, 3.0A to 1.5A at time=300msec and
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Performance of the CSI+SCaps topology when operating under constant sun

irradiance has been evaluated in Sections 8.2.2.1 and 8.2.2.2. This section presents the

performance of the CSI+SCaps topology in comparison to the standard CSI topology

when operating under different sun irradiance levels. Steady state operation of the

topologies at the MPP for each sun irradiance level is tested. Figures 8.17 to 8.21
show the experimental results at the MPP under 5%, 10%, 20%, 30% and 50% sun

irradiance. The frequency spectrums of the supply current waveforms from Figures

8.17 to 8.21 are shown in Figures 8.22 to 8.26. The measured magnitudes of the

waveforms in Figures 8.17 to 8.21 and Figures 8.22 to 8.26 are summarised in Table

8.2.
Inverter Measured Sun Irradiance Level Unit
Topology Parameter 5% 10% 20% 30% 50%
Vdc (average) 203.8 209.9 217.6 232.1 236 \Y/
lgc (average) 0.702 1.1 1.85 2.42 3.52 A
Pdc (average) 143 231 403 562 831 W
I V de (peak) 443 449 449 449 468 \Y/
© lde (peatd 3.1 4.1 5.7 6.6 7.6 A
§ Al g ripple (peak-peak) 4.41 5.31 6.88 75 7.19 A
= Vs (rms) 160.8 162 161.6 161.7 163.1 \Y/
» 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 -
Is (fundamental) 0.61 0.74 1.08 1.51 2.26 A
Is (tHp) 18.9 19.4 23.6 21.5 18.6 %
Vdc (average) 204 215 220 234 236 \Y/
lgc (average) 0.76 1.08 1.82 2.4 3.56 A
Pdc (average) 155 232 400 562 840 W
Q Vdc (peak) 405 393 386 386 380 \Y/
8 Lgc (peak) 3.2 3.2 4.1 4.8 6.0 A
@ Alge-ripple (peak-peak) 4.38 4.38 4.69 4.69 4.38 A
;) Vs (rms) 160 160 161 163 163 \Y/
© Is (rms) 0.86 1.07 1.4 1.72 2.32 A
Power Factor 0.33 0.42 0.56 0.64 0.715 -
|5 (fundamental) 0.97 1.26 1.79 2.30 3.18 A
Is (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

235




CHAPTER 8

600 j i j 5% Sun Irradiance

Ve (Volts)

s (Amps)
2

400

200 1

-200 1

Vs, Ig (Volts, Amps*40)

-400 t t t t
0 20 40 60 80 100
Time (msec)

(a) Standard CSI

600 f i | 5% Sun Irradiance

Ve (Volts)

-200

lsc (Amps)
o
! .
! .

-10

400
200 T

-200 T

-400

Vs, Ig (Volts, Amps*40)

0 20 40 60 80 100
Time (msec)

(b) CSI+SCaps

Figure 8.17 Experimental results of (a) the standard CSI topology and (b) the
CSI+SCaps topology operating at the MPP under 5% sun irradiance
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Figure 8.18 Experimental results of (a) the standard CSI topology and (b) the
CSI+SCaps topology operating at the MPP under 10% sun irradiance
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Figure 8.19 Experimental results of (a) the standard CSI topology and (b) the
CSI+SCaps topology operating at the MPP under 20% sun irradiance
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Figure 8.20 Experimental results of (a) the standard CSI topology and (b) the
CSI+SCaps topology operating at the MPP under 30% sun irradiance
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Figure 8.21 Experimental results of (a) the standard CSI topology and (b) the
CSI+SCaps topology operating at the MPP under 50% sun irradiance
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Figure 8.23 Frequency spectrum of the supply current (Is) waveform in Figure 8.18
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Figure 8.25 Frequency spectrum of the supply current (Is) waveform in Figure 8.20

242



CHAPTER 8

0.5 /
g oaf \ 1
€ 0.62A
< osf Is_fun(@50Hz)=2.26 Amps 1
(5]
S o2f .
=
E 01 | ‘ ‘ ]
< 0 ‘-L | \d'm. et sianall \Iu|m|ul bt a1 M L ‘Ll.hlu L

0 5000 10000 15000
Frequency (Hertzs)

(a) Standard CSI

e
in

=]
E=N
T
|

<
M

Is_fun(@50Hz)=3.18 Amps 1

<
&)

<
=

Amplitude (Amps)

M\.uhhmmL . et L H‘.JM L

0 5000 10000 15000
Frequency (Hertzs)

(=]

(b) CSI+SCaps

Figure 8.26 Frequency spectrum of the supply current (Is) waveform in Figure 8.21

It can be seen from Table 8.2 and Figures 8.17 to 8.26 that:

The average input voltage (Vqc), current (lgc) and power (Pgyc) are similar for
the CSI+SCaps topology and the standard CSI topology. Table 8.2 confirms
that both topologies operate at similar PV points. Thus, the experimental

results obtained from them both can be directly compared and evaluated.

Both the CSI+SCaps topology and the CSI topology can provide sinusoidal
output AC current waveforms for all of the operating points as shown in
Figures 8.17 to 8.21.

The CSI+SCaps topology has a lower peak input DC-link voltage (380-405V)
than the standard CSI topology (443-468V) for all the operating points. This
leads to lower voltage stress on the circuit devices for the CSI+SCaps
topology compared to the CSI topology. Moreover, when the operating power
increases (increase in sun irradiance), the CSI+SCaps topology provides a

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 current (3.2-6A)
than the standard CSI topology (3.1-7.6A) for all of the operating points. This
means that the CSI+SCaps topology has lower current stress on the circuit
devices when compared to the CSI topology. Peak DC-link current for both of

the topologies increases as sun irradiance increases.

The CSI+SCaps topology has lower input current ripple (4.38-4.69Apk-pk) than
the standard CSI (4.41-7.5An-pk) for all of the operating points. This means
that the CSI1+SCaps provides better input power quality than the standard CSI
and hence a smaller DC filter inductor can also be used for the CSI+SCaps.
Both of the topologies have higher input current ripple at higher sun irradiance

levels.

The CSI+SCaps topology has a better supply current THD than the standard
CSI when the sun irradiance is greater than 20% and achieve the minimum
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 THD of the CSI+SCaps
topology (27.3%) is higher than the standard CSI (18.9%). Based on sun
irradiance profiles in the central Europe, 91% of total solar energy comes from
sun irradiance over 20% [23]. This means that the CSI+SCaps topology would
provide better output power quality than the standard CSI topology for most of

the time.

The CSI+SCaps topology produces a higher output supply current (0.97-
3.18A) than the standard CSI (0.61-2.26A). The CSI+SCaps also produces a
lower output power factor (0.33-0.72) than the standard CSI (0.42-0.92). This
would lead to higher AC side current stress for the CSI+SCaps topology,
which may require larger wires and higher current rating equipment for
transmission system. The power factor will be improved when both of the

topologies operate at higher power (sun irradiance increases).

The experimental results show several improved features compared to the standard
CSI topology which can be achieved using the CSI+SCaps topology. These are the
lower voltage and current stress on the circuit devices with lower peak DC-link
voltage and lower peak DC-link current; better input power quality with lower input

current ripple and the better output power quality with lower supply 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 inverters must be able to
ride-through low grid voltage faults by stay-connecting to the grid without tripping
when the faults occur; supporting the grid with a reactive current during the faults and
supplying power into the grid immediately after the fault clearance (details in Section
3.2.2). In this section the experimental results for the CSI+SCaps topology in
comparison to the standard CSI topology when operating during low grid voltage
faults are presented. The steady state and dynamic response are presented.

8.2.3.1 Steady State Results

Figures 8.27 and 8.28 show the experimental results when the CSI+SCaps and the
standard CSI topology operate during 30% and 70% grid voltage dips under 50% sun
irradiance. The frequency spectrum of the supply current waveforms from Figures
8.27 and 8.28 are shown in Figures 8.29 and 8.30. The measured values of the

waveforms in Figures 8.27, 8.28, 8.29 and 8.30 are summarised in Table 8.3.

Measured 30% Grid Voltage Dip 70% Grid Voltage Dip
Parameter Standard CSI CSI+SCaps | Standard CSI | CSI+SCaps
Ve (peald 412V 331V 223V 219V
Ve (average) 122V 128V 2V 3V
= lae (peak) 6.9A 6.1A 5.5A 5.4A
Q L average) 3.8A 3.6A 4.0A 3.8A
Alde.ripple(peak-peal) 4.1A 3.2A 2.5A 2.7A
Petc (average) 464W 461W 14W 11W
Vs (rms) 114V 114V 49V 50V
Vesi (rms) 115V 108V 51V 52V
S Is ms) 2.0A 2.1A 2.2A 2.1A
%() Power Factor 0.52 0.49 <0.1 <0.1
Is (fundamental) 2.83A 3.0A 3.1A 3.0A
Is (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) the CSI+SCaps

topology operating at 30% grid voltage dip
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Figure 8.28 Experimental results of (a) the CSI topology and (b) the CSI+SCaps
topology operating at 70% grid voltage dip
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Figure 8.29 Frequency spectrum of the supply current (Is) waveform in Figure 8.27
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Figure 8.30 Frequency spectrum of the supply current (Is) waveform 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 the results
shown in Section 5.5.2 and simulation results in Figures 5.18 and 5.19. The
CSI+SCaps topology and the standard CSI topology can ride through in both

cases of grid voltage faults.

e During the 30% grid voltage dip (Figure 8.27) both of the topologies operate
with slightly higher input current (3.6-3.8A compared to the rated value of
3.2A) but a much reduced input voltage (122-128V compared to the rated
value of 246-248V). Both topologies inject similar amount of reactive current
to support the grid (48-51%) which is reflected in the low power factor (0.49-
0.51). Under these conditions the CSI+SCaps topology still provides lower AC
side voltage and peak DC-link voltage as well as lower input current ripple
than the CSI topology.

e During the 70% grid voltage dip (Figure 8.28) the CSI+SCaps topology and
the standard CSI topology operate near the short-circuit PV source with a
short-circuit current of 3.8-4A. Very little active power (11-14W) is produced
from the PV source. Full reactive current (=<100%) can be observed at the grid
connection for both of the topologies. The CSI+SCaps and the standard CSI

have similar input and output waveforms at this operating point.

e The CSI+SCaps topology provides similar levels of the THD to the standard
CSI topology for both the cases of 30% grid voltage dip (7.6-8.8%) 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 CSI+SCaps topology and
the standard CSI topology riding through a low grid voltage fault profile as required
by the E.On Netz grid code (Section 3.2.2). Figures 8.33 and 8.34 show the simulation
results when the topologies ride through low voltage fault of 30% and 70% of the

nominal level. Constant sun irradiance of 50% is considered for these tests.
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Figure 8.31 Simulation results of the Standard CSI topology when riding through a
low voltage fault profile as required by E.On Netz grid code; a fault occurs at
time=2.0sec and disappear at time=3.65sec
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Figure 8.32 Simulation results of the CSI+SCaps topology when riding through a low
voltage fault profile as required by E.On Netz grid code; a fault occurs at time=2.0sec

and disappear at time=3.65sec
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Figure 8.33 Simulation results of the standard CSI topology when riding through a
low voltage fault of 70% from its nominal level at time=1.0sec and then returns to its
nominal at time=2.0sec and dips again by 30% at time=3.0sec and then returns to the

nominal level at time=4.0sec
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Figure 8.34 Simulation results of the CSI+SCaps topology when riding through a low
voltage fault of 70% from its nominal level at time=1.0sec and then returns to its
nominal at time=2.0sec and dips again by 30% at time=3.0sec and then returns to the

nominal level at time=4.0sec
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From Figures 8.31 and 8.32 it can be seen that:

Both the standard CSI topology and the CSI+SCaps topology can ride through
the low voltage profile of the E.On Netz grid code but with slightly different

dynamic responses.

When a fault occurs, the CSI+SCaps topology can maintain constant supply
current amplitude (Is) at the rated value and can support the grid with reactive
current. In contrast the standard CSI topology cannot maintain constant supply
current amplitude. In fact, the standard CSI topology supplies current which
varies in amplitude depending on the available DC current at the DC side. The
standard CSI topology can also produce only a small amount of reactive

current to support the grid compared to the CSI+SCaps topology.

The CSI+SCaps can immediately supply full active power (Pg) into the grid
after fault clearance, but the standard CSI topology requires a longer time (of
almost 1sec in this example) to stabilise the fault and to search for a new

maximum power point before full active power is supplied into the grid.

Figures 8.33 and 8.34 show a more realistic situation of short-time grid voltage dips

of 70% and 30% from the nominal level which occur at time=2sec and time=4 sec for

1 sec. It can be seen from these figures that:

Both the standard CSI topology and the CSI+SCaps topology can maintain
their stable operation during the fault and after the fault clearance. However,
the CSI+SCaps can return to operate at the nominal MPP point after the fault
clearance more quickly than the standard CSI topology. This is because the

CSI+SCaps topology can operate at rated current during the fault.

The CSI+SCaps topology provides lower peak DC-link voltage and lower

input current ripple than the standard CSI topology for all operating points.
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8.2.4 Inverter Efficiency

In this section power conversion efficiency of the CSI+SCaps topology based on
European Efficiency calculation (see Section 3.3.1) is experimentally evaluated and
compared to the standard CSI topology. In order to calculate European efficiency of
these inverters, individual efficiencies for the inverters operating at the MPP under
5%, 10%, 20%, 30%, 50% and 100% sun irradiance levels are tested. These tests are
achieved using two power analysers; one to measure the input power (Pi,) from the
PV emulator and the other to measure the output power (Poyu) at the grid side. The
European Efficiency of the inverters can then be determined 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, + 0.1251300, + 0.67500, (8.2)

The measured values obtained from the power analysers when testing both of the
topologies at the MPP nominal grid voltage under 5%, 10%, 20%, 30% and 50% sun

irradiance are summarised as shown in Table 8.4.

Inverter | rraS duignce Vin I P, Pout (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

§ 20% 233.40 1.96 | 410.64 303.93 299.07 298.86

S 30% 240.37 2.41 | 540.88 425.01 419.19 419.46

& 50% 246,57 | 3.82 918 766.80 | 763.64 | 765.36

" 5% 207.62 | 0.80 135.89 102.03 102.12 99.69

§' 10% 224.60 1.15 | 228.41 183.57 183.18 179.19

(_1_) 20% 234.51 1.84 | 410.44 355.50 354.48 351.03
g 30% 241.65 | 2.30 541.3 480.36 | 480.90 | 478.35
50% 24528 | 3.76 | 914.43 819.03 821.19 818.79

Table 8.4 Measured values obtained from the power analysers when the standard CSI
topology and the CSI+SCaps topology when operating at the MPP 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) and (8.2), the European
Efficiency (7euro) for the standard CSI topology and the CSI+SCaps topology can be
determined as shown in Figure 8.35.

100% -

CSI+SCaps

95% -
Tro=87.8%

90% - Y
89.6%

85% - Standard CSI

Mewro=79-9%

80% - 83.4%
75% A

70% A

Power Conversion Efficiency (%)

65% A

60% T T T T T 1
0 10 20 30 40 50 60

Sun Irradiance Level

Figure 8.35 Power conversion efficiency curves and European efficiencies of the
CSI+SCaps topology and the standard CSI topology

It is clearly shown in Figure 8.35 that the CSI+SCaps topology has higher power
conversion efficiencies at all operating points and higher European Efficiency than a
standard CSI topology. The measured efficiencies that are obtained from a particular
test point show similar results with deviations less than 1.1% from the average value.
This reflects to high accuracy of these results. The error in the measurement is caused
by the difference in the ambient temperature during the tests which is proportional to
the time that is used to collect the measured data. High ambient temperature can
reduce the efficiency of heat transfer of the heatsink and also degrade the performance
of the circuit components. The experimental results show similar results to the
simulation results presented in Section 6.9. However, the inverter efficiencies that are
obtained from the experiment are lower than the simulation because all power losses
over the whole test system are measured in the experiment results but only the

estimated semiconductor power losses are measured in the simulation results.
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8.3 Summary

In this chapter experimental results are used to verify the functionality of the
experimental test-rig and evaluate the performance of the CSI+SCaps topology in

comparison to a standard CSI topology.

The results show that the experimental test-rig, which consists of the PV emulator, the
CSI+SCaps inverter prototype, the interfacing and control circuits and the 3-phase
electrical network, can operate properly. The PV emulator can produce similar PV
characteristic curves as the designed specifications. The CSI+SCaps inverter
prototype together with the interfacing and control circuits confirm the similar
operating waveforms to the simulation results. The results also show that the
CSI+SCaps topology can provide safe operation during start-up and shutdown, as
does the standard CSI topology. However, the series AC capacitors in its circuit
would lead the CSI1+SCaps topology lead to a slower dynamic response compared to a

standard CSI topology.

Similar results to the simulation can be observed from the experimental tests, which
show that the CSI+SCaps topology provides several advantages and disadvantages

compared the standard CSI topology.

The experimental results also show that both the CSI+SCaps topology and the
standard CSI topology can ride through a low voltage grid fault. However, the
CSI+SCaps topology can support the grid with reactive current during a fault and can
inject full power into the grid immediately after the fault clearance, whilst the
standard CSI can produce only a relatively small reactive current and requires longer

time to recover before full power can be injected into the grid.
In addition the experimental results also show that the CSI+SCaps topology has a

higher European efficiency than the standard CSI topology, which 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 energy gives also several benefits such
as no pollution emission, low maintenance costs and the ability to easily adjust the
size of power plant and installation in remote areas. However, electricity from solar
energy is currently expensive. To solve this problem, its production cost per unit
power ($/W) must be reduced. One potential way to achieve this is to convert solar

energy to electricity with the highest possible efficiency.

Photovoltaic (PV) cells are devices that convert sun energy to electricity. The devices
require a grid-tied PV inverter to convert their electric DC power into controllable AC
suitable for connection the power grid. The efficiency of a grid-tied PV inverter
directly affects the overall efficiency of solar energy-to-electricity production. There
are three main technologies available for the grid-tied PV inverters. Those are ones
with low frequency transformers, ones with high frequency transformers and ones
without  transformers  (transformerless). Among these technologies, the
transformerless inverter potentially provides the highest efficiency due to the

possibility of single-stage power conversion.

This thesis considers several topologies of transformerless grid-tied PV inverters in an
effort to evaluate their efficiency and hence the ability to 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 one new candidate topology have
been presented. The six available topologies are a Voltage Source Inverter (VSI), a
Current Source Inverter (CSI), a VSI with a Boost converter (VSI+Boost), a CSI with

a Buck converter (CSI+Buck), a Z-Source Inverter which is voltage fed (ZSI-V) and a
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ZSI which is current fed (ZSI-1). The new candidate topology is a CSI with series AC

capacitors (CSI+SCaps).

Before considering the characteristics of these inverters in detail, this thesis has

presented fundamental knowledge of PV cells and typical characteristics for an ideal

grid-tied PV inverter. This information is essential for the design of the inverter in

order to achieve high efficiency, high reliability and high performance.

A summary of basic knowledge of the PV cells are as follows:

PV cells generate nonlinear output DC power. The PV output power is
dependent on the level of solar energy density (sun irradiance) and the voltage
seen at the output terminals of the cells (cell voltage). PV cells generate higher
output power at higher levels of sun irradiance. Under constant sun irradiance,
output cell power varies with the cell voltage which has a range between zero
and the maximum cell voltage (0-1pu). The cell power is zero when the cell
voltage is zero (Opu) and then increases with the increase of the cell voltage in
the range of 0-0.8pu. After that the cell power decreases quickly and reaches
zero output again at the maximum cell voltage (1pu). The Maximum Power
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 which provides higher
output power with designable voltage and current ratings. In order to increase
the voltage rating for a PV module by m times of the rating of a single PV cell,
m PV cells are required to be connected in series. In order to increase the
current rating for a PV module by n times of the rating of a single PV cell, n
PV cells are required to be connected in parallel. In order to increase both
voltage rating and current rating by m and n times, a PV model requires n
parallel connections of m series connected cell strings. The connection of a
larger number of single PV cells in series may result in a higher internal series
resistance and hence higher internal losses within the PV module. In contrast,
connecting a larger number of single PV cells in parallel can reduce the

internal resistance and hence lower internal losses within the PV module.
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Any PV cells and PV modules can be represented by the PV equivalent model
which consists of four components: a DC current source, a diode and two
resistors. This thesis has presented the procedure to determine and characterise
these components by using the information given in the specification
datasheets of PV cells. Simulation results show that the model obtained from
the proposed procedure can provide similar results to ones given in the
datasheets. In this thesis, the PV equivalent model was used for simulation
work and the design of an analogue control circuit for a PV emulator in

experimental work.

A summary of typical characteristics for an ideal grid-tied PV inverter are as follows:

Based on the characteristics of the PV cells, the inverter should be able to:
o operate in a whole PV voltage range for full power extraction

o operate at the maximum voltage-current-power ratings of the PV cells

for connection compatibility
o always operate at the MPP for maximum power extraction

Based on the grid side characteristics, the inverter should comply with relevant
grid codes and standards. Grid codes are the technical specifications issued by
an authority for connection to the electricity grid (e.g. E.On-Netz). Standards
are the technical specifications recommended by independent global
organizations (e.g. IEEE-1547 and IEC-61727). The inverter should be able

to:

o emit voltage and current harmonics lower than the specifications of 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 ratings (IEC-
61727)

o have the capability to ride-through grid faults, which is the ability to

remain stable and stay connected to the grid during grid fault
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disturbances, support the grid with a reactive current and supply power
to the grid immediately after the fault clearance (E.On-Netz 2006)

The inverter should have high efficiency, small size, light weight and low cost.
This thesis has utilised an efficiency evaluation method called the European
Efficiency. The method averages the maximum efficiencies of the inverter at
different sun irradiance levels based on the sun energy profile of the central
Europe.

Reviews of the six available topologies for the transformerless inverters have been

undertaken. Details of their circuit configurations, modulation and control

methodologies, and component designs have been presented. A summary of the

reviews are as follows:

The VSI and the CSI are the simplest topologies of the transformerless
inverters in the literature. The VSI cannot operate in a whole PV voltage range
since the VSI requires a PV voltage higher than the peak grid voltage in order
to allow controllable power to flow from the PV cells into the grid. As a result,
increased voltage ratings for the PV cells are required. In contrast, the CSI can
operate in a whole PV voltage range by its nature but with a PV voltage lower
than 0.866 (orv3/2) of the peak grid voltage. However, the CSI has low
efficient operation at low PV voltage caused by a large difference of the

voltage levels between the PV side and the grid side.

The VSI+Boost uses a Boost converter to “step up” low PV voltages to the
sufficient level for the VSI. Therefore, extra-high voltage ratings of the PV
cells are no longer necessary. On the other hand, the CSI+Buck 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 than the CSI limit can
be used (if required). However, these additional converters lead to a more

complicated circuit and control, higher cost, and higher power losses.

The ZSI-V and ZSI-I are modified topologies of the VSI and CSI respectively.
A unique impedance circuit (Z-circuit) is added on the DC side of their
circuits. The ZSI-V operates exactly the same as the VSI and the ZSI-I as the
CSI when the PV voltage is in the permitted ranges. When the PV voltage is
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insufficient for the VSI, the ZSI-V will step the voltage up by operating with
the “shoot-through” switching states. Similarly, when the PV voltage exceeds
the limit of the CSI, the ZSI-1 will step the voltage down by operating with the
“open-circuit” switching states. In fact, the shoot-through and open-circuit
switching states are not permitted for the VSI and the CSI but can be utilised
for the ZSI-V and the ZSI-I due to the use of a Z-circuit. Implementation of
these switching states in a modulation strategy has been also detailed in this
thesis.

This thesis has proposed an alternative topology to the CSI, which is the CSI with

series AC capacitors (CSI+SCaps). This topology utilises the advantage of the CSI

and the improved efficiency during low PV voltage which results from the use of the

series AC capacitors. Details of the topology presented are circuit configuration,

analytical model and equations, series AC capacitor dimension calculations, operation

principles, modulation and control strategies, and potential applications. A summary

of details are as follows:

The CSI+SCaps has the same circuit configuration as the standard CSI except

the series AC capacitors are added into the AC circuit.

An analytical model of the CSI+SCaps based on the phasor diagram and the
analytical equations have been derived by using the vector summation
theorem. The analytical model is used to explain the operation of the
CSI+SCaps in different situations whilst the analytical equations are used to
derive the dimensions of the series AC capacitors and the control

methodologies.

The size of the series AC capacitors is dependent on five parameters: grid
voltage, grid frequency, output power factor, AC voltage of the inverter and
DC-link current. A smaller capacitor is required for a higher grid voltage
level and a higher grid frequency. A larger capacitor is required for a higher
DC-link current. The largest size capacitor is required for the point at which
the output power factor is equal to the ratio of the AC voltage amplitude of the

inverter to the grid voltage amplitude (cos6=a).
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Modulation techniques used for the standard CSI can be directly used for the
CSI+SCaps. However, control techniques used for the standard CSI 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+SCaps. Two
alternative methods proposed in this thesis would be more preferable instead:
Minimum Switching Voltage (MSV) control and Optimum Power Factor
(OPF) control. The MSV control always operates with the maximum operating
modulation depth and always provides minimum switching voltage. However,
the MSV control provides low output power factor. The OPF control always
operates with the maximum power factor whilst providing low switching
voltage at the same time. However, the OPF control cannot be used during the

low grid fault ride-through where a large reactive current is required.

The CSI1+SCaps could be useful for low switching voltage applications. In this
thesis, an example is shown where the converter is used to reduce the voltage
rating of a shunt active power filter. Since the added series capacitor forms a
better high harmonics attenuation capability with the conventional LC filter of
the standard CSI circuit, the CSI+SCaps topology can achieve providing better
AC output quality than the standard CSI. Therefore, the CSI+SCaps would be
useful for the applications which require further high harmonic reduction. The
CSI+SCaps could also be useful for the CSI applications requiring a smaller
size of the DC filter (DC-link inductor). This is because the CSI+SCaps can be
controlled to operate with the maximum modulation depth where a shorter
time (or no time) for the zero DC voltage caused by the short-circuit operation
of the CSI PWM null states is needed to be filtered.

The performance of the CSI with series capacitors has been evaluated and compared
with all of the six considered topologies. All the topologies are modelled and tested in
the SABER simulation program. The obtained simulation results are used for the
performance evaluation. A summary of the evaluations and comparisons are as

follows:

The CSI+SCaps requires the same PV ratings as the standard CSI. The
topology requires the lowest PV voltage rating but the highest PV current

rating among all the candidate topologies. Since lower PV voltage rating and
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high PV current rating requires a lower internal resistance within the PV
module, the PV modules for the CSI+SCaps and the standard CSI have the

lowest internal power losses.

The CSI+SCaps can operate with the highest modulation depth (m =1) over
the whole PV voltage range among all the candidate topologies. A higher level
of modulation depth designates a higher power transfer ratio and a more

optimum voltage-current level between the input and output of the inverter.

The CSI+SCaps requires the minimum number of active components used (as
does a standard CSI). As a result, the topology has a less complex control
methodology and a lower power consumption by the control circuit compared
to the other topologies.

The CSI+SCaps is a medium-size inverter (ordered in the 4™ rank) among all
of the seven candidate topologies based on the criteria of the required size of

total passive components.

The CSI+SCaps provides high input PV voltage ripple (ordered in the 5" rank)
but medium PV current ripple (ordered in the 4™ rank) among all of the seven
candidate topologies. However, the CSI+SCaps provides approximately 20%
lower input voltage and current ripple compared to the standard CSI. High
input PV voltage and current ripple can degrade the accuracy for the MPP
tracking system, generate heat and lead to low efficiency and shorten the

lifetime of the electronic components and PV cells.

The CSI+SCaps can achieve the lowest peak DC-link voltage and hence the
lowest voltage stresses on power semiconductors among all the candidate

topologies.

The CSI+SCaps provides the best quality of output AC line current (the lowest
THD) among all the candidate topologies. This is caused by the improved high
harmonics attenuation filters formed by the series AC capacitors and
conventional LC filters in the AC side of the CSI1+SCaps circuit. However, the

presence of the series AC capacitors in this inverter topology makes the
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impossible approach for independent power factor control; therefore, the
topology would have low power factor compared to all of the other topologies.

e The CSI+SCaps can achieve the lowest estimated cost of power
semiconductors among all the candidate topologies based on the criteria of

specific power installed in the power semiconductors.

e The CSI+SCaps can achieve low semiconductor power losses ordered in the
2" rank when compared to all of the seven candidate topologies. The
CSI+SCaps also has lower semiconductor power losses than the standard CSI
(approximately 7.3% lower). The standard VSI can achieve the lowest power

losses.

e The CSI+SCaps can achieve high efficiency with European efficiency of
97.6% ordered in the 3™ rank of all seven candidate topologies and higher
efficiency compared to the standard CSI (96.7%) based on the consideration of

semiconductor power losses solely.

e An overall performance evaluation shows that the CSI+SCaps can achieve the
best performance among all the seven candidate topologies when all the
considered evaluation criteria are weighed equally; following by the
CSI+Buck, standard CSI, ZSI-I, standard VSI, VSI+Boost and ZSI-V.

An experimental test-rig was designed and constructed in order to experimentally
validate the feasibility and the performance of the CSI+SCaps in comparison to the
standard CSI. The test-rig consists of four main elements: a PV emulator, a
CSI+SCaps prototype, interfacing and control circuits and a three-phase power
supply. The PV emulator is designed to be used as a PV source generating the peak
output PV power of 1.6kW for the converter. The CSI+SCaps prototype is designed to
operate with both the CSI+SCaps and the standard CSI in order to produce
comparable results between them. The interfacing and control circuits contain the
elements required for voltage and current measurements, gate drives, signal
processing and program control. The three-phase power supply is used to facilitate the

connection to the electrical network.
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The experimental results have been taken from the experimental test-rig. There are
two sets of the results presented. The first set of the results is used to verify the
functionality of the experimental test-rig and the second set of the results is used to
experimentally evaluate the performance of the CSI+SCaps in comparison to the
standard CSI and to validate the simulation results. A summary of the results are as
follows:

e The experimental results show that all the elements of the experimental test-
rig operate as expected. A PV emulator can provide similar PV characteristics
as the designed specifications. The CSI+SCaps prototype incorporating with
the interface and control circuits can produce similar operating waveforms to
the simulation results. The prototype can provide safe operation during start-

up and shutdown.

e The experimental results support the simulation results in all of the evaluation

aspects. A summary of the results are as follows:

o The CSI+SCaps provides lower input PV current ripple (3.2-4.1Apk-pk)
compared to the standard CSI (5.4-6.2Agk-pk)-

o The CSI+SCaps provides lower peak DC-link voltage (381-419V)
compared to the standard CSI (456-463V ).

o The CSI+SCaps provide lower peak DC-link current (4.2-5.2Ap)
compared to the standard CSI (5.2-6.9A).

o The CSI+SCaps provides better output line current waveforms with a
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 the standard CSI operate at

the grid voltage dips by 30% and 70% from the nominal voltage level show
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that both the CSI+SCaps and the standard CSI can operate properly during the
faults. However, the dynamic results show that with the same MPP tracking
method the CSI+SCaps provide a more efficient operation than the standard
CSI. The CSI+SCaps can stabilise its operation and “find” the new MPP more
quickly than the standard CSI. The topology can also inject full active power
into the grid immediately after the fault clearance whilst the standard CSI
requires a delay time.

This thesis has discovered that by adding series AC capacitors into the standard CSI
topology, input voltage and current ripple of PV cells can be reduced and thus a
smaller DC filter than the standard CSI is required. The inverter can operate with
higher operating modulation depth along the whole PV voltage range that
consequently reduces voltage and current stresses on semiconductor devices. The
inverter can provide better output waveforms with an improved efficiency (7.9%).
The CSI+SCaps provides a more efficient way to ride-through low voltages caused by
grid faults with fully supporting reactive current. The topology is also able to

immediately inject full active power after the fault clearance.

9.1 Summary of Achievements

The achievements of this thesis are summarised as follows:

e A literature review of basic knowledge of the PV cells and typical

characteristics for an ideal grid-tied PV inverter have been made.

e Arreview of six available transformerless, grid-tied PV inverter topologies has

been also made.

e An alternative topology to the CSI with the use of series AC capacitors for a
grid-tied PV interface and other possible applications has been proposed. Two
novel control methods in order to achieve minimum switching voltage and

maximum power factor have been also proposed.

e Simulation circuits for all of the six available topologies and one proposed

topologies have been modelled and tested.
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An evaluation of the performance of the proposed topology in comparison
with the six other transformerless topologies by using the simulation results
has been carried out. The evaluation results show several advantages of the
proposed topology.

An experimental test-rig which was used to validate the feasibility of the
proposed topology and to experimentally evaluate the performance of the
proposed topology to the standard CSI was constructed and tested.

Experimental results that show the feasibility of the proposed inverter and
support the simulation results have been provided.

9.2 Future Work

The following list provides suggestions for future research work:

The CSI+SCaps can be controlled to always operate at the maximum
modulation depth. It means that the PWM null switching states may be
omitted. In this case, reduced switching state or lower switching frequency
modulation techniques may be used. This could provide an interesting area for

future research.

Further research on the benefit of the series AC capacitors for harmonic
reduction should be considered. This would require a design of the cut-off
frequency of the filters in order to achieve the maximum harmonic reduction

with the optimum size of series capacitor.

It is noted that the semiconductor power losses and the inverter efficiencies
presented in this thesis were calculated and measured for a few commercial
products only. The results would be different if IGBTs with different
characteristics and specifications are used, especially the developing devices
such as RB-IGBTs, which would have improved ratings. Therefore, the
efficiency of the inverter based on a variety of different IGBT types should be

considered.
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CHAPTER 9

e Since only the experimental results of the CSI+SCaps and the standard CSI
have been presented in this thesis, in future work the experimental results of
all the other candidate topologies should be taken into consideration for

validation.
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Appendices

Appendix A MPPT Techniques

APPENDICES

Analogue
MPPT technique Symbol PV array True or 9 Peri.odic Convergence Implemehtation Sensed
Dependent? MPPT? . Tuning? Speed Complexity Parameters
Digital?
Perturb & Observe P&O No Yes Both No varies Low V,
Incremental Conductance | IncCond | No Yes Digital No varies Medium V,
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, 1
Control
Current Sweep Cs Yes Yes Digital Yes Slow High V,
DC-link Capacitor Drop .
CcDC No No Both No Medium Low \%
Control
Load | or \Y
L LM No No Analogue No Fast Low V, 1
Maximization
dP/dV or dP/dl feedback . .
FBC No Yes Digital No Fast Medium V, 1
Control
Array Reconfiguration AR Yes No Digital Yes Slow High V, 1
Linear Current Control LCC Yes No Digital Yes Fast Medium Irradiance
Inmp & Vinmp . ] Irradiance,
. CP Yes Yes Digital Yes N/A Medium
Computation Temperature
State-based MPPT SB Yes Yes Both Yes Fast High V, 1
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 B .
. LRC Yes No Digital No N/A High V, 1
Coordinates
Slide Control sC No Yes Digital No Fast Medium V, 1
) - ) 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]
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Appendix B Drawings of Three-Phase Power Bus Bars
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Figure B.1 Dimensions of (a) the planar bus bars and (b) the dielectric sheets
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Figure B.2 Sketches of power bus bar for phase A, B, C as shown by (a),(b),(c) and
(d) the complete bus bar module
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