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Abstract

Growing concerns about climate change have led to the world experiencing an unpreced-
ented push towards renewable energy. Economic drivers and government policies mean
that small, distributed forms of generation, like solar photovoltaics, will play a large role
in our transition to a clean energy future. In this thesis, a novel DC-DC converter known
as the ‘Coupled Inductors Combined Cuk-SEPIC’ (CI-CCS) converter is explored, which
is particularly attractive for these photovoltaic applications. A topological modification
is investigated which provides several benefits, including increased power density, effi-
ciency, and operational advantages for solar energy conversion.

The converter, which is based on the combination of the Cuk and SEPIC converters,
provides a bipolar output (i.e. both positive and negative voltages). This converter
also offers both step-up and step-down capabilities with a continuous input current, and
uses only a single, ground-referenced switching device. A significant enhancement to
this converter is proposed: magnetic coupling of the converter’s three inductors. This
can substantially reduce the CI-CCS converter’s input current ripple — an important
benefit for maximum power point tracking (MPPT) in photovoltaic applications. The
effect of this coupling is examined theoretically, and optimisations are performed — both
analytically and in simulations — to inform the design of a 4 kW prototype CI-CCS
converter, switched at a high frequency (100 kHz) with a silicon carbide (SiC) MOSFET.
Simulation and experimental results are then presented to demonstrate the CI-CCS
converter’s operation and highlight the benefits of coupling its inductors. An efficiency
analysis is also undertaken and its sources of losses are quantified.

The converter is subsequently integrated into a domestic photovoltaic system to provide
a practical demonstration of its suitability for such applications. MPPT is integrated
into the CI-CCS DC-DC converter, and a combined half bridge/T-type DC-AC converter
is developed and paired with the CI-CCS converter to form an entirely transformerless
single-phase solar energy conversion system. The combination of the CI-CCS converter’s
bipolar DC output with the combined half bridge/T-type converter’s bipolar DC input
allows grounding at both the photovoltaic panels and the AC grid’s neutral point. This
eliminates high frequency common mode voltages from the PV array, which in turn
prevents leakage currents. The entire system can be operated in grid-connected mode -
where the objective is to maximise power extracted from the photovoltaic system, and
is demonstrated in stand-alone mode - where the objective is to match solar generation
with the load’s power demands.
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Chapter 1
Motivation and Objectives

This chapter provides a brief history of energy usage to provide context to the
challenges presently faced by the energy industry and to establish the importance
of this thesis. The chapter then provides a brief explanation of the changes that
are currently taking place to address some of the presently identified major issues.
Next, the objectives of this thesis are stated with an explanation of how these
aims address the aforementioned obstacles, and how the work fits into the broader
context of research in this area. Finally, the chapter concludes with an outline of

the structure of this thesis.

1.1 The Path to Now

1.1.1 The World Before Electricity

Since the discovery of fire, the prevalent sources of energy have changed gradually
over time as part of broader technological, social, economic, and political devel-
opments. The implications of the changing nature of energy sources cannot be
understated. Almost every facet of technology and human life evolves as a result

of improvements in harnessing energy.

The controlled use of fire represented a mastery of a source of energy, and a
turning point in human history. Fire allowed humans to cook food, keep warm,

make weapons, and continue activity into the night.

As humans progressed and moved towards production and trade, another import-
ant shift in obtaining energy was observed as draft animals took over some of the

work. The next major change in energy use is best seen in the Greeks and Romans
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dominance over the seas, using wind - an inexhaustible, free source of energy - to
fill their sails.

In the Middle Ages, the watermill provided a source of localised mechanical energy,
and with appropriate gearing could be used to grind, crush, hammer, saw, and
power bellows. This change was revolutionary and led to the development of new
industries along rivers for flour, glass, paper, textiles, and more. This was followed
by the development of the windmill which followed a similar principle of operation
but with wind as its primary source of energy, and allowed industries to flourish

without such strict constraints on location.

During the 15th-17th centuries, wood and charcoal became increasingly used for
metallurgy, heating, and construction, but a major change was about to come from
under the ground. The Industrial Revolution began in Great Britain, largely due
to the abundance of its coal supplies. This concentrated form of energy, which was
easy to store and transport, led to the development of high-yield steam engines that
united humanity’s most important discoveries of fire and the wheel. Everywhere,
these engines replaced other power sources and transformed the textile and metal
industries, and led to the development of steamships and locomotives to transport
people and goods. Kerosene, a liquid extracted from coal, was widely used for
lighting, and gasoline, a by-product of the refining, would soon change the world
again. The invention of the internal combustion engine led to the development
of the automobile. This private means of transportation meant that freedom of

movement greatly increased, as did the world’s dependence on fossil fuels.

1.1.2 Developments in Electricity Generation

With the invention of the electric generator and the incandescent light bulb in
the 1800s, electricity entered factories and offices. As networks grew, electricity
spread to homes and began powering motors. The increasing use of electric lighting
blurred the distinction between day and night with the simple touch of a hand.
The ‘War of the Currents’ in the late 1880s saw the transition from Edison’s DC
distribution system to Tesla’s AC distribution system, primarily driven by the
ability to utilise transformers to substantially reduce transmission losses through
the use of higher voltages. This enabled energy to be transmitted over longer
distances, and allowed the interconnection of central stations to balance loads and
improve generator load factors. Power generation was able to be moved towards
areas that were more beneficial in terms of proximity to fuel sources and cooling

water.
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While most areas of science, engineering, and technology have been evolving rap-
idly, the design of electrical transmission and distribution networks has remained
largely unchanged for more than 100 years. Our present day electricity network
shares the same basic structure as the original transmission system: large generat-
ors, step-up transformers, high voltage transmission lines, step-down transformers,
low voltage distribution circuits, and loads. This network assumes a predomin-
antly unidirectional flow of energy due to limited power generation outside bulk

generation sites.

Wind and water have been used to generate electricity since the late 19th century,
but the majority of electricity was generated from fossil fuels. The discovery of
energy at the core of matter drove nuclear fission research, which was first used for
military applications, with the atomic bomb, and later for civilian applications,
with nuclear reactors. This source of energy marked a radical change, and the
development of an industry requiring advanced scientific knowledge, significant

financial resources, and strong government involvement.

Electricity supply systems around the world use a diverse range of bulk generation
technologies reliant upon coal, gas, oil, and uranium, as well as less concentrated
renewable sources including hydro, wind, solar, tidal, and biomass. The specific
mix of generation technologies is dependent upon a country’s economic, polit-
ical, and technological choices. Today, these systems are facing new challenges,

primarily arising from environmental concerns.

1.2 The Road Ahead

1.2.1 Industry Challenges

Substantial changes are expected in the electricity industry in the coming years
which will impact everything from generation through to consumption. Growing
concerns about climate change have placed a strong focus on carbon dioxide (CO»)
emissions. If not addressed properly, climate change has the potential to have
dangerous consequences, including frequent extreme weather events and damage
to wildlife [16]. Humans contribute to climate change predominantly through the
emission of greenhouse gasses, so with the aim of tackling climate change the UK
has set the world’s first legally binding carbon budgets. The Climate Change Act
2008 set a target of an 80% reduction in CO, by 2050, relative to 1990 levels
[17]. More recently, the Paris Agreement, established at COP21 in December
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2015, has been signed by almost 195 members of the United Nations Framework
Convention on Climate Change (UNFCCC). Article 6 of this agreement establishes
the Paris Agreement as a framework for a global carbon market by outlining
the approaches that parties can take to achieve their nationally determined CO,
emissions reduction targets [18]. The parties which have ratified or acceded to the
Paris Agreement represent more than 87% of global greenhouse gas emissions [18|.
The sheer number of signatories legitimises the magnitude of this issue, and the

need for global decarbonisation efforts.

Though part of this decarbonisation can be achieved through emission reductions
in aviation, shipping, surface transportation, agriculture, and manufacturing, as
well as with geosequestration technologies which remove COs directly from the
atmosphere, these changes are typically very difficult and costly to implement. The
sector with the most potential for reductions in COy emissions, however, is that of
electricity generation. Thus, complete decarbonisation of electricity will play a key
role in meeting the aforementioned target. This can largely be obtained through
transitioning from COy-emitting methods of electricity generation (e.g. unabated
coal and gas-fired power stations) to clean, low-carbon methods of generation
(e.g. wind, solar, and hydro power). In addition to this, low-carbon electricity

generation also facilitates decarbonisation of other sectors of the economy.

In the coming years, large amounts of the UK’s existing generation capacity will
need to be replaced as a result of a 2015 decision by the UK Government to close
all coal-fired power stations by 2025 [19]. This presents a challenge in maintaining
a secure electricity supply, but it also provides an exciting opportunity to move
towards a clean and sustainable energy future. Technology options for generation
low-carbon electricity can be broadly classified into three categories: renewables,
nuclear, and carbon capture and storage (CCS). One of the biggest challenges in
planning for 2050 involves determining a portfolio of these technologies that is cost-
effective, safe, secure (in terms of intermittency and variability of generation, as
well as dependence on imported fuels), able to meet demand without a significant

capacity excess, and maintains a diversity of generation methods.

Carbon-free electricity generation gives the ability to significantly decarbonise
other sectors by reducing dependence on fossil fuels. In the transport sector, an
uptake in electric vehicles will dramatically reduce carbon emissions, as will the
electrification of heating and cooking. A 2011 WWF report stated that the UK
will need 1.7 million EVs by 2020, and the take-up would need to triple again by
2030 to meet climate change targets [20].

To encourage electrification, public policies have been implemented by govern-
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ments at all levels [21]. The UK government is providing over £900 million to
position the UK at the forefront of ultra-low emission vehicles development, man-
ufacture, and use [22]. Several European countries offered €5,000 subsidies in
order to grow EV markets [23]. Norway and Denmark have removed vehicle pur-
chase tax on EVs (potentially in excess of €10,000) [23]. The Japanese government
has set a target that by 2020, 20% of all vehicles in use should be hybrid, elec-
tric, or fuel cell vehicles. In 2011, Barack Obama established a goal of putting
one million EVs on the road by the end of 2015, and the Recovery Act of 2009
included $2.4 billion funding to support electric vehicles [24]. Despite substantial
efforts to reduce electricity consumption, a significant uptake in electric vehicles
will certainly cause a large increase in electricity consumption. Due to the pre-
dominantly homogeneous nature of people’s daily schedule, this is also likely to
cause a massive increase in peak electricity demand, unless mitigation strategies
are implemented. According to National Grid’s annual Future Energy Scenarios
report, the number of electric vehicles in the UK could rise from 90,000 today to
11 million by 2030. This could drive an increase in peak demand of between 5 and
8 GW, representing a 9% to 14% rise from the 2017 peak electricity demand of 57
GW.

The world is also experiencing unprecedented population growth, from 6 billion
in 2000, to over 7.5 billion today, and the world population is expected to reach
an estimated 9-11 billion by 2050 [25]. Increasing amounts of energy are required
to meet the development needs of emerging nations in Africa, Asia, and Latin
America. With major concerns around the depletion of non-renewable energy
sources and climate change, it is necessary to determine better ways to manage
energy, regulate global demand, influence people’s behaviour, and design sensible
energy systems that take geopolitical, economic, ecological, and technical factors

into account.

Though it takes a lot to overcome the inertia of established energy systems, the
aforementioned challenges are spurring a paradigm shift in the industry towards
smarter, more efficient grids. This advancement is further accelerated by the
ever-decreasing cost of power electronics and storage technologies. Changes are

happening in:
1. Generation: With a move towards low-carbon technologies
2. Transmission and distribution: With a move towards more efficient grids

3. Consumption: With a move towards reducing both average and peak power

demand by implementing demand side response (DSR) techniques.
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1.2.2 Changes in Generation

Technology options for generation low-carbon electricity can be broadly classified

into three categories:

e Renewables: Distributed microgeneration (e.g rooftop solar) and large-scale
plants (e.g. onshore and offshore wind farms, solar farms). Many of these
generation sources are intermittent (e.g. solar, wind, tidal) but some are also
steady and controllable (e.g. hydro, geothermal, biomass). The integration
of a large amount of variable generation poses challenges in maintaining

security of supply.

Nuclear: Well-suited for baseload generation, but potentially alarming in
terms of possible environmental impacts and public perception. A lot of
research is being undertaken in fusion reactors, which would be much safer

than traditional fission reactors.

Carbon Capture € Storage (CCS): This modifies traditional fossil fuel-based
generators and can capture up to 90% of the CO, that would otherwise be
emitted. CCS-enabled gas generators could potentially be used to provide

peaking power.

1.2.3 Changes in Transmission and Distribution

Smart grid technologies in transmission and distribution increase the reliability of

supply, and allow infrastructure to be better utilised, reducing the need for costly

over-engineering. Some popular smart grid technologies include:

o Microgrids: Microgrids are localised power grids which have their own gen-
eration, loads, and possibly storage. These small-scale grids are normally

connected to the main network, though are able to function independently.

Self-Healing Networks: With the use of an increasing number of protection
and isolation devices on the network, it is possible for control systems to
automatically localise and isolate faults, and dynamically adjust network
configurations to maintain power to unaffected areas. The supply can be
restored in fractions of a second rather than minutes or hours, as would

traditionally be required.

Advanced Volt-VAr Control (AVVC): The use of on-load tap-changing (OLTC)

transformers, reactive power devices (e.g. shunt capacitors, STATCOMs),
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and other smart devices allows voltage profiles to be controlled within spe-
cified tolerances. By shifting the voltage provided to consumers towards the

lower allowable limit, the overall power drawn will decrease.

— Wide-Area Measurement System (WAMS): Phasor measurement units
(PMUs) are used to monitor the network state and respond to changing
system conditions rapidly. It is believed that the 2003 blackout in the
Northeast of the US could have been contained if this type of system

was available at the time [26].

e Dynamic Line Rating: Distributed temperature sensing (DTS) enables con-
tinuous temperature measurements and real-time rating of underground
power cables, instead of conservative ratings which are used in the absence

of more accurate information.

e High Voltage DC (HVDC): HVDC transmissions links allow the transmis-
sion of bulk electrical power over long distances with lower losses than con-
ventional AC transmission systems. HVDC systems are being driven by
renewable energy integration, including transmission links to offshore wind
developments which can have significant charging currents due to the capa-

citance of underwater power cables.

1.2.4 Changes in Consumption

DSR can be used to moderate peak demand on the electrical grid. One technique
involves utilities controlling consumer equipment (e.g. air conditioning) with the
provision of appropriate economic incentives. Smart meters are being deployed to
facilitate real-time pricing and automated meter reading. Consumption habits can
also be modified with price incentives (and penalties) through the implementation
of this ‘time-of-use’ pricing. This may help to distribute electric vehicle charging

throughout the day in order to avoid massive peaks.

Another method which provides considerably more flexibility and numerous other
benefits is the utilisation of electricity storage. By using sufficiently sized batteries,
the overall electricity demand profile can be shifted in time without any alteration

of actual usage patterns.
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Figure 1.1: Historical trends in the price per per Watt of PV panels [1].

1.3 The Role of Solar Photovoltaics

One of the renewable generation technologies mentioned previously, solar photo-
voltaics (PV), is the major application considered within this thesis due to its
growing importance in the global future energy mix. The photovoltaic effect was
discovered in 1839 by Alexandre Edmond Becquerel, though it would be more
than 100 years before Russell Ohl invented the p-n junction, which forms the
basis of modern solar cells [27-29]. A decade later, in 1954, Bell Laboratories
demonstrated the first practical silicon solar cell. These original solar cells had an
efficiency of just 4%, and due their high cost they were primarily used in satellite
applications. Technological progress and growing interest helped reduce the price
of PV cells in the 1970s. One particularly significant breakthrough was made
by Exxon and Elliot Berman, who discovered that the price could be brought
down fivefold (from $100 per Watt to approximately $20 per Watt) if silicon from
multiple crystals (polycrystalline solar) was used instead of silicon from a single

crystal (monocrystalline), albeit with an associated energy efficiency penalty [30].

In the years since, the price has continued to drop, as shown in Figure 1.1 [1],
and today PV modules can be obtained for around $0.30 per Watt [31], with
expectations this will fall to $0.24 by the end of 2018 [32]. These price decreases
follow Swanson’s law, which is an observation that the price of PV modules tends
to drop by 20% for every doubling of cumulative shipped volume. This is shown

on a log-log scale in Figure 1.2 |2], where the blue line shows module prices (in



1.3. THE ROLE OF SOLAR PHOTOVOLTAICS 9

o> 10° 10’ 10° 10° 10* 10° 10° 10

'E T 7T TTTTIT T=TTTIT T™TTTm T™TTTT TTTTTm
s

<100 o ; 100
Q 5

.g 10 3 110
& ]

g be ]

© ®

z 1 @ historic price data '291 S

S 4 |——228% / 1
g f

£ ] ]

& /."\\ :

©

o 12120177 400 GWp
© 0.1 e —rreg 0.1

10™ 10° 10’ 10° 10° 10* 10° 10° 10!

cumulative PV module shipments [MW]

Figure 1.2: Swanson’s Law: 20% reductions in price for every doubling of cumu-
lative shipped volume [2].

2017 US dollars) as a function of worldwide module shipments. The first data
point in 1976 has a price per Watt of $104, compared to the graph’s final data
point which has a price per Watt of $0.34 in 2017.

This decreasing cost of PV modules, combined with other factors, has sparked a
significant growth in global PV capacity, as shown in Figure 1.3 [3-8]. In 2014,
solar PV overtook solid biofuels to become the second largest source of non-hydro

renewable electrical energy in OECD Europe, with a share of 17.3% [33].

This installed solar PV capacity can be segmented into small-scale and large-scale
generation. Within the US, most of the solar PV capacity is in large-scale solar
plants (those with a capacity in excess of 1 MW), as shown in Figure 1.4. Outside
of this large-scale generation sector, the residential sector is growing more quickly
than the commercial sector [34], and it overtook the commercial sector in installed
capacity in 2015, as shown in Figure 1.5. This rapid growth in residential solar
PV generation is not limited to the US, but can be seen in many countries around

the world. This growth is driven by a range of factors including:
e Government programs to incentivise solar installations
e Decreasing solar PV module costs
e Decreasing power electronics-based converter costs

e Increasing levels of environmental awareness
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e Rising costs of fossil fuel-based generation.

Domestic solar PV generation is also expected to play a critical role in develop-
ing nations where existing infrastructure is lacking. Due to decreasing costs and
increasing lifespans, the levelised cost of energy (LCOE) of off-grid solar systems
with storage is becoming competitive with diesel generation in many areas - in
some cases less than 20 cents per kWh for solar systems compared with 60 cents

per kWh for small diesel and petrol generators [35].

It is clear that storage is required in off-grid solar PV applications to maintain a
continuous energy supply between sunset and sunrise. In addition to this, storage
can also play an important role in grid-connected renewable energy applications
due to the peakiness and variability associated with common forms of renewable

generation including solar PV and wind power.

Due to the rapid global growth in domestic solar PV generation, the potential
benefits it can bring, and the interesting challenges in this area, this application

is chosen to be the focus of this thesis.

1.4 Research Objectives

In this thesis, a new DC-DC converter topology is investigated which has benefits
for many applications, though the focus here is on domestic solar PV applications.
The development of the converter is guided by a recognition of the factors most

relevant to domestic solar PV applications - cost and performance (maximising
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power extracted from the PV array). Other factors are also discussed, including

efficiency, reliability, volumetric power density, and gravimetric power density.

The proposed converter produces a bipolar voltage output (with a grounded mid-
point) from a unipolar input, using only a single, ground-referenced switching
device. This allows common mode voltages and leakage currents to be eliminated
without the use of bulky and lossy transformers or common mode chokes. Another
key feature of the proposed converter is its extremely low input current ripple, en-
abling the PV array to remain close to its optimal operating point. The converter
is able to operate over a wide voltage conversion ratio range, which includes both

step-up and step-down operational modes.

The design and operation of the proposed converter is examined analytically, in
simulation studies, and experimentally. A discussion of its limitations is provided,
which is followed by a modification to the converter to address these issues. The
converter is assessed with a range of tests in order to determine its performance
with closed-loop control, measure its efficiency, and assess its operation under

non-ideal load conditions.

In order to demonstrate its suitability for the intended domestic solar PV applica-
tions, a single-phase grid-tie inverter is developed specifically to interface with the
proposed DC-DC converter. This system is used to examine the converter’s max-
imum power point tracking (MPPT) performance, and demonstrate the complete

power flow from the PV input to the AC output.

1.5 Thesis Outline

This thesis is organised into seven chapters. Each chapter begins with a very brief
summary of the thesis to that point, and an outline of the aims of the chapter.
This is included to help with the readability of the thesis and allow any chapter
to be read independently of the rest of the thesis.

e Chapter 1 gives some historical background to provide the context and

motivation for this thesis, followed by an outline of the objectives.

e Chapter 2 investigates the technical background of the topics relevant to

this thesis, including reviews of the latest developments in these areas.

e Chapter 3 analyses the CCS converter and its benefits for solar PV applica-
tions. The chapter includes the design, simulation studies, and experimental

results for a 4 kW prototype converter.
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e Chapter 4 explores the concept of inductor coupling and its application to
the CCS converter. It then provides analytical derivations, optimisations,
simulation studies, and experimental results to demonstrate the benefits of

inductor coupling.

e Chapter 5 provides an analysis of the CI-CCS converter in terms of its con-
trol and performance, including the closed-loop current controller, efficiency

studies, and operation under non-ideal load conditions.

e Chapter 6 examines the proposed converter’s implementation in a full PV
system, focusing on the CI-CCS converter’s integration with bipolar DC
input inverters. The system’s coordinated control structure is examined,
the DC links’ power flows are studied, and simulation and experimental

results demonstrate the AC power generated.

e Chapter 7 summarises the work done, focusing on the key contributions
and how they address the original research objectives. The chapter concludes

with suggestions for future research to build on the outcomes of this thesis.






Chapter 2

Literature Review

The previous chapter provided the historical and global context of the energy in-
dustry, the challenges it faces, and changes that are taking place. This chapter
provides a technical overview of the topics relevant to this thesis, including re-
views of the latest research developments aiming to address some of the major

1ssues identified.

2.1 Solar Photovoltaic Systems

The importance and growing role of domestic solar PV systems have been clearly
demonstrated in Chapter 1, driven primarily by concerns about climate change.
This chapter investigates the technical background of domestic solar PV systems,
discusses the challenges they face, and reviews the latest research in addressing
these problems. This chapter is divided into the three segments which domestic

solar systems typically comprise of:
e Solar PV arrays
e DC-DC converters
e DC-AC converters (inverters)

The background information presented in this chapter forms the starting point for

the work undertaken in this thesis.

15
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Figure 2.1: PV cell single diode model [11].

2.2 Solar Photovoltaic Arrays

2.2.1 Photovoltaic Cell Characteristics

Solar PV arrays are composed of numerous PV modules, each consisting of a num-
ber of PV cells. These PV cells are usually wired in series then encased within
tempered glass, and modules commonly contain 36, 48, 60, or 72 cells, with a
maximum output power of 100 W - 300 W [36]. Each PV cell is a thin semicon-
ductor wafer consisting of two layers which are usually made of crystalline silicon.
Most cells will be either monocrystalline (mono-Si or single crystalline) or poly-
crystalline (poly-Si or multicrystalline), with the more expensive monocrystalline
cells having efficiencies up to 26.7% compared with polycrystalline’s efficiency of
up to 22.3% [36].

It is useful to model a PV module as a black box with two connections providing a
current depending on the terminal voltage. Each cell can be modelled as a simple
circuit, known as the single diode model (SDM) [11, 37|, with four components as
shown in Figure 2.1. The current source output depends largely on the incoming
irradiance, and the non-linear diode element reflects the dependence on the band
gap and losses to recombination, and regulates the cell voltage. Ry, represents
the cell’s shunt (leakage) resistance and the series resistance, Rg, represents the

internal cell resistance.

For this SDM, Equation 2.1 can be used to approximate the output cell current,
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Ipy, for a given cell voltage, Vpy [11]:

G q (VPV + Rslpv)
I = Loh e se (T'—Te — 1 —1
PV Gref ( phyref + H ( f)) (exp |: nkT
Iph:ph(:trocurrent ID:dioag current
_ Vpv + Rilpy

RSh (2.1)

Isp=shunt current

where

G is the irradiance

T is the cell temperature

I, is the reverse saturation current

R, is the series resistance

R, is the shunt resistance

Gres is the irradiance at standard test conditions (STC)
Iph rer is the photocurrent at STC

lse 18 the coefficient temperature of short-circuit current
Tyes is the cell temperature at STC

q is the electron charge

n is the diode quality factor

k is the Boltzmann constant

Unfortunately, the parameters used in Equation 2.1 are not commonly provided
by manufacturers, making the equation somewhat limited in terms of practical
value. A number of approaches have been proposed to apply some simplifying
assumptions and derive an expression that is based on typical datasheet informa-

tion.

Figure 2.2a shows typical current (I-V) curves for a 250 W PV array, and Fig-
ure 2.2b shows the corresponding power (P-V) curves. When scaling the cell
equation up to the module level, the voltage increases with the number of series-
connected cells, and the current increases with the number of parallel-connected

cells. The incoming irradiance primarily affects the short-circuit current (the
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Figure 2.2: Solar array characteristics for various irradiance conditions [12].

y-axis intercept, where Vpy = 0), and cell temperature primarily affects the open-

circuit voltage (the x-axis intercept, where Ipy = 0) [38-40].

2.2.2 Maximum Power Point Tracking

To maximise the energy generated by the solar modules, it is desired to maintain
operation at the highest point on the P-V curve, known as the maximum power
point (MPP). Since the P-V curve varies with irradiance and cell temperature, a
MPPT controller should be used to ensure the module is connected at the optimal
voltage to deliver the best possible performance. It is possible for partial shading
to create multiple local maxima so MPPT controllers should make sure they do
not settle at these points instead of the global maximum [15]. A comparison of
various MPPT techniques is given in Table 2.1. The most common types of MPPT

control strategies are:

e Perturb and Observe (P&Q): This controller operates by varying the PV

voltage and measuring the change in output power [41].

e Hill climbing: Hill climbing is similar to P&O, but introduces perturbations
in the duty ratio ratio instead of the PV voltage [42].

e Three-Point Weight Comparison: Variation of P&O where the current point
is compared to the two preceding ones to ensure the MPP is tracked even

under sudden irradiance changes [43].

e Incremental Conductance (IC): Compares instantaneous with incremental
conductance to determine which side of MPP the current operating point is
on. This controller allows the operating point to be maintained at the MPP
instead of oscillating around it like the P&O method [44].
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Table 2.1: Main characteristics of various MPPT techniques [15].

MPPT Technique PV Array True An.al.og or Perif)dic Convergence lmplementz.lti(m Sensed
Dependent? MPPT? Digital? Tuning? Speed Complexity Parameters

Hill-climbing/P&O No Yes Both No Varies Low Voltage, Current
IncCond No Yes Digital No Varies Medium Voltage, Current
Fractional Voc Yes No Both Yes Medium Low Voltage
Fractional /g Yes No Both Yes Medium Medium Current
Fuzzy Logic Control Yes Yes Digital Yes Fast High Varies
Neural Network Yes Yes Digital Yes Fast High Varies
RCC No Yes Analog No Fast Low Voltage, Current
Current Sweep Yes Yes Digital Yes Slow High Voltage, Current
DC Link Capacitor Droop Control No No Both No Medium Low Voltage
Load 7 or  Maximization No No Analog No Fast Low Voltage, Current
dPIdV or dP/dl Feedback Control No Yes Digital No Fast Medium Voltage, Current
Array Reconfiguration Yes No Digital Yes Slow High Voltage, Current
Linear Current Control Yes No Digital Yes Fast Medium Irradiance
Lypp & Vypp Computation Yes Yes Digital Yes N/A Medium Tl:r;algie?];;::;e
State-based MPPT Yes Yes Both Yes Fast High Voltage, Current
OCC MPPT Yes No Both Yes Fast Medium Current
BFV Yes No Both Yes N/A Low None
LRCM Yes No Digital No N/A High Voltage, Current
Slide Control No Yes Digital No Fast Medium Voltage, Current

e Fractional Open-Circuit Voltage: Set the PV current momentarily to zero

and measure the open circuit voltage, then set the reference voltage to around
71-78% (commonly 76%) of the open circuit voltage. This works due to
the near linear relationship between the MPP voltage and the open circuit
voltage [15].

Fractional Short-Circuit Current: Similarly to the fractional open-circuit
voltage method, this is based on the fact that the MPP current is roughly
proportional to the short circuit current (approximately 78-92%) [45].

Current Sweep: Perform a periodic sweep to obtain the array I-V character-
istics and use this to compute the location of the MPP [46].

Others: Constant Voltage (CV), IC and CV Combined, Short-Current Pulse,
Temperature Method, Fuzzy Logic Control, Neural Networks [15]

2.2.3 Photovoltaic Current Ripple Requirements

To ensure maximum utilisation and provide optimal MPPT performance, the solar

PV panels should be operated with a continuous output current and voltage. The

shape of the I-V curve means that changes in current also affect the PV voltage and

greatly impact the power [47|, as shown in Figure 2.3. Thus, relatively modest

levels of input current ripple can cause a drastic decrease in the total energy
produced [13].
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Figure 2.3: The impact of current ripple on I-V and P-V curves [13].

As these panels are typically connected to power electronics-based converters (dis-
cussed in Section 2.2.4), it is possible to use an LC or C filter to flatten the
current drawn from the PV array, since most converters do not have a particularly
smooth input current [48|. The capacitors in these filters are called ‘decoupling
capacitors’, and they become especially large when converters with discontinuous
input currents are used. The use of these filters not only increases costs, weight,
volume, and losses, but causes another substantial issue - greatly decreased reli-
ability. This is because these large decoupling capacitors tend to be electrolytic
capacitors, which generally are the components most prone to failure, and hence

are usually the limiting factor in the overall lifetime of the system.

The impact of current ripple on the average PV output power depends on many
factors including the irradiance level, fill factor, and weather conditions. The effect
of input current ripple is greater at low irradiance levels (and therefore lower at
high irradiance levels) [49]. Figure 2.4a shows varying levels of PV current ripple
(from 5% to 90% of Isc), and Figure 2.4b shows the power output of the PV
module corresponding to each of these current ripple conditions [13]|. It can be
seen that there is a substantial power ripple introduced when the current ripple is

greater than 5%.

Table 2.2 shows the numerical relationship between the PV current ripple and
average output power, confirming the large drops in average output power as the
current ripple exceeds 5% [13]. Due to this, it is therefore desired to limit the
ripple of the PV current to 5%.
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Figure 2.4: Various levels of PV current ripple and the corresponding variations
in PV output power [13].
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Table 2.2: Relationship between current ripple and PV power [13].

| Current ripple (%) || Average PV power (W) | PV efficiency (%) |

3 133.3 98.0
10 127.7 93.9
20 118.1 86.8
30 109.5 80.5
40 102.8 75.6
20 97.6 71.8
60 92.8 68.3
70 89.1 65.4
80 81.9 60.2
90 77.6 o7.1

2.2.4 System Configuration Options

This section analyses a number of system configurations and compares them in
terms of the number of power processing stages, converter efficiency, and system

impacts when panels are in uneven conditions (e.g. partially shaded).

A string is a series connection of PV modules that, by definition, has a higher
output voltage (which is useful for easier power conversion), and equal current
though every module. Partial shading on any module will limit its current output,
which in turn limits the current (and hence power output) for all modules on the
same string, unless the shaded module is short-circuited out with the use of a
bypass diode. Three string-based topologies are first examined (central inverters,
string inverters, multi-string inverters), followed by module-based topologies (mi-
croinverters, parallel DC-DC converters, cascaded DC-DC converters, delta con-
verters). The module-based technologies are newer and are commonly known as
module integrated converters (MICs) or module-level power electronics (MLPE)
devices. MICs aim to solve the problem of individual module parameters (e.g.
partial shading) affecting the entire string by further increasing the number of
MPPT controllers from a per-string to a per-panel basis. The additional flexibil-
ity of MICs also simplifies the design of PV systems by removing challenges such

as string sizing and array layout.

2.2.4.1 Central Inverter

A central inverter takes an entire array of strings in parallel as a single DC input
then converts it for export to the AC network, as shown in Figure 2.5a. This con-

version may be done with a single DC-AC stage, though an extra DC-DC stage
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(a) Central inverter. (b) String inverters. (¢) Multi-string inverter.

Figure 2.5: String-based solar PV system configurations.

should be added if the input voltage is not high enough, or if the inverter is de-
signed to operate with a regulated DC voltage [45, 50]. A single MPPT controller
is implemented on the entire solar array, meaning any orientation, manufacturing,
or irradiance differences will result in a suboptimal output for the entire system.
Additionally, since all strings are connected in parallel, the DC voltage set by the
MPPT controller is equal across all strings meaning that individual strings may
also not be operating at their MPP [43, 51].

2.2.4.2 String Inverter

A string inverter is similar to the central inverter, however in an effort to increase
the number of MPPT controllers each inverter only operates on a single string (to
ensure more panels operate closer to their MPP), as shown in Figure 2.5b. Each
of these inverters may be a single DC-AC inverter, though again a step-up DC-
DC stage can be added if the string voltage is not sufficiently high for direction
inversion, or if the inverter’s DC input requires tighter regulation. In order to
expand the system, additional PV strings and inverters will be added, connected
in parallel directly to the AC network [43, 45, 50, 51].



24 CHAPTER 2. LITERATURE REVIEW

e
=

= r'<”'1l'<'1 S

=
I8 Il
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Figure 2.6: MIC/MLPE-based solar PV system configurations.

2.2.4.3 Multi-String Inverter

A multi-string inverter combines the previous two ideas of a central inverter and
per-string MPPT controllers. This is done with the use of multiple DC-DC con-
verters performing MPPT on individual strings, with their outputs connected in
parallel to a common DC bus. This power is then processed by a single inverter
for connection to the AC network [43, 45, 50, 51|, as shown in Figure 2.5c¢.

2.2.4.4 Microinverters

The first of the module integrated converters (MICs) examined is the microin-
verter. The microinverter has a converter on each module which performs MPPT
and outputs directly to AC mains, as shown in Figure 2.6a. In practice, this is
achieved with a high step-up ratio DC-DC converter followed by an inverter. To
achieve such a high step-up ratio, the DC-DC converter will often incorporate a
high frequency transformer. The key drawbacks of this topology are more expens-

ive and less efficient converters compared with a large central inverter |50, 52].
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2.2.4.5 Parallel DC-DC Converters with Central Inverter

The parallel DC-DC MIC topology aims to combine module-level MPPT with
a large, efficient central inverter. It achieves this by placing high step-up ratio
DC-DC MPPT converters (sometimes known as ‘power optimisers’) on each mod-
ule, with all their outputs connected in parallel to a single DC bus which is then
connected to the AC network by a single inverter. This configuration is shown
in Figure 2.6b. Like the microinverter, these DC-DC converters will often incor-
porate transformers, leading to relatively lower efficiencies and higher costs than

transformerless converters [53, 54|.

As the voltage output of each DC-DC converter must be the same, the current

output of each DC-DC converter is proportional to its module power.

2.2.4.6 Cascaded DC-DC Converters with Central Inverter

The cascaded DC-DC MIC topology, like the parallel topology, aims to combine
module-level MPPT with a large, efficient central inverter. Rather than utilising
high step-up ratio converters, it utilises DC-DC converters (sometimes known as
‘power optimisers’) with modest voltage ratios, which are more efficient. These
DC-DC converters have their outputs connected in series with a fixed output
voltage, which then feeds a central inverter as shown in Figure 2.6¢. The individual
DC-DC converters may be step-up or buck-boost type converters depending on

the number of modules in the string.

The controller complexity is greatly increased as each module needs to commu-
nicate its maximum power level, all of which are then summed. ‘SolarEdge Power
Optimizers’ use power line communication (PLC) to achieve this coordinated con-
trol using the existing PV power cables [55]. The output current is obtained by
dividing the total module power by the bus voltage, giving the series current that
must flow through the output of the DC-DC converters. Each DC-DC converter
is then controlled with this same output current, giving an output voltage propor-

tional to its module power.
The main benefits of this topology are

e More efficient DC-DC converters (resulting from the lower voltage gain ratios
of each DC-DC converter)

e Independence of the string output voltage from the individual module voltages
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Figure 2.7: DPP-based solar PV system configurations.

e A simpler inverter design inverter (as its input will always be a fixed DC bus

voltage).

This topology can be expanded by adding more of these strings in parallel [56].

2.2.4.7 Differential Power Processing

The final topology examined uses the concept of differential power processing
(DPP), which aims to increase the system efficiency of the cascaded DC-DC con-
verters by processing less power. The previous topologies all require 100% of the
output power to be processed at every stage, but the DPP strategy only pro-
cesses a fraction of the output power. When the modules are operating around
a similar power level it is possible to have most of the current flowing in series
through the modules with only the fractional differential power being processed.
These converters can be cheaper and less efficient as they only process substantial
power when module conditions are significantly different. This can be achieved in

a number of ways, including;:

e Using bidirectional “delta” converters to shuffle power between modules such
that the excess power (compared with the average) in certain modules is
injected into underperforming modules [57], as shown in Figure 2.7a. A key
drawback of this topology is that power is accumulated and processed by

consecutive converters as it moves between high and low power modules.

e Using very simple analogue controllers with no communications to equalise
all module voltages by having bidirectional DC-DC converters connected in

parallel to an isolated DC-DC bus with a control objective of 1:1 voltage
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ratio [51], as shown in Figure 2.7b. This will cause high performing modules
to feed power into the bus while underperforming modules take power from
the bus. Having all modules at an equal voltage will not achieve the true
MPP of all modules, but the overall energy extracted is around 99% of the

theoretical maximum in most conditions [51].

These DPP configurations move the overall MPPT to the central inverter, which is
simpler because this process guarantees a single global maximum rather than mul-
tiple local maxima. Unlike the cascaded DC-DC converter topology, this creates
a variable DC bus voltage and strings must all have the same number of modules

in order to be connected in parallel.

Despite the rapid growth in popularity of the MLPE-based configurations, string-
based configurations are still by far the most commonly used globally and comprise
the vast majority of the world’s inverter market [58]. Regardless of which con-
figuration is used, it can be seen that DC-DC converters play a vital role in PV
applications. The DC-DC converter proposed in this thesis is designed for a string-
based configuration, though could also be used in MLLPE-based configuration, as

discussed in Section 7.4.

For all solar configurations, attention needs to be paid to grounding considerations

for reasons that will be discussed in the following section.

2.2.5 System Grounding Considerations

The mechanical structure of PV modules and their installation on grounded sup-
port frames creates a parasitic capacitance to ground. This capacitance increases
with the area of the conductive surfaces present in the PV array, meaning bigger
systems have larger parasitic capacitances. This capacitance also becomes more
problematic if the PV panels are damp (e.g. from rain or condensation) [59]. The

parasitic capacitance, C'py, can be calculated using Equation 2.2:

(2.2)

where:
€0 is the permittivity of free space (8.854 x 1071 F/m)
€. is the relative permittivity of the material (usually glass)

A is the effective surface area of the capacitor (PV panel)
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d is the distance between the capacitor plates (PV panel surface to the film,

module frame, or support frame)

This parasitic capacitance varies widely depending on the weather conditions,
module type (e.g. crystalline or thin-film), and mounting frame structure, though
values of 60 to 160 nF /kW could reasonably be expected for damp arrays [59-63],
though even capacitances as high of 1000 nF/kW are possible in some circum-

stances [61].

Domestic solar PV systems are usually connected to single-phase, earthed AC
grids. Some grid-tie inverters exhibit time-varying common mode voltages on the
DC bus as part of their operation (discussed in Section 2.4). There are two main

causes of these common mode voltages:

o High frequency common mode voltages: Due to the switching PWM opera-

tion of inverters

e Low frequency common mode voltages: Due to the double line frequency

ripple present on the DC bus of single-phase inverters

These common mode voltages can cause leakage currents (also known as displace-
ment currents) to flow through the PV system’s parasitic capacitance. Consider-
ing the difference in frequency and magnitude of these common mode voltage, the
leakage currents due to the inverter’s high frequency switching operation are often
much greater than the grid frequency leakage currents. If the total leakage cur-
rent exceeds the threshold of the residual current device (RCD) or residual current
monitoring unit (RCMU), as shown in Figure 2.8, then this protection device will
trip [59]. This causes the PV system to be disconnected from the grid, leading
to significant production losses, reduced financial benefit for the owner, decreased
confidence in PV technology, and potential safety issues if owners are tempted to
suppress the RCD or increase the disconnection threshold. The threshold value
for RCDs is extremely low, because currents as low as 30 mA can send the heart
into ventricular fibrillation, so RCDs must reliably trip at this point. RCDs are
designed not to operate below 15 mA, as otherwise nuisance tripping would occur
(since there is often some level of leakage current associated with most electrical
installations), so in practice RCDs will trip somewhere between 15 mA and 30 mA
[61].

RCDs differ from overcurrent protection devices (e.g. fuses) in that RCDs are

implemented to prevent harm from electric shocks, whereas overcurrent protection
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Figure 2.8: Leakage currents through the parasitic capacitance can cause RCDs
to trip.

devices are intended to protect electrical wiring and equipment. Thus, the ‘main

fuses’ used in domestic applications are usually rated in the tens of amps.

A block diagram of a generic system where these common mode voltages are
present at the PV array terminals is shown in Figure 2.9a. The common mode
voltages are introduced by the inverter on the DC bus by inverters like the full
bridge inverter (discussed in Section 2.4). Since most standard DC-DC converters
have the negative terminals of their inputs and outputs connected, the common
mode voltage will also be present on the PV array, where the parasitic capacitance
may be significant, as shown in Figure 2.10a. In addition to causing leakage cur-
rents, the common mode voltages present on the PV array and DC-DC converter

also create safety hazards and contribute to increased losses and failure rates.

One method of mitigating this issue is to use an isolation transformer between
the PV array and the grid. This can be achieved by using a line-frequency trans-
former between the inverter and the grid, allowing the PV system to be grounded,
as shown in Figure 2.9b, with the corresponding AC equivalent common mode
circuit shown in Figure 2.10b. This solution is not without its disadvantages:
line-frequency transformers are bulky, heavy, use a lot of iron and copper, and

negatively impact the system’s efficiency.

High frequency isolation transformers by comparison are significantly smaller,
lighter, often iron-free, and more efficient than equivalently rated line-frequency
isolation transformers. Figure 2.11a shows a side-by-side comparison of a 50 Hz
and high frequency 5 kVA isolation transformer at standard mains voltage [64].
It should be noted that the power density increases do not increase linearly with
frequency (demonstrated in Figure 2.11b), as at higher frequencies the insulation

distance requirements start to dictate the overall dimensions [65]. Such a high
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(a) Unipolar DC output without transformer causing leakage currents.

(e) Bipolar DC output with grounded bipolar input inverter.

Figure 2.9: Grounding options for single-phase solar PV systems.
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(e) Bipolar DC output with grounded bipolar input inverter.

Figure 2.10: AC equivalent common mode circuits of the systems in Figure 2.9.
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(a) Size comparison of 50 Hz three-phase and  (b) Size comparison of 125 kHz, 200 kHz, 500
20 kHz single-phase 5 kVA transformers [64]. kHz 300 W transformers [65].

Figure 2.11: Size comparison of transformers at different frequencies, voltages,
and powers.
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frequency isolation transformer can be integrated within the DC-DC converter to
form an isolated DC-DC converter, which will be discussed in Section 2.3. The sys-
tem configuration with an isolated DC-DC converter is shown in Figure 2.9¢ (with
the corresponding AC equivalent common mode circuit shown in Figure 2.10c),
and again allows the PV array to be grounded, solving the leakage current issue
with a higher volumetric and gravimetric power density than with a line-frequency
isolation transformer. The downside of using an isolated DC-DC converter is that
they have an increased number of switching devices and diodes than non-isolated
converters, and the inclusion of an isolation still negatively impacts the efficiency.
The increased cost of the extra components is undesirable for domestic PV applic-

ations which are particularly price-sensitive.

In contrast, transformerless topologies are generally cheaper, more efficient, and
more reliable [66]. DC decoupling methods have been investigated in recent years
to reduce the leakage current without the use of transformers. These methods work
by disconnecting the PV panels from the grid at the switching frequency, either on
the DC bus or on the AC side [67]. Fundamentally these methods reduce leakage
currents by changing the impedance of the current path (by creating an open
circuit with power electronic switches), rather than removing the common mode
voltages. Inverters such as the HERIC, H5, and H6 (reviewed in Section 2.4) have
been used, however additional switching devices must be employed which increase

the losses, cost, and complexity of the system.

An alternative to transformers and these DC decoupling methods is to eliminate
these high frequency common mode voltages by using an inverter with a grounded
bipolar DC input (reviewed in Section 2.4). Figure 2.9d shows how it is possible
to use a standard unipolar output DC-DC converter to create this grounded bi-
polar DC bus, however prohibitively large capacitances must be used, and both
the converter and PV array will be referenced to the negative DC bus voltage.
Referencing the PV array to the negative DC bus means that the double power
frequency ripple (100 Hz) associated with single-phase inverters will still be present
between the array and grounded support frames, so only the switching frequency
common mode voltages are eliminated, as shown in the AC equivalent common

mode circuit in Figure 2.10d.

The solution explored in this thesis uses a DC-DC converter that produces a
bipolar output from a unipolar input, as shown in Figure 2.9e. This method
fundamentally addresses the leakage current issue without the use of transformers
or high current-carrying capacitors, whilst also providing grounding for both the

PV system and DC-DC converter, as shown in the AC equivalent common mode
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circuit in Figure 2.10e. This grounding provides a range of benefits, including:
e Easing isolation requirements for the DC-DC converter
e Allowing a non-isolated gate driver to be used in the DC-DC converter

e Solving the ‘potential induced degradation’ (PID) problem associated with
PV cells.

The PID effect is caused by dielectric polarisation in PV cells. In addition to the
previously-discussed leakage currents which are caused by time-varying voltages,
there are also tiny DC currents that flow through the insulators between the PV
panels and the grounded mounting frames. These DC currents cause a dielectric
polarisation in the material, which can build up electric fields that weaken the
fields within the solar cells, or create local short circuits within cells, resulting in
decreased voltages and hence efficiencies [68]. In order to prevent the PID effect,
the entire array should have the same polarity potential to ground: positive for
p-doped cells, and negative for n-doped cells [69]. For non-grounded PV arrays,
some parts of the array have a positive potential to ground, and other parts have a
negative potential to ground, meaning that parts of the array will suffer from the
PID effect if the same panels are used for the entire array. If the PV array can be
negatively grounded (as in Figure 2.9¢), then a positive potential exists between
all panels and ground, completely eliminating the PID effect when p-doped cells

are used.

2.3 DC-DC Power Converters

The previous sections describing the various solar PV system configurations clearly
demonstrate the essential role that DC-DC converters play in nearly all domestic

solar PV applications. These converters generally serve two key roles:
e Perform MPPT on the PV array
e Regulate the voltage provided to the inverter

For solar PV applications, these DC-DC converters are only required to support
unidirectional power flow. Beyond this, there are some properties which are de-

sirable for domestic solar PV applications:

e Low cost
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e Low input current ripple, to improve MPPT performance as described in
Section 2.2.3

e Wide voltage conversion ratios (including both step-up and step-down), to
provide flexibility in the number of series-connected panels, and to support a

wide range of PV panel conditions (e.g. temperature has a significant impact
on the MPP voltage).

Some other desirable characteristics which aren’t as critical include: high efficiency,
high reliability, high volumetric power density, high gravimetric power density.
This section provides a review of the following DC-DC converters which are used

in solar PV applications:
e Boost converter

Buck-boost converter

Isolated DC-DC converters

Cuk converter

SEPIC converter

It should be noted that there are a number of variations of these converters which
are modified to include interleaving, resonant and soft-switching, and many other
topological changes. In this application, only moderate voltage change ratios are
required as the series voltage of a solar PV string is similar to the DC bus voltage
required by the grid-interface inverter. A summarised comparison of the above
DC-DC converters is provided in Table 2.3, in addition to the converter proposed
in this thesis. The component ratings for the converters are largely similar, so the
primary factor influencing the cost of these converters is their component count,
shown in Table 2.3. The primarily losses in non-isolated DC-DC converters are
power electronic device losses, inductor core losses (eddy current and hysteresis),
copper losses (inductor windings), and capacitor ESR losses. The non-isolated
converters in Table 2.3 all have an equal switch count so the power electronic
device losses will be similar. For isolated converters, the additional switches and

transformers cause higher losses and hence lower efficiencies.

The inductor core, winding, and power electronic device losses are lower for the
proposed converter because the reduced input current ripple decreases both the
size of the hysteresis loop and peak inductor current, however its increased capa-
citor count will increase the converter’s ESR losses. For PV applications, it is also

important to distinguish between the DC-DC converter’s efficiency and the overall
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Figure 2.12: Topologies of various DC-DC converters commonly used in PV ap-
plications.

system efficiency. The low input current ripple in the proposed converter will keep
the PV system closer to its MPP, further improving the overall power extracted.

Further discussion of the proposed converter’s efficiency is left for Section 5.2.

2.3.1 Boost Converter

As the name suggests, the standard boost converter (shown in Figure 2.12a) is
capable of producing an output voltage which is higher than its input voltage.
They have the lowest component count of the DC-DC converters covered in this
section, making them very cost effective. The boost converter’s switch is ground-
referenced, further reducing its gate driver cost, and input structure gives rise to
a continuous input current - a benefit for solar PV applications. One drawback of
this converter when compared with other converters in this section is the voltage
conversion ratio, restricting the converter from providing a reduced output voltage

and thus limiting its application flexibility.

2.3.2 Buck-Boost Converter

The single-switch buck-boost converter (shown in Figure 2.12b) addresses the
limitation of the boost converter by performing step-down voltage changes, into
addition to step-up. One key difference is that the output voltage is inverted in
polarity with respect to the input voltage. Buck-boost converters have the same
low component count as the standard boost converter, however the switching

device is not ground-referenced, increasing the cost and complexity of its gate
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driver. The major drawback of this converter for solar PV applications is its
discontinuous input current - necessitating a large decoupling capacitor to ensure

smooth current flow from the PV array in order to operate close to the MPP.

2.3.3 Isolated DC-DC Converter

There are several isolated DC-DC converter topologies, including the forward, fly-
back, push-pull, isolated full bridge, and isolated half bridge [70-75]. Most of these
topologies are capable of providing both step-up and step-down voltage change ra-
tios [76-78]. The nature of the input current (continuous or discontinuous) and
the size of the ripple are dependent on the topology [79-81]. The number of active
switching devices ranges from one to four, and the magnetics can range from a
single inductor to four-winding transformers [82-84|. The inclusion of an isolation
transformer and extra power devices increases the costs of these converters and

decreases their efficiencies [85-87].

2.3.4 Cuk Converter

The Cuk converter (shown in Figure 2.12¢) is capable of both step-up and step-
down voltage change ratios, though the output is inverted in polarity with respect
to the input, as with the single-switch buck-boost converter [88|. Unlike the buck-
boost converter however, its input current is continuous, alleviating the need for a
bulky decoupling capacitor between the PV array and the Cuk converter’s input.
Another advantage of the Cuk converter over the buck-boost converter is that the
switch is ground-referenced, allowing a cheap, simple gate driver to be used. This
converter does have a higher component count however, with an extra inductor
and capacitor required. The magnitude of the input current ripple may be a
problem for solar PV applications, though the Cuk converter’s inductors may be

coupled to reduce this - a concept that will be examined closely in Chapter 4.

2.3.5 SEPIC Converter

The SEPIC converter (shown in Figure 2.12d) shares many similarities with the
Cuk converter - both converters have the same component count, ground-referenced
switch, voltage gain ratio, and continuous input current shape [88]. The most not-
able operational difference between the two converters is the polarity of the output

voltage: the SEPIC converter has a positive magnitude output voltage, in contrast
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to the negative polarity output voltage produced by the Cuk converter. Again,
the size of the input current ripple may be problematic in solar PV applications,
though the SEPIC converter’s inductors may be coupled to reduce this - a concept

that will be examined closely in Chapter 4.

2.4 DC-AC Power Converters

Following power processing by DC-DC converters, most solar PV applications will
involve conversion of the generated power from DC to AC, either for export to
an AC grid, or for self-consumption in AC loads in off-grid applications. When
connecting to the utility network, the converters must comply with grid connec-
tion standards, including harmonic distortion, DC injection, and anti-islanding.
Inverters used in PV applications only need to support unidirectional power flow,
and the type of inverter selected depends largely on the power level of the system,

which can broadly be classified into two categories:

o Distributed generation: These are small-scale, decentralised energy systems
typically used in residential and small commercial/industrial applications.
The majority of these PV systems are mounted on rooftops, and have a
generation capacity of up to 150 kW |36]. Generally, residential installations
are small enough that they would not require modifications to the utility

network.

o Utility-scale solar farms: These systems are generally not intended to reduce
self-consumption, but rather as a commercial ventures in themselves. The
peak power output of these systems are typically measured in megawatts,
with the largest system in the world capable of producing a staggering 1547
MW [89].

Two characteristics that differentiate the inverter requirements between these ap-
plications are that the small-scale systems normally connect to low-voltage grids,
and generally require a single-phase output, whereas large-scale systems typically
connect to the grid at medium-voltage or high-voltage, and require three-phase
outputs. Large-scale systems would commonly use several two-level three-phase
voltage source converters (VSC) and transformers, or larger multilevel inverters
such as the diode clamped inverter (also known as the neutral point clamped
inverter), or the flying capacitor inverter (also known as the capacitor clamped
inverter) [90-92]. This thesis focuses on small-scale systems, so the converters

presented in this section are the:
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Figure 2.13: Full bridge (H bridge) inverter topology.

e Full bridge inverter (also commonly known as the H bridge inverter or the

H4 inverter)
e Half bridge inverter
e Single-phase T-type inverter
e Decoupling inverters (HERIC, H5, H6)

A summarised comparison of the above inverters is provided in Table 2.4. This
section then examines appropriate output filters to use with these inverters, and
looks at the ability to use these inverters to control not only the active power,
but also the reactive and harmonic in order to achieve voltage regulation, power

factor correction, and harmonic cancellation.

2.4.1 Full Bridge Inverter

The single-phase full bridge inverter (Figure 2.13) has two inverter legs, each with
two switching devices (typically MOSFETs or IGBTSs) in series. The output filter
and AC network are connected between the midpoints of each inverter leg. The
inverter can be switched with bipolar or unipolar modulation schemes. With a
bipolar modulation scheme, the available output voltages are +Vpo, and the ef-
fective switching frequency (seen by the AC network) is equal to the switching
frequency of the individual semiconductor devices. With a unipolar modulation
scheme, the available output voltages are +Vp¢, 0, —Vpe, and the effective switch-

ing frequency is double the switching frequency of the individual semiconductor
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Table 2.4: Summary of grid-interface inverters for domestic solar PV applications.

| Full Bridge | Half Bridge | T-Type | HERIC | H5 | H6 |

Number of switching devices 4 2 4 6 > 6

- High frequency switches (f5) 4 2 2 4 3 4-6
- Low frequency switches (f) 0 0 2 2 2 0-2
DC-side ground connection? No Yes Yes No No | No
Common mode issues? Yes No No No No | No
Minimum DC bus <O_ﬁ@®® a\ml& Ma\mi& Ma\mi& a\ml& 53& 53&
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Figure 2.14: Half bridge inverter topology.

devices, meaning that a smaller, cheaper output filter can be used.

The converter’s voltage output is required to be at least as big as the peak grid
voltage (before considering voltage drops across the output filter and required
overhead), so the DC bus voltage must be greater than @d. Compared with the
half bridge and single-phase T-type inverters, the full bridge has the best DC bus
utilisation, as the full DC bus voltage can be used to generate positive or negative

output voltages.

The main drawback of the full bridge inverter for solar PV applications is the
common mode voltage present on the DC bus. In Figure 2.13, as the right-hand
leg (connected to the grid neutral point) switches, the positive and negative DC
bus rails become alternately grounded. Thus, the positive DC bus rail jumps
between +Vpo and 0 V at the switching frequency, and the negative DC bus
jumps between 0 V and —Vpe (with respect to the AC grid’s ground) [66, 93]. In
addition to this high frequency component, the DC bus voltage contains a double
power frequency ripple component, resulting from the nature of instantaneous

power in single-phase inverters.

2.4.2 Half Bridge Inverter

The single-phase half bridge converter (Figure 2.14) utilises only a single inverter
leg, consisting of two series-connected semiconductor switches (usually IGBTs,
though MOSFETs are used at lower powers), and the output filter and AC network

are connected between the midpoint of the inverter leg and the midpoint of the
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Figure 2.15: Single-phase T-type inverter topology.

DC bus. The keys benefit of this topology are a low number of semiconductor
switches and the provision of a ground connection at the midpoint of the DC
bus - fundamentally addressing the high frequency common mode voltage issue
associated with the full bridge inverter [66, 93].

The half bridge inverter has two possible output states: +Vpc. As before, the
converter’s voltage output is required to be at least as big as the peak grid voltage,
so the DC bus voltage must be greater than Q@d, twice that of the full bridge
inverter. This is one of the half bridge inverter’s main disadvantages compared to
the full bridge inverter. As power is drawn alternately from each bus during the
positive and negative grid half cycles, there is also an added challenge in ensuring
that both capacitors remain relatively balanced. If a bipolar input inverter has
unequal positive and negative DC bus voltages then care must be taken when
switching the inverter to prevent a DC offset in the output voltage. Current
UK regulations limit DC current injection to 0.25% of the AC current rating
(e.g. a DC limit of 22 mA for a 2 kW inverter connected to 230 V mains),
because even small DC currents can saturate distribution transformers and electric
machines. The lack of the zero output state in the half bridge inverter increases the
harmonics present in the generated PWM output voltage, increasing the output

filter requirements.

2.4.3 T-Type Inverter

The single-phase T-type inverter (shown in Figure 2.15) is similar to the half bridge

inverter, however an ‘AC switch’ is added between the inverter output terminal and
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ground. This AC switch - generally comprised of two back-to-back MOSFETs or
IGBTs, each with an anti-parallel diode - allows for current conduction and voltage
blocking in both directions [94]. The inclusion of this AC switch enables a zero
voltage state to be produced in addition to =Vpe. This extra output voltage state
reduces the harmonic content of the generated PWM output waveform, reducing
the output filter size requirements. Thus, the size requirements of the T-type
converter’s output filter lie somewhere between that of the half bridge inverter
and the full bridge inverter operated with a unipolar modulation scheme. The
DC bus voltage requirements for the T-type inverter are equivalent to that of the
half bridge inverter (and roughly double that of the full bridge inverter), but the
DC bus capacitance requirements are slightly smaller. The reason for this will
be discussed in Section 6.1. Like the half bridge inverter, the T-type inverter’s
grounded DC bus midpoint removes the high frequency common mode voltage

issue associated with the full bridge inverter.

The two switches forming the inverter leg switch at high frequency (as with the
half bridge inverter), however the extra two devices in the AC switch branch only
operate at the grid frequency (in unity power factor operation). The operation of

this inverter is detailed in [94].

Which converter is ‘better’ between the half bridge and single-phase T-type in-
verter depends largely on the application. The half bridge inverter has half as
many switching devices, but the T-type inverter has lower output filter and DC
bus capacitance requirements. The importance placed on these trade-offs will vary
between applications, and a complete analysis for the domestic solar PV system

considered in this thesis is provided in Section 6.1.

2.4.4 Decoupling Inverters

To address leakage current issues without the use of transformers, modified full
bridge inverter topologies have been developed which decouple the DC input from
the AC output at the switching frequency [67]. This decoupling can be on the AC
side or on the DC side. Three popular topologies have been developed, which are
studied in this section: the HERIC inverter (AC side decoupling), the H5 inverter
(DC side decoupling), and the H6 family of inverters (DC side decoupling).
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Figure 2.16: HERIC inverter topology.

2.4.4.1 HERIC Inverter

The ‘Highly Efficient and Reliable Inverter Concept’ (HERIC) converter, com-
mercialised by Sunways, is a modification of the full bridge inverter aimed at
maintaining its high efficiency and three output voltage states, while minimising
the ground leakage currents [95, 96]. The full bridge is modified by adding an AC
switch (also known as an AC bypass leg) in across the inverter’s PWM output
terminals, as shown in Figure 2.16. Like the T-type inverter, this AC switch is
comprised of two back-to-back MOSFETs or IGBTs, each with an anti-parallel
diode, allowing for current conduction and blocking in both directions. In the
HERIC converter, these two power devices only switch at grid frequency. It is
also possible to form this AC switch with two parallel branches, each consisting
of a power device in series with a diode [97, 98]. The inclusion of the AC bypass

branch has two important functions:
e Decoupling the PV array from the grid [99]

e Preventing reactive power exchange between the filter inductors and the
DC bus capacitance during the zero voltage state, increasing the converter’s
efficiency [100, 101].

The power devices in the standard two inverter legs operate at switching frequency,
however the power devices in the AC switch only operate at grid frequency (in
unity power factor operation). The full operational details of the HERIC inverter
are detailed in [97].
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Figure 2.17: Hb5 inverter topology.

2.4.4.2 Hb5 Inverter

The H5 inverter, originally proposed in [102], is another modification of the full
bridge inverter, formed by adding an additional switch between the positive ter-
minal of the DC bus capacitance and the top of the inverter legs, as shown in
Figure 2.17. The additional switch in the DC bus serves the same functions as the
AC switch in the HERIC converter - namely isolating the PV array from the grid
at specific times, and preventing reactive power exchange between the grid filter
and the DC bus capacitance [103].

The top switches in each leg operate at grid frequency, and the lower switches
operate at switching frequency. The additional DC bus switch also operates at
switching frequency [104]. Even though the H5 inverter has fewer power devices
than the HERIC inverter, the H5 inverter suffers from higher conduction losses
due to the series association of three switches during the active phase [105]. It is
also possible to operate the H5 inverter with reactive power, though this requires

a modified switching strategy which further increases losses [97, 98].

2.4.4.3 H6 Inverter Family

Unlike the previous inverters, ‘H6’ refers to a family of transformerless inverters,
rather than a single inverter topology, all based on the full bridge inverter [97, 106
110]. They all have six actively switched power devices, though the location of
these changes between topologies. In [107], the two extra switches (in addition

to the four full bridge switches) are placed on the positive and negative DC bus
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(b) LC filter.

(c) LCL filter.

Figure 2.18: Commonly-used AC grid filters.

nodes, between the full bridge and the DC link capacitors. In [97], two different

H6 topologies are shown:

e One topology has the two extra switches between the bottom full bridge
switches and the negative DC bus

e One topology has the extra switches on the positive and negative DC bus

nodes, in between the full bridge legs.

In [111] and [112], a H6 inverter topology is shown which has one extra switch on
the positive DC bus between the full bridge and DC link capacitor (as with the
H5), and the other between either of the leg outputs and the positive terminal of
the DC bus capacitor.

In general, H6-type inverters have lower conduction losses than the H5 inverter,
but higher conduction losses than the HERIC inverter [97].

2.4.5 Grid Filter

All of the grid-connected inverter topologies studied in this section must be con-
nected to the AC grid through an output filter to allow the linearisation of the
stepped PWM voltage so that a smooth, sinusoidal current can be achieved. This
is necessary as utilities around the world have requirements relating to power qual-
ity and total harmonic distortion (THD). As the switching frequency is increased,
the filter requirements decrease, however this ease of filter design comes at the

cost of increased switching losses.
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The most commonly used filter is a purely inductive filter (shown in Figure 2.18a)
due to its cost and control simplicity. It is straightforward to develop the dead-
beat equation for this filter. A more advanced filter is the LCL filter (shown in
Figure 2.18¢), which reduces the grid current THD compared with a purely in-
ductive filter [93]. This filter also allows the converter to be controlled as a voltage
source largely decoupled from the load, in addition to a current source. The main
drawback of the LCL filter is the resonance induced. This must be damped either
passively through the use of a resistor which increases the difficulty of the filter
design process, or actively with the use of complex control strategies [113]. The
LC filter (Figure 2.18b) also allows the converter to be controlled as a voltage
source, however it doesn’t face the resonance challenges of the LCL filter. Its
filtering capabilities are between that of the purely inductive filter and the LCL
filter.

2.4.6 Reactive Power Control and Harmonic Cancellation

As inverter ratings are dependent on the current and voltage magnitude, ratings
are generally given in kVA rather than kW. Grid-connected converters used for
solar PV applications will typically operate at unity power factor, however when
the converter is not using the full rating for real power, it is possible to utilise
the spare kVA capacity to control the reactive output. This reactive power can be

used for two main purposes:

e Voltage regulation: The grid voltage can be boosted by injecting reactive
power into the network, or conversely the voltage can be reduced by making
the converter act as reactive power sink. At low voltage, UK regulations
specify that the supply must remain between 230 V -6% and +10%. National
Grid and UK Power Networks are collaboratively working on the Power
Potential project, which aims to create a new reactive power market for
distributed energy resources. Voltage regulation works best on longer feeders

as it relies on the grid’s impedance.

e Power factor correction: By measuring the downstream current from the
point of common coupling (PCC), the reactive power of the downstream
can be calculated. By injecting this same reactive power (or as much as
possible with the remaining converter capacity), the combined load of the
converter and downstream network will look purely real. By reducing the
reactive power flowing through the network, real power losses are reduced

since the magnitude of the current is smaller. This also has the potential
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to increase active power capacity as transmission and distribution lines are
rated in current (or kVA at a given voltage), so a larger kW can be carried
if the kVAr is reduced.

Controlling line-frequency reactive power alone will not entirely improve the power
factor to unity because harmonics form part of the calculation in addition to the
displacement power factor. It is also possible to monitor current harmonics on the

network and cancel them by injecting anti-phase harmonics into the network.

2.5 Chapter Conclusion

This chapter introduced the technical concepts, challenges, and research in do-
mestic solar PV systems. These systems were divided into three separate categor-
ies: PV arrays, DC-DC converters, and inverters. Some of the key issues identified

include:

e Current ripple on PV panels negatively affecting the average power output

Irradiance and PV module temperature variations requiring highly flexible

power converters

e Common mode voltages introduced on the DC bus by grid-interface inverters

Leakage currents flowing through the large parasitic capacitances associated

with PV arrays

DC leakage currents degrading PV panels due to dielectric polarisation.

The information presented this chapter forms the knowledge base for the rest of
this thesis. The aim now is to develop a low cost, highly efficient, highly reliable
DC-DC converter that addresses these issues in order to be seriously considered

as an alternative to existing converters in an already well-established area.



Chapter 3

Combined Cuk-SEPIC Converter

The previous chapters illustrated the growing importance of solar photovoltaics
and the challenges associated with harnessing the energy produced. This chapter
examines the Combined Cuk-SEPIC converter and discusses its performance be-
nefits, particularly for these solar photovoltaic applications. It then explains some
design principles and provides simulation results for a 4 kW converter. Finally,
it demonstrates the hardware design process for an experimental prototype, and

presents its results.

3.1 Introduction to the CCS Converter

3.1.1 CCS Converter Topology and Features

The Combined Cuk-SEPIC (CCS) converter is based on the Cuk and SEPIC
converters described in Section 2.3, and shown in Figure 3.1a and Figure 3.1b
respectively. The information about these converters that is most pertinent to the

CCS converter can be summarised as:
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Figure 3.1: Topology of the Cuk and SEPIC converters.
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Figure 3.2: Topology of the CCS converter.

e They both produce an equal magnitude output voltage for a given input

voltage and duty cycle, as they both operate with a voltage gain ratio of
Your | — _D

V| T TD

e The polarity of the output voltage is negative for the Cuk converter, and

positive for the SEPIC converter
e They both have an identical input structure, as shown in Figure 3.1.

The CCS converter is formed by combining the input stages of the Cuk and SEPIC
converters, and connecting their output stages in parallel [114-116|, as shown in

Figure 3.2. The CCS converter topology contains:
e One switching device: a ground-reference switching device in the input stage
e Two diodes: one for each of the Cuk and SEPIC outputs

e Three inductors: an input inductor plus an additional inductor for each of
the Cuk and SEPIC outputs

e Four capacitors: an energy transfer capacitor plus an output capacitor for
each of the Cuk and SEPIC outputs.

The CCS converter has not been used in solar PV applications before, but it has
many characteristics that make it particularly well-suited for domestic single-phase

applications:
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Figure 3.3: Voltage gain ratios for various converter types.

e Low cost: the converter only has one actively switched device, reducing the
component cost and control complexity. This switch is ground-referenced,

allowing a cheap, simple gate drive circuit to be used.

e Leakage current elimination: the converter is able to produce a balanced
bipolar output, fundamentally addressing the PV grounding challenges out-
lined in Section 2.2.5.

o Wide voltage transfer range: the converter is capable of operating in both
step-up and step-down modes, allowing regulation of the widely varying
input voltages associated with PV systems. This large input voltage range
stems from variations in the number of series-connected panels between PV
systems, in addition to the time-varying irradiance conditions which change
the PV array’s I-V characteristics and MPP voltage.

The CCS converter can provide large step-up, as well as step-down voltage con-
version ratios. The converter has an output/input ratio of /(1 - p) for each of
the positive and negative DC output terminals, providing step-up conversion for
duty ratios greater than 1/2, and operating in step-down mode for duty ratios
below 1/2. The converter’s overall gain (i.e. considering the output voltage as
the positive-to-negative voltage) is 2P/(1 — p). This distinct output/input voltage
ratio allows regulation of larger input voltage variations with the same duty cycle
range, or alternatively allows the converter to handle the same input voltage vari-
ation with a narrower duty cycle range, allowing for smaller inductors to be used.
Figure 3.3 shows the gain provided by different converter types for a range of duty

cycles.

One drawback of this converter is its relatively large input current ripple, which
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is equal to that of a boost converter with the same parameters (i.e. input voltage,
input inductance, duty cycle, and switching frequency). This current ripple leads
to reduced PV utilisation, or creates large input inductor or decoupling capacitor
requirements, as described in Section 2.2.3. A solution to this issue is presented
in Chapter 4.

3.1.2 Operation of the CCS Converter

The next step in the CCS converter analysis involves examining the converter
topology in its different switching states. Like most DC-DC converters, the CCS
converter can be operated in continuous conduction mode (CCM) or discontinuous
conduction mode (DCM). DCM operation does have some advantages including
higher efficiency (due to zero current turn-on), smaller inductors, and stability
improvements. What constitutes DCM operation in the CCS converter is not
immediately obvious. Most DC-DC converters have a single inductive element
and two switched elements (usually a switch and a diode for unidirectional DC-
DC converters). In these converters, the definition of DCM operation is quite
simple: when the current in the sole inductor falls to zero during the ‘off’ state
(referring to the switch being off and the diode being on). In DCM operation, the

converter has a three switch states:
1. Switch on, diode off
2. Switch off, diode on
3. Switch off, diode off.

For converters like the Cuk and SEPIC converters, DCM operation is slightly more
complicated, but still quite intuitive. The additional complexity arises because
these converters have two inductive components, so the question arises whether
these converters enter DCM when their input inductor current falls to zero or
when their output inductor current falls to zero. In fact, neither of these define
DCM. The converter must enter a third switch state to operate in DCM, so for
these converters the diode current must fall to zero. This occurs when the sum of
the two inductor currents is zero, and only then does the diode turn off, producing
the DCM switch state [117].

Now it is clear why defining DCM operation in the CCS converter is not straight-
forward. The difficultly comes not just from the presence of three inductors, but

from the additional switching device. Having one switch and two diodes produces
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not three, but five feasible switch states, which can occur in nine ways depending

on the inductor currents:
1. Switch on, both diodes off: Shown in Figure 3.4a

2. Switch off, both diodes on: Achievable in five ways - shown in Figures 3.4b-
3.4f

3. Switch off, SEPIC diode on, Cuk diode off: Shown in Figure 3.4g
4. Switch off, SEPIC diode off, Cuk diode on: Shown in Figure 3.4h
5. Switch off, both diodes off: Shown in Figure 3.4i.

Here, there are three possible DCM states relating to the last three switch states
listed. Within a single switching subinterval, it is clearly not possible to enter both
the third and fourth switch states listed, and which of these is entered depends on
various converter parameters, including the load connected to each output, and

the size of the passive devices in the converter.

For the solar PV application considered in this thesis, CCM operation should
be maintained. From the input current perspective, the importance of main-
taining low ripple has been outlined in Section 2.2.3. From the output current
perspective, maintaining CCM ensures that the output voltage does not become
load-dependent, and helps reduce capacitor size requirements. Thus, only the first

two switch states are considered.

While in CCM, the CCS converter can be separated and analysed in two opera-

tional states:

1. The switch ‘on’ state, shown in Figure 3.4a, where the switching device closed
(treated as a short circuit) and both diodes are reverse-biased (treated as

open circuits).

2. The switch ‘off’ state, shown in Figure 3.4b, where the switching device open
(treated as an open circuit) and both diodes are forward-biased (treated as

short circuits).

The steady-state CCM operation is explained as follows (assuming ideal compon-

ents to improve clarity):

1. Switch ‘on’ state (Figure 3.4a): During the switch ‘on’ state, the right-hand

side of the input inductor is shorted to ground, causing its current to rise

 dim

wm dt
1

field according to Er,, = §Lini,.

according to V;, = L

and increasing the energy stored in its magnetic
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Figure 3.4: Operational states of the CCS converter.
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2. Switch ‘off’ state (Figure 3.4b): When the switch is turned off, the inductor
tries to maintain its current flow by generating a positive voltage across it.
As the left-hand side of the inductor is clamped at the input voltage, the
voltage on the right-hand side of the inductor is above the input voltage.
This causes the inductor current to flow into the Cuk and SEPIC transfer
capacitors, and through the now forward-biased diodes. In this process, the
inductor is transferring some of the energy stored in its magnetic field to
the capacitors, causing their voltages to rise according to I = C% and
E = %CVQ, while the input inductor current falls because the voltage across
the inductor is now negative due to the right-hand side voltage being greater

than the input voltage (i.e. it is discharging).

(a) In the SEPIC (positive) output stage, this current flows through the
now forward-biased diode to the output terminal, charging the capacitor

and supplying the load.

(b) In the Cuk (negative) output stage, this current flows through the diode

to ground.

3. Switch ‘on’ state (Figure 3.4a): The positive terminals of both the Cuk and
SEPIC energy transfer capacitors are now grounded through the switch,
meaning that their right-hand side terminals are at a negative potential

with respect to ground.

(a) As the SEPIC inductor is connected between this capacitor’s negative
potential terminal and ground, a positive voltage appears across it caus-
ing current to rise its current to increase. This current flows from its
ground-connected terminal, through the inductor, through the SEPIC
energy transfer capacitor, and through the switch to ground. This
causes the energy stored in the SEPIC energy transfer capacitor to be
transferred to the SEPIC inductor. Since the SEPIC diode is reverse-
biased, the positive output capacitor is supplying the load, causing its

voltage to drop as it discharges.

(b) A negative amplitude square wave voltage has been created at the right-
hand side of the Cuk energy transfer capacitor. This voltage is applied
to the LC filter which averages this square wave voltage to produce
a smooth negative DC output voltage. During this switch ‘on’ state,
the voltage on the left-hand side of the output inductor has a greater
magnitude than the voltage on the right-hand side of the inductor,

causing its current to increase. This causes energy stored in the Cuk
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Table 3.1: Summary of component behaviour in steady-state CCM operation of

the CCS converter.

Switch ‘on’ state | Switch ‘off” state
L, Charging Discharging
Lg Charging Discharging
L¢ Charging Discharging
Cs Discharging Charging
Ce Discharging Charging
Cp Discharging Charging
Cy || Both (LC circuit) | Both (LC circuit)

energy transfer capacitor to be transferred to the Cuk inductor.

4. Switch ‘off’ state (Figure 3.4b): The current through both output inductors
continues to flow, however rather than flowing through the transfer capacit-
ors, the inductors instead discharge their energy through the diodes to the
output.

(a) In the SEPIC output, the inductor not only supplies the output, but

also recharges the positive output capacitor.

(b) In the Cuk output, the capacitor recharges and discharges out of phase

with the current, as an LC circuit is present.

In reality, this four-step process is actually just two steps, and the extra steps listed
here have been provided simply to provide clarity in explaining the operation. A

summary of the above is provided in Table 3.1.

The CCS converter also solves an issue faced by Cuk, SEPIC, and boost converters
when their loads are disconnected. If any of these converters are left unloaded then
energy is continually ‘forced’ into their capacitors, causing their voltage to rise until
a component fails due to overvoltage. In the CCS converter, either of the outputs
can be left unconnected without causing these same problems (if the other output
has a load connected). This is because an energy transfer path exists to the other
output, preventing energy from continually being ‘forced’ into the capacitors of the
unloaded output. This aspect will be studied in Section 5.3, where the converter’s

performance is analysed under unbalanced output conditions.
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Table 3.2: Design specifications for the CCS converter.

(a) Performance requirements.

Nominal input voltage (V) 360 V
Input voltage range 294 V to 440 V
Nominal output voltage (V) +360 V
Output power (P,,;) 4 kW (2 kW per output)
Input current ripple (Aig,, %) | 40% peak-peak (at rated power)
Output voltage ripple (Avc,,, %) | 2% peak-peak (at rated power)

(b) Design objectives.
Switching frequency (fs) 100 kHz
Ls and L¢ current ripple (Airg ., %) | 40% peak-peak (at rated power)
Cs and Cg voltage ripple (Avcg,, %) | 10% peak-peak (at rated power)

3.2 CCS Converter Design

3.2.1 Specifications and Constraints

The first step of the CCS converter design process is to define the specifications,

which can be broadly separated into two categories:

1. Performance (primary) requirements: These are the criteria required by
the end-user’s application, and are visible external to the converter. These
criteria must be met, and typically relate to the converter’s input and output
performance, but could also include physical properties, such as size and

weight.

2. Design (secondary) objectives: These are guiding design parameters that are
internal to the converter and hence are not directly visible to the end-user’s
application. These criteria are therefore more flexible, and typically relate

to constraining the design to reduce cost and increase efficiency.

Summaries of these primary and secondary objectives are provided in Table 3.2a
and Table 3.2b respectively. These specifications have been obtained as follows,
but as this is intended as a proof of concept, the specifications are arbitrary to

some degree:

e Qutput power: The final aim is to have a 1 kW output from the inverter.
The explanation of how this translates to a 4 kW DC-DC converter output

power is provided in Section 3.2.2.
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Nominal output voltage: As this converter is paired with a bipolar input
inverter, each DC bus voltage is required to be at least as large as the peak
AC voltage. Adding a 10% buffer gives £360 V (230v/2 + 10% ~ 360).

Input voltage: Producing a 1 kW output using 40 W series-connected PV
panels requires 25 panels. Each panel has a voltage range of 12 V - 17 V,
giving an overall voltage range of 300 V - 425 V. With the 360 V nominal
output, this corresponds to a duty cycle range of D ~ 0.459 to D ~ 0.545.
Adding some buffer and extending this slightly to D = 0.5 + 10% (with 0.5
as nominal) gives an input voltage range of 294 V to 440 V, with a nominal
input voltage of 360 V. The input current range for a 1 kW output is 2.3 A
to 3.4 A, and for a 4 kW output the input current range is to 9.1 A to 13.6
Al

Input current ripple: In Section 2.2.3, it was determined that the PV array
should operate with a current ripple of less than 5% to ensure high levels of
energy extraction. Despite this, a more relaxed target (40%) is set for now,

for reasons that are explained in Section 3.2.3.

Output voltage ripple: DC-DC converters commonly have output voltage
ripples of between 2% and 5%. In this application, a 2% target was selected
to demonstrate the converter is capable of performing similarly to other

converters with practical component values.

Switching frequency: To reduce the size of the magnetic components and
capacitors, a high switching frequency is necessary. In this application a 100
kHz switching frequency has been selected to produce practical inductances
and capacitors (discussed in Section 3.2.4), and to justify exploring new

power device and magnetic core technologies (discussed in Section 3.4).

SEPIC and Cuk inductor current ripple: The internal inductor (Lg and L)

current ripple is set with similar principles to the input current ripple.

SEPIC and Cuk capacitor voltage ripple: The energy transfer capacitor (Cc
and Cg) voltage ripple is not as constrained as the output voltage ripple,
since it is internal to the converter. Smaller capacitors may be used with a
more relaxed ripple target, however the ripple must still be sufficiently small
to use linear approximations when analysing the circuit. Thus, a target of
10% has been selected.

It should be noted that the ripple percentages are given at at the full output power

(4 kW). The magnitude of the current ripple is largely constant for a given input
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voltage, and so the percentage ripple will increase at lower power outputs.

In particular, the design objectives (switching frequency, internal inductor current
ripple, internal capacitor voltage ripple) have large degrees of flexibility, as these
are parameters selected by the designer and not determined by the application.
Here, values have been selected somewhat arbitrarily to guide the design, but
Section 4.5 provides a discussion of how these could be changed to meet other

objectives.

Finally, with these design specifications, it is necessary to determine the required
inductances and capacitances, as well as the voltage and current ratings for all

passive and active components.

3.2.2 Converter Rating Analysis

The peak power ratings of both the DC-DC converter and inverter for single-
phase grid-connected PV systems are important considerations. Figure 3.5 shows
the CI-CCS converter feeding a bipolar input inverter, with some energy stor-
age present on the DC bus to decouple the 100 Hz power fluctuations caused
by the single-phase system. For a 1 kW average AC output power, the peak
instantaneous power will be 2 kW, since the instantaneous power is given by
Pt (£) = V2V, $in (wt) V2L sin (wt) = Daciac sin? (wt).

SEPIC Output

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

— N I
CS“ v ViPOSi
| Ce| |
Switching Node [ | Ls = T
L | T ==
) -t - | |
vl 1T =n ~
: — ! ! CN | i |
§ Jt} | T 7~ | Bipolar Input =
| Le o [Viea | Inverter

Cuk Output  Decoupling

Figure 3.5: CCS converter feeding a bipolar input inverter.

If there is no storage present on the DC bus, then the CCS converter needs to be
capable of supplying this 2 kW peak power on both of its positive and negative
outputs (since this peak occurs in both the positive and negative cycles of the

grid voltage). If there is no cyclical power de-rating of the CCS converter (i.e. its
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continuous rating is conservatively set to the temporary peak power requirements)
and if we pessimistically ensure that it can supply this peak power on both outputs
simultaneously, then the converter must be rated to a total of 4 kW (i.e. 2 kW for
each output). In this case, the power supplied to the DC input of the CCS con-
verter will not be constant, but rather follow the same shape as the instantaneous
AC output power. Thus, in this worst case scenario the power rating ratio of the

CCS converter to inverter will be 4:1.

In reality, enough capacitance should be included in between the CCS converter
and the inverter to decouple the 100 Hz ripple from the PV array, allowing it
to produce a constant power output and maintain operation at its MPP. In this
scenario, with the same 1 kW average AC output power, the input to the CCS
converter will be a continuous 1 kW. This is supplied alternatively to the positive
and negative outputs in each grid half cycle. Again, without cyclical power de-
rating and ensuring the converter can supply 1 kW on both outputs simultaneously,
the converter should be rated to a total of 2 kW (i.e. 1 kW for each output). Thus,

in this scenario the power rating ratio of the CCS to inverter will be 2:1.

If the converter’s rating is adjusted to account for the cyclical nature of the power
supplied, then the power rating ratio of the CCS to inverter will be 1:1, since
the average power supplied by the CCS converter is 1 kW, despite this coming

alternately from each output.

Thus, the CCS converter’s rating must be between 1x and 4x the inverter’s average
output power, depending on the storage present between the converters, and the
level of de-rating applied. In this thesis, the converter prototype is conservatively
designed for the worst case scenario (i.e. 4 kW peak power), but tested at 2 kW
since sufficient capacitance is provided to ensure 100 Hz decoupling between the

PV array and the grid.

3.2.3 Input Current Ripple Analysis

The input current of the DC-DC converter is equal to the current of the PV array
(assuming no input decoupling capacitor is present). Thus, to ensure high levels
of PV energy extraction, the input current ripple of the CCS converter should be

5% or less, as determined in Section 2.2.3.

Achieving such a small input current ripple would require an excessively large
input inductor (discussed in Section 3.2.4), so a more relaxed target (40%) is

set for now. If a 5% input current ripple target were enforced, then the input
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inductance would need to be 8 times larger. Since the inductors form a large part
of the converter’s volume, an eightfold increase in the input inductance would
massively increase the overall size of the converter. In the next chapter, the CCS
converter will be modified in such a way that allows it to have drastically reduced

input current ripple with the same inductance values.

Excessively large input current ripples have diminishing returns in inductor size
reductions, and also increase the capacitor ESR losses (higher ripple currents
through inductors must flow into the capacitors), inductor copper losses (higher
rms current), inductor core losses (larger hysteresis loop size), and semiconductor
losses (due to the high rms currents increasing conduction losses and the higher

peak currents affecting switching losses) [118].

The ‘ripple factor’ (the ratio of peak-to-peak to average current, also known as
the ‘ripple current ratio’) is defined as:
_ Aig

v (3.1)

ir
For the CCS converter, the peak-to-peak input current ripple can be calculated

by considering the voltage across it during the switch ‘on’ state. Applying this,

the ripple factor can written as:

Vin D

———————— 3.2
2.LmLinfs ( )

")/:

This should be written in terms of the output voltage (as this is the parameter
typically being regulated). If the converter is assumed to be lossless, then the
input power, Py, = V;, 1, is equal to the output power, P, = 2V, [ (because

of the bipolar DC bus). Thus, the ripple factor can be re-written as:

V2, (1-D)?

7= PoutLians (33)

The size of the inductor is related to its energy handling capacity, which is pro-
portional to the ‘area product’ (AP) of the core, defined as [118]:

L’ ea .rms
AP = S (3.4)

where

L is the inductance
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Figure 3.6: Normalised core size as a function of ripple factor and duty cycle.

ipeak 18 the peak inductor current, given by ipcar = taverage + %
irms i the rms inductor current, given by d,ms = 1/12,000e + Al—z;
k., 1is the fill factor of the core

J is the current density of the conductor

B,, is the maximum flux density of the core.

Using Equation 3.3, it is possible to re-write Equation 3.4 as:

ol 22
P (1—D)2\/<1+’7+4>(1+\/ﬁ>
 4kyJBnfs D v

AP (3.5)

Taking out the constant terms out of Equation 3.5, the normalised core size (re-
lative to #ﬁtmﬁ) for the CCS converter’s input inductor can be plotted as a
function of the ripple factor, for a range of duty cycles, as shown in Figure 3.6.
The knee point of the curves present a balanced trade-off between the inductor

size and ripple factor.

It will be shown in Section 3.2.4 that the worst case input current ripple occurs
at the highest input voltage (440 V) which produces the nominal output voltage
(360 V) at a duty cycle of 0.45. The knee point for this curve is near a ripple
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Figure 3.7: Input current ripple (%) as a function of output power.

factor of 0.4, producing the 40% peak-to-peak ripple target (of average current
at rated load). The normalised inductor size is approximately 2, however if the
peak-to-peak ripple target were set to 5% then the normalised inductor size would

rise to almost 14.

Note that this 40% input current ripple target is specified at full load (4 kW)
because the magnitude of the ripple is constant with input voltage and independent
of output power. Thus, at lighter load conditions, the percentage ripple will
increase, as shown in Figure 3.7, up to a maximum of 200% (as this is where

the inductor current goes to zero).

This relatively relaxed input current ripple target also allows the benefits of the

modified converter (introduced in the next chapter) to be clearly demonstrated.

3.2.4 Passive Component Sizing

Given a set of design specifications, it is possible to determine equations to size
each of the inductors and capacitors. Analysing the CCS converter in the ‘on’
and ‘off” states yields equations that describe the voltages across, and currents
through, each of the various components. In steady-state operation, the principles
of inductor volt-second balance and capacitor charge (amp-second) balance both

hold, meaning that the change in inductor currents and capacitor voltages during
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the switch ‘on’ state must directly oppose the changes during the switch ‘off’
state. Thus, using equations from either of these states in combination with the
inductor and capacitor equations (V' = L% and [ = C%), produces expressions

for inductances and capacitances as a function of other known parameters.

As there are seven of these components, these equations would be of a prohibitively
high order (up to seven), so a simplifying assumption is needed. For this purpose,
small ripple approximations can be applied, meaning that the ripple components
of the waveforms can be neglected and the waveforms can be treated as their
average values. It is also beneficial to assume ideal components, as this greatly
reduces the complexity of these equations without significantly impacting their

results.

This process results in the Equations 3.6 - 3.12:

2
mem _ ‘/;n‘/;)“t . (36)
(‘/m + ‘/out) Poutfs (Aszmaz %)
2 in 2
Le - VinVour (3.7)
(‘/zn + ‘/Out> POUth (AZLSmaa: %)
2Vin V2
Lcmm _ V;nv;ut ' (38)
(‘/m + Vvout> Poutfs (AZLC"LM %)
Pout
Co  — 3.9
0 Vo (Vin + Vous) o (Dves,, %) )
Pou
CCmin = 2 t (310)
2 (Vin + Vour)” 5 (Ave,,, %)
Pout
= 3.11
Frmin 2 (‘/in + ‘/out) ‘/outfs (AUCPmaz %> ( )
PouiTs (Air, %
Cn t1s ( YLemman O) (3.12)

mr16V2, (Avey, %)
Two important observations can be made from these equations:

1. As the converter is designed to operate with a range of input voltages, the
worst case value of V;, should be used for each component. This means the
maximum input voltage for inductors, and the minimum input voltage for

capacitors.

2. Similarly, it should also be noted that P, appears in the denominator for
the inductor equations and the numerator for the capacitor equations. This
means that the inductances required will be largest at the minimum output
power, and the capacitances required will be largest at the mazimum (rated)

output power. Here, we will only consider performance at rated power,
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Table 3.3: Passive component values for the CCS converter.

Lin | 545 pH | [ Cs [ 1.04 uF
Ls | 891 pH | [ Co [ 0.47 uF
Cx | 0.39 uF

rather than over a defined output power range.

With the specifications given in Table 3.2, the passive sizing equations produce the
component sizes listed in Table 3.3. In addition to determining the inductances
and capacitances required, it is also necessary to know the peak currents and

voltages they experience so that the components can be appropriately rated.

3.2.5 Component Current and Voltage Ratings

The previous section provided equations to determine the seven inductances and
capacitances required to meet the design specifications for the CCS converter. This
section provides twenty additional equations which describe the peak voltages and
currents experienced by each of the ten devices in the converter (four capacitors,

three inductors, two diodes, and one switch).

3.2.5.1 Peak Currents

The maximum currents in the input, SEPIC and Cuk inductors occur at the end

of the switch ‘on’ state, and are equal to:

7 Pout ‘/in‘/out

I; = 3.13
Lin ‘/zn * 2 (‘/;n + ‘/;mt) LGfs ( )
e Pout ‘/in‘/()ut

I;. = 3.14
Ls 2‘/out i 2 (‘/m + ‘/out> L.S'fs ( )

- Pout ‘/in‘/;mt

I, = 3.15
Lo 2‘/out * 2 (‘/zn + ‘/out) LCfs ( )

The maximum current flowing through the switch occurs at the end of the switch
‘on’ state and is equal to the sum of the input current and both output inductor

currents:
Towiten = Ty, + Iy + I1p. (3.16)

The maximum current flowing through the Cuk and SEPIC diodes occurs imme-

diately upon entering the switch ‘off” state (when both inductors have charged to
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their maximum values and these currents are summed through the diodes). It is

possible to assume the current is shared equally between both diodes, and is equal

to:
Ip, = LT + 1, (3.17)
I,
Ip. = L2 + 1z, (3.18)

With the assumption that the input current is shared equally between both out-
puts, the maximum current flowing through the Cuk and SEPIC energy transfer
capacitors may occur at either the transition from the switch ‘on’ state to the
switch ‘off” state (where the current is half the input current), or the transition
from the switch ‘off” state to the switch ‘on’ state (where the current is the peak

output inductor current):

Io, = max{ L2 : ILS} (3.19)
I, = max {LT : ILC} (3.20)

The peak current in the positive output capacitor occurs at the beginning at the
switch ‘off” state, and the peak current in the negative output capacitor occurs as
an LC circuit with the Cuk inductor:

TC-’\ _ Pout + POQut (321)
r 2‘/;)ut 8 (‘/zn + ‘/out) ‘/OQutOPfs
T V;n‘/;)ut
o 3.22
o 2 (V;n + V:)ut) LCfs ( )

3.2.5.2 Peak Voltages

The maximum voltage across the SEPIC and Cuk capacitors is equal to their
average voltage plus half the peak-to-peak ripple voltage they experience. The
ripple component is caused by the current flowing through the capacitors during
the ‘on’ or ‘off’ state, and is obtained by rearranging I = CZ—Z. If we consider
the ‘off” state, and assume that the input inductor current splits evenly between
the Cuk and SEPIC outputs - which is valid assumption when the outputs are

balanced, and if they are not then the currents can simply be split in proportion
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to each output power - then the following derivation can be made:

_ Vesie
VC’S/C - VCS/C + - Cp;ak_peak (3'23)
5 iL Toff
= Vo o+ et (3.24)
P,:(1—D)
=V _ 3.25
Csye T 4VinCsc fs (3:25)
7 > Pout
Vog,e = Vog,e + 1 (3.26)

V;n + V:)ut) CS/Cfs

Substituting their voltages, the peak voltages experienced by the SEPIC and Cuk

capacitors can be expressed by:

7 Pout

Voo =Vin + 3.27
Cs 4 (‘/zn + ‘/out) Cst ( )

o Pout

Ve, = Ve + Vip + 3.28
ce ! 4 (‘/zn + ‘/out) OCfs ( )

Next, observing the circuit in the ‘off’ state reveals that the switch voltage is
equal to the Cuk transfer capacitor voltage (neglecting the diode forward voltage
drop). The switch voltage is at its maximum at the end of the ‘off” state (when
the capacitor has charged to its maximum voltage), so the peak switch voltage is
equal to the peak Cuk transfer capacitor voltage:

— Pout

‘/swi ch — ‘/ou + V;n + 3.29
teh ! 4(‘/zn+‘/<)ut) CCfs ( )

Similarly, observing the circuit in the ‘on’ state reveals that the Cuk diode voltage
is equal to the Cuk transfer capacitor voltage (neglecting the voltage drop across
the switch). The Cuk diode voltage is at its maximum at the beginning of the
‘on’ state (before the capacitor has started to discharge), so the peak Cuk diode

voltage is equal to the peak Cuk transfer capacitor voltage:

7o Pout
Vo, = Vouwr + Vi + 3.30
be ‘ 4 (‘/7,77, + ‘/out) CCfs ( )

The input inductor voltage is equal to the input voltage during the ‘on’ state, and

is equal to the switch voltage minus the input voltage during the ‘off’ state:

o Pout
V = ‘/ina ‘/OU 331
T,y = Max { ¢+ 4 (Vin + Vour) Ceo fs } ( )

The SEPIC inductor voltage is equal to either the SEPIC or positive output capa-

citor voltage, depending on whether the converter is in the switch ‘on’ or switch
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‘off” state, and similarly the Cuk inductor voltage may be equal to the difference
between the Cuk and negative output capacitor voltages, or the negative output

capacitor voltage itself depending on the converter’s state:

7 = max {75 720} (3.3
@:max{@, VC\C—VC\N} (3.33)

The peak voltage across the positive output capacitor occurs at the transition
between the switch ‘on’ and ‘off” states, when the capacitor has charged to its
maximum value, and the peak voltage across the negative output capacitor occurs

as an LC circuit with the Cuk inductor:

- Pout

Voo, = Vour + 3.34
“r ' s (‘/in + ‘/out> CPfs ( )

. V;n‘/;mt

Voo = Ve 3.35
O = ot T G (Vi + Vo) LaCn 2 (3:35)

The peak SEPIC diode voltage is equal to the difference between the SEPIC and
positive output capacitor voltages, and occurs at the start of the switch ‘on’ state

when these capacitors have charged to their maximum voltages:

Pout (CS + CP)
4 (‘/m + ‘/out) C’SC’Pfs

Vig = Vin + Vous + (3.36)

3.3 Simulation Results

Simulations of the CCS converter have been carried out using the Saber simulation
platform to illustrate the converter’s operation. All simulations in this thesis have
been conducted with ideal components (i.e. zero resistance for the inductors,
capacitors, and switch; no diode forward voltage drops; no switching losses; no
blocking /leakage currents). The results are divided into three sections to validate

the various explanations and derivations provided thus far in this chapter:

e Operational waveforms: Section 3.3.1 will provide waveforms to qualitatively

validate the CCS converter’s operation as explained in Section 3.1.2.

e Passive sizing: Section 3.3.2 will provide quantitative validation of the in-

ductor and capacitor sizing expressions derived in Section 3.2.4.

e Component ratings: Section 3.3.3 will provide quantitative validation of the

peak voltage and current expressions derived in Section 3.2.5.
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3.3.1 Operational Waveforms

The component parameters used are those obtained in Section 3.2.4. The key
waveforms at the nominal input voltage (360 V) and full output power (4 kW) are

presented in Figure 3.8, demonstrating the process described in Section 3.1.2.

The plots on the left side show the full-scale currents and voltages, and the plots
on the right side provide a vertical zoom into these same waveforms. It can be
seen that the voltage output is a £360 V bus with little imbalance and ripple.
Both output inductor currents (I, and I,.,) are the same, and are each half the
magnitude of the input current. The current ripple of the input is significant, and
will be discussed in more detail in the sections and chapters to come. The voltages
across all three inductors are plotted together and largely follow each other. The
Cuk capacitor voltage (V) is roughly double that of the other three capacitors
(Ves, Vep, Vey ), which all experience approximately the same peak voltage. The
large peak voltage experienced by the Cuk capacitor voltage appears to be similar
to that experienced by both diodes (Vpg, Vp.) and the switch (Vpg).

With the operation of the CCS converter validated, it is necessary to check the
accuracy of the expressions used to generate the inductance and capacitance values

required to meet the design specifications.

3.3.2 Design Specification Verification

The converter has also been simulated at the limit voltages (294 V and 440 V)
using the component values listed in Table 3.3, and the ripple components in
these scenarios, along with the nominal input voltage scenario, are presented in
Table 3.4. In this table, the maximum ripple value for each component is in bold,

and the specifications are listed in the rightmost column.

It can be seen that for all targets, the ripple values measured are very close to
theoretical expectations. It can be seen that the simulated ripples slightly exceed
the specifications for ir., vcy, vo,. These differences, along with all others seen
in Table 3.4, arise primarily due to the small ripple approximation being applied
during the derivation process. This approximation neglected high order ripple
components which cause the discrepancies observed. Overall, the values obtained
from the expressions are accurate and provide a solid foundation from which the

design can be further optimised, if desired.
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Table 3.4: Current and voltage ripple results from simulations at nominal and
limit input voltages.

Input Voltage
294V | 360V | 440V | Target
Air, || 21.80% | 29.71% | 39.97% | 40%
Air, || 32.53% | 36.22% | 39.88% | 40%
Air, || 32.88% | 36.58% | 40.23% | 40%
Aveg || 11.17% | 8.36% | 6.22% 10%
Ave. || 9.93% | 8.20% | 6.64% 10%
Ave, || 2.18% | 2.00% 1.81% 2%
Avey, 1.63% 1.81% | 1.99% 2%

Table 3.5: Peak currents and voltages with 4 kW output power and V;y = 360 V:
simulations vs. theory.

Peak current (A) Peak voltage (V)
Simulations | Theory | Deviation || Simulations | Theory | Deviation
Switch 25.852 25.894 0.16% 741.0 749.551 1.14%
Lin 12.744 12.762 0.14% 381.0 389.551 2.20%
Lg 6.6097 6.566 0.67% 374.31 373.355 0.26%
L¢e 6.4983 6.566 1.03% 384.57 385.99 0.37%
Dg 16.185 12.947 | 25.01% 741.0 736.623 0.59%
D¢ 25.723 12.947 | 98.68% 741.0 749.551 1.14%
Cyg 6.6097 6.566 0.67% 374.31 373.355 0.26%
Ce 6.4983 6.566 1.03% 741.0 749.551 1.14%
Cp 5.6587 5.606 0.94% 366.68 363.268 0.94%
Cn 1.0166 1.010 0.65% 359.96 362.686 0.75%

3.3.3 Component Rating Verification

The peak voltages and currents measured in the nominal input voltage case (with
Pout = 4 kW) are shown in Table 3.5, which compares these measurements with
the values theoretically expected using the equations obtained analytically in Sec-

tion 3.2.5 in order to verify the accuracy of the derived expressions.

The results show that the percentage deviations from the theoretically derived
values are small - just 0.88% for the peak voltages, and just 0.66% for the peak

currents (with the exception of the diode currents).

The reason for the discrepancy in the diode peak currents, is that the theoretical
approach assumed that both diodes started conducting simultaneously, immedi-
ately following the switch turn-off. In this scenario, the switch current is split
equally between both diodes, so their peak is half of the switch’s peak current. In

reality, one diode will start conducting before the other, taking the full current
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momentarily before sharing it with the other diode. Which diode turns on first,
and the length of time before the other diode conducts, depends on the relative
capacitance of the energy transfer capacitors. Thus, even though both diodes
should ideally only conduct half of the peak switch current, in reality they should
both be rated to handle the full peak switch current.

These results provide a strong validation of the equations previously derived.
The minor discrepancies present stem primarily from the small ripple approx-
imations made when deriving the equations, so the inductance and capacitance
values should be tweaked slightly to ensure that the targets are met, starting from

the base values obtained from the derived equations.

With these simulations results largely validating the theoretical design process, it

is desirable to develop a prototype to experimentally verify these outcomes.

3.4 Experimental Prototype Design

It is necessary to design a prototype of the CCS converter in order to obtain
experimental results. This section explains this design process with details of
semiconductor technology selection, capacitor type selection, inductor design, and
an exploration of the printed circuit boards (PCBs) used for the power circuit,

gate driving, sensing, and control.

3.4.1 Semiconductor Technology Selection

The most popular semiconductor switch technologies presently used in SMPS ap-
plications are the silicon (Si) MOSFET and IGBT. MOSFETs and IGBTs are
cheap, reliable and well understood. MOSFETS are faster than IGBTs, and offer
good performance in lower power applications. They suffer high conduction losses
above 100 V and are typically rated to a maximum of 600 V. CoolMOS superjunc-
tion MOSFETs have been developed to reduce conduction losses, though issues

exist with their switching performance (primarily peak reverse recovery).

In recent years, wide bandgap (WBG) devices have gained interest and popularity
- specifically using semiconductor materials like silicon carbide (SiC) and gallium
nitride (GaN). These WBG devices can withstand higher voltages and temperat-

ures, and can switch much faster than conventional semiconductor devices.

Due to the high voltages in this application, standard silicon MOSFETs were



3.4. EXPERIMENTAL PROTOTYPE DESIGN

73

Table 3.6: Performance summary of transistor technologies.

Si MOSFET | IGBT GaN SiC
Conduction Poor Fair | Excellent Good
Switching frequency Fair Poor | Excellent Good
Temperature stability Good Fair Fair Good
Electrothermal robustness Good Good Poor Excellent
Reliability Good Good Poor Fair
Cost Excellent Good Poor Poor
Common voltage rating 600 V 1.7kV | 650V 1.2 kV

Table 3.7: Performance summary of diode technologies.

P-N SiC
Conduction Good | Medium
Switching Medium | Good
Temperature stability Medium | Good
Electrothermal robustness || Medium | Good
Reliability Good | Medium
Cost Good | Medium

deemed unsuitable. Next, IGBTs were ruled out due to their relatively low switch-
ing speeds, therefore limiting the switching frequency and thus increasing the size
requirements of the passive components. Despite the promising potential of GaN
transistors, gate driving challenges and reliability questions are still impeding their

widespread uptake.

Thus, SiC MOSFETs are chosen for this application, due to their high voltage
ratings and switching frequencies. The specific switching device selected is the
ROHM SCT3030KL (1.2 kV, 72 A, 30 m2) N-channel SiC power MOSFET. SiC
power devices are efficient and are capable of high power densities. One drawback
of SiC MOSFETs is their cost, though this is expected to decrease over time and
SiC is expected to surmount the IGBT in 600 V to 3.3 kV applications. Another
problem of SiC power devices is their negative bias temperature instability, which
causes a reduction in the threshold voltage leading to potential catastrophic device
failure in high current modules with parallel devices [119]. A summary of some of

these key properties is provided in Table 3.6.

The other type of semiconductor device required in this converter is the power
diode. The most common power diode technologies used in SMPS applications
are the Schottky, fast, ultrafast, soft and SiC diodes. The main properties dif-
ferentiating these diodes are their reverse blocking voltage, their forward voltage
drop (determining on-state losses), and their reverse recovery characteristics (de-

termining switching losses).
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The junction topology used in Schottky diodes produces a lower forward voltage
drop, and gives a fairly fast and soft reverse recovery characteristic, however this
structure also limits their blocking voltage. Fast, ultrafast, and soft diodes have
different reverse recovery characteristics, but SiC diodes exhibit almost no reverse
recovery. Switching performance is prioritised in this application so SiC diodes
have been selected. The specific diodes selected are the Infineon IDH10G120C5
(1.2 kV, 10 A, 41 nC) SiC Schottky diodes. A summary of some of these key
properties is provided in Table 3.7.

3.4.2 Inductor Design

All the inductors used in this application are custom-made. Inductor design is
a complex process with several variables and constraints. There are two main

components to inductors:
e the magnetic core, which can be further divided into:
— core material
— core shape
e the windings, which can be further divided into:

— type of windings (conductor material, cross-sectional area, number of

strands)
— number of turns

First, the core material must be selected. Some of the key properties that need
to be considered when selecting the core material are the switching frequency,
the material’s saturation point, and the material’s permeability. It is desirable to
operate the core at a peak flux density that is below the saturation flux density
of the core material. For DC line reactor applications like this one, this is a
particularly salient point since there is a substantial DC current bias, pushing
the core’s flux towards saturation, as shown in Figure 3.9. For this reason, in
inductor applications (unlike for transformers), low permeability is a desirable
characteristic. Thus, though ferrite cores have typically been used in DC line
reactor applications [120], nanocrystalline powder cores have an advantage due
to their homogeneous low permeability [121]. Nanocrystalline powder cores are
formed with distributed and controllable micro air gaps to achieve low permeability
(normally from 60 to 120) in order to avoid saturation of flux density caused by

the large DC currents, thus one single piece of magnetic core can be used for the



3.4. EXPERIMENTAL PROTOTYPE DESIGN 75

B4
B

sat

minor B-H loop, —|
filter inductor

™ B-H loop,
large excitation

Figure 3.9: B-H curves [14].

inductor. Due to ferrite’s naturally high permeability (normally several thousand)
and low saturation point, additional air gaps must be inserted between ferrite
core pieces when making the inductor in order to avoid saturation. This can
lead to complex and difficult designs and inconsistent performance. Additionally,
the saturation point of nanocrystalline-based materials is more than twice that of
ferrite, which further supports the use of nanocrystalline powder cores in DC line
reactors [122]. The core losses depend not only on the material selected (which
determines the ‘thickness’ of the B-H loop), but also on the size of the ripple
(which determines the width of the B-H loop). This is shown in Figure 3.9, where
the minor B-H loop relates to the current ripple superimposed on the average
inductor current, compared with the large B-H excitation loop which would relate

to an application where the entire current is alternating (e.g. a transformer).

Next, the core shape and dimensions must be decided. As previously mentioned,
nanocrystalline powder cores do not need additional air gaps, so toroidal cores
are popular due to their uniform cross-sectional area. For ferrite cores, there
are numerous geometries similar to E cores, which will require a specific air gap
to dominate the inductor properties and prevent the core from saturating. The

overall size of the core depends on the energy stored (given by %L[ 2.

Once the core material, shape, and size have been determined, it is necessary to
consider the windings. Typically, copper conductors are used, and a minimum
cross-sectional area can be determined based on the current carried and the con-
ductor’s current density. The skin effect is the tendency for high frequency currents
to be distributed near the surface of conductors. This effect predominantly affects

AC inductors and transformers, and is usually not relevant for DC line reactors be-
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cause the DC currents distribute evenly through the conductors. The skin depth,

0, where the current density reaches approximately 37% of its surface value can

p
5= ./
WfMTMO

be calculated using:

where

p is the resistivity

f is the signal frequency

1 is the relative permeability

1o is the permeability of free space.

In situations where the ripple component of a DC current is significant then the
skin effect may still need to be considered by reducing the effective cross-sectional
area of the conductors. In these situations, larger gauge conductors may provide
a sufficient conducting area, though this is an ineffective utilisation of copper, so
smaller, stranded conductors are generally used. If possible, the effective cross-
sectional area should be increased to be as large as possible above the minimum
requirements in order to reduce the resistance (and hence copper losses), but these
conductors should remain sufficiently small in order to fit the required number of
turns in the core window. For a 100 kHz current ripple component in copper
conductors, the skin depth is calculated to be 206 ym. Considering all factors,

multistrand Litz wire is used for the inductors in this application.

Next, the number of turns required can be calculated using the desired inductance,
core size, and core permeability. The ‘fill factor’ (also known as the ‘window util-
isation factor’), is a value between 0 and 1 that represents how much of the window
area is occupied by conductors. In order for the desired number of windings to fit,

the following must hold:
window area X fill factor > number turns X cross — sectional area

This can be an iterative process, for example if the core selected cannot fit the
required number of turns, or if a different trade-off between copper and core losses
is desired. The copper losses depend on the rms inductor current, which is close
to its DC component when the ripple components are relatively small. Typically,
these copper losses dominate the core losses (which can usually be ignored), and

so the design is driven largely by the windings.
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Table 3.8: Details of the capacitors selected in the CCS converter.

Target Part number Capacitance | Voltage
Cs || 1.04 uF | KEMET R71VN41504030K 1.5 puF 520 V
Cco || 047 pF | Vishay MKP1840 447 104M 047 pF 1 kV

Cp || 4.25 pF | Vishay MKP1848 550 704K2 5 pF 700 V
Cy || 0.39 pF | KEMET R75MI33304030J 0.33 pF 400 V

3.4.3 Capacitor Type Selection

The two main types of DC capacitors used in SMPS applications are the electro-
lytic capacitor and the film capacitor. Electrolytic capacitors typically have lower
voltage ratings and shorter lifespans due to evaporation of their non-solid elec-
trolytes, causing decreases in capacitance and increases in their equivalent series
resistance (ESR). By contrast, film capacitors are commonly rated up to 3 kV,
however are only available in relatively low capacitance values. In this applica-
tion, the capacitors experience relatively high voltages (e.g. the Cuk capacitor
voltage can exceed 800 V), and only modest capacitances are required due to the
high switching frequency. Thus, film capacitors are the most well-suited capacitors

for this application. The specific capacitors selected are given in Table 3.8.

3.4.4 Power board

The initial PCB for the CCS converter included both the gate drive circuitry
and power devices to minimise the overall converter size, however later revisions
separated them to further reduce stray inductance in the power circuit. The final
version of the power board prototype is shown in Figure 3.10. In designing a
PCB for high power applications, there are three key considerations: current-
carrying capacity, voltage ratings, and reduction of the stray inductance in the

power circuit.

To ensure that the PCB can support the current requirements of the converter, a

sufficient conductor cross-sectional area must be provided. This is achieved by:

1. Increasing the copper thickness of the traces compared to a ‘signal’ or ‘con-
trol” PCB

2. Using wider traces

3. Running traces on multiple PCB layers, though traces on inner PCB layers

aren’t easily cooled.
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Figure 3.10: 4 kW CCS converter’s power board PCB.
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In this application, the PCB copper thickness was 35 um, as the manufacturing
costs go up substantially beyond this point. The PCB was designed with two
layers, so traces were run on both layers. With this trace thickness and number of
layers, to support a peak current of 26 A (shared over two layers) it was necessary

to ensure a minimum trace width of 3.9 mm.

To support the voltages present between various nodes of the converter, it is
necessary to ensure sufficient spacing (known as ‘creepage’ distances) between
PCB traces to avoid flashover and tracking. The board itself is made of standard
FR-4 glass epoxy which has breakdown voltage of 20 kV/mm. The standard
PCB thickness from the selected manufacturer is 1.55 mm, so insulation between
PCB layers is not an issue. For clearances on the same layer, the PCB design
was guided by IPC-2221B (Generic Standard on Printed Board Design) and IPC-
9592 (Performance Parameters for Power Conversion Devices). From Table 3.5,
it can be seen that two common peak voltages that occur in this converter are
approximately 750 V and 400 V, at the nominal input condition. For 750 V, the
clearance should be at least 3.75 mm between exposed copper (e.g. component
pads that will be soldered to), and 1.56 mm for coated copper (e.g. traces that
have an epoxy-ink solder mask applied). For 400 V, these clearance requirements
drop to 2.5 mm and 0.8 mm respectively. Note that for other input voltages within
the defined input range, these peak voltages will be higher. Thus, the converter
has been designed to the worst case conditions, with substantial extra margin to

account for overshoot and ringing.

Beyond ensuring the PCB can support the currents and voltage present in the
converter, proper component layout and trace routing is required to minimise the
stay inductance of certain critical paths. These critical paths include any traces
where large, fast changes in current are expected to occur - including the switch,
energy transfer capacitors, and diodes. For these paths, careful planning has been

undertaken to minimise the inductance by:
e Placing key components close together to reduce the trace length
e Increasing the trace width

e Using power planes and careful routing traces for the current return paths

to minimise loop size.

The PCB designed also includes test points to easily measure the voltages at
all nodes. One limitation introduced by optimising for inductance is that current
sensing shunt resistors were removed - thus explicit current measurements are only

possible for the input, outputs, and inductors. However, through an understand-
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(c) 3D PCB model. (d) Photo of developed PCB.

Figure 3.11: Isolated gate driving board.

ing of the circuit’s operation and applying Kirchhoff’s current law, the currents

through most other components can be implicitly obtained.

3.4.5 Gate Driving

As discussed in the previous section, a separate PCB was designed for the gate
drive circuitry to allow the power board designed to be optimised (shown in Fig-
ure 3.11). Though not required for this application (due to the ground-referenced
switch), the gate driver was designed with isolation included to maximise com-
patibility in other applications. The driver is powered with a 5 V supply, and the

gate drive signal can be provided in three ways:
e as a 3.3 V electrical signal (directly from most common microcontrollers)
e as a 5 V electrical signal
e via a fibre optic cable

If the PWM signal is provided electrically then it is passed through a digital
isolator (Texas Instruments ISO721) to the ‘hot’ (isolated) side of the gate drive
PCB. The gate driver used is the Texas Instrument UCC27531. This chip is cap-
able of sourcing 2.5 A and sinking 5 A through asymmetrical drive (split outputs),
and allows separate resistors for turn-on and turn-off. The circuit has been con-

figured to apply a +20 V turn-on signal and a -2.5 V turn-off signal. Applying
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Figure 3.12: Optical transmitter board.

a negative voltage for turn-off provides immunity against parasitic turn-on. This
parasitic turn-on can occur due to the rapid voltage changes causing a current
to flow through the Miller capacitance and the gate resistances, potentially indu-
cing a voltage on the gate in excess of the threshold voltage [123]. Even though
SiC MOSFETs have small Miller capacitances compared with silicon IGBTs, they

switch much faster and have lower threshold voltages.

In this application, a fibre optic cable has been used to send the PWM signal to
the gate drive circuit, so a simple optical transmitter PCB has also been built, as
shown in Figure 3.12. This board has two channels, which can be configured with
jumpers to be driven from either a 3.3 V or 5 V signal source. In this application,
the input has been configured as 3.3 V, driven directly from the microcontroller’s
PWM output.
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Figure 3.13: Isolated voltage and current sensing board.
3.4.6 Sensing

Isolated voltage and current sensing is needed for closed-loop control of the CCS

converter. There are several isolated sensing options which are detailed here:

o Voltage: The simplest method to measure high voltages is with a large
resistive voltage divider, where a large resistor drops the bulk of the voltage
and the voltage across the small resistor is measured by an isolated sensor.
An alternative is to use an isolated current sensor to measure the current

flowing through the large shunt resistor.

e Current: The use of a Hall effect current transducer is inherently isolated.
It is also possible to add a small series (shunt) resistor, which will have a
voltage across it proportional to the current. This voltage can be measured

and isolated as described previously.

These isolated waveforms must then be converted to digital form for use within the
microcontroller, with analog-to-digital converters (ADCs). Some of the key spe-
cifications used to classify ADCs include their resolution, accuracy, and sampling

speed. There are many types of ADCs, of which two are commonly used in power
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electronics applications:

o The successive approzimation register (SAR) ADC is one of the oldest and
most widely used ADC types, which works by sampling a signal then using
an iterative process to converge upon a digital value for each conversion
point [124].

e The Sigma-Delta ADC is a newer type of ADC which became popular with
the development of practical digital signal processing. It is slower than the
SAR ADC, but offers a higher resolution and noise mitigation. Sigma-Delta
ADCs make use of oversampling signal data and applying digital filters [125].

In this application, voltages are measured using the voltage divider technique,
feeding isolated voltage sensors which are connected to the controller’s SAR ADCs,
and currents are measured using Hall effect current sensors, processed with op-amp
circuits, and then connected to the controller’s SAR ADCs. An isolated sensing
board was developed as shown in Figure 3.13. This board can simultaneously
sample four voltages and currents, and communicate the measured data to the

controller via SPI.

3.4.7 Controller

A Texas Instruments C2000 Delfino microcontroller (MCU) is selected for con-
trolling the converter due to its high resolution PWM modules, built-in ADCs
(both SAR and Sigma-Delta), high clock speed, and processing power, allowing it
to perform complex control algorithms in the short switching period. The specific
model selected is the F28379D, which is a dual-core 200 MHz MCU, specifically
designed for closed-loop control applications. One of the cores is allocated the
control (high priority) tasks, and the other core is used for interfacing and other

non-critical tasks.

The MCU is obtained on a low cost evaluation and development board, known as
the LaunchPad (LAUNCHXL-F28379D), which has a subset of the MCU’s pins
available. This board is used because the limited pins available are more than suf-
ficient for the requirements for the CCS converter, and using an evaluation board
reduces development time associated with designing complex PCBs to accommod-
ate MCUs.

The LaunchPad has 4 x 20-pin headers, so a ‘control board’ has been designed

here to provide extended peripherals. This control board has been designed not
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Figure 3.14: Control board for the LaunchPad MCU development board.
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Figure 3.15: Load bank consisting of 10 x 120 €, 1 kW resistors.

only for this application, but also to provide extended functionality so that it can

be used easily in other applications. The board provides:

a regulated power supply for the LaunchPad, generated from a supply with
an input in the range of 7V - 30 V

e a four channel, bipolar output, 16-bit digital-to-analog converter (DAC)
which communicates with the MCU via SPI, and provides coaxial SMA

connectors to easily view internal data on an oscilloscope

e five isolated Sigma-Delta ADCs

o six PWM connectors

e a SPI connector for communicating with the sensing board previously dis-

cussed

e a Controller Area Network (CAN) driver for communication with other con-

trollers

Figure 3.14 shows this control board.
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3.4.8 Load Bank

A bank of 10 x 120 Q resistors (TE Connectivity TE1000B120RJ) has been built
to serve as the DC load for the CCS converter, as shown in Figure 3.15. The
resistors are wired to connectors to allow them to be easily configured into various
topologies. This allows numerous effective resistance values to be created, allowing
the converter to be tested over a range of output powers. These resistors have been

mounted within a box for safety, and are cooled with a large automotive fan.

3.5 Experimental Results

A programmable DC supply, capable of providing 4 kW of power at a voltage
range of 294 V to 440V is connected to the input of the CCS converter. The load
used consists of 10 x 1 kW resistive loads with flexible configuration options. By
varying the series and parallel connections, it is possible to test the CCS converter
under several output power conditions. In this section, the converter has been
tested at an output power of 2160 W (closest power available with the available
resistance configurations to the 2 kW described in Section 3.2.2), though Chapter 5

investigates the converter’s operation in other load conditions.
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Tektronix THDP0200 high-voltage differential probes (200 MHz bandwidth) and
TCPO030A current probes (DC to 120 MHz bandwidth) have been used for all
measurements. The experimental results obtained with this prototype are shown
in Figure 3.16a. Simulation results similar to those in Section 3.3.1 have been
obtained, however the output power and passive component values have been
modified to match the experimental configuration. The set of simulation results
corresponding to the experimental waveforms has been presented in Figure 3.16b
to provide a clear side-by-side comparison. This comparison demonstrates that the
simulation and experimental waveforms are highly consistent, validating both the
simulation studies and the analytical derivations presented. One notable difference
between the experimental and simulation results is the presence of ringing at the
switching transients. This ringing is due to parasitics present in the converter,
particularly in the inter-turn capacitance of the hand-wound inductor windings,
and so it is expected that with better inductor and winding design, this ringing

would reduce substantially.

Depending on the application, there are two potential issues with the CCS con-

verter as designed so far:
1. The input current ripple is relatively large with modest inductance values.

2. Having three discrete inductors requires three discrete magnetic structures,
increasing the volume and weight, and thus negatively impacting the volu-

metric and gravimetric power density.

The first issue could be resolved by simply increasing the size of the input inductor,
however to achieve small ripples (for example, less than 5%) a very sizeable in-
ductor would be required, exacerbating the second issue. In the next chapter, this

converter is modified in such a way that both of these issues are addressed.

Further experimental results and analysis of the CCS converter will be provided

in Chapter 5 after the modified CCS converter has been introduced.

3.6 Chapter Conclusion

This chapter introduced the CCS converter and discussed its strengths - a groun-
ded bipolar DC output, a high gain, its flexibility in providing both voltage step-up
and step-down, its continuous input current, and its topology which requires only

a single ground-referenced MOSFET. The CCM operation of the converter was
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examined, with a description of the energy transfer process from the input to the

output during each of the switch ‘on’ and ‘off’ states.

Following this theoretical analysis of the converter, the process of designing a
converter was explained. Equations were derived for sizing each of the passive
components based on the required performance specifications. Additional equa-
tions were also provided to determine the peak voltage and current ratings for
all of the converter’s components. With these values, the proposed converter was

simulated using the Saber simulation platform to:
e provide insight into the various component waveforms (currents and voltages)
e verify that the performance criteria were satisfied
e validate the component sizing and rating equations.

The development process of a 4 kW experimental prototype was then studied,
with an examination into the various design decisions. These decisions included
the choice of semiconductor technology, inductor core material, capacitor tech-
nology, and voltage and current sensing methods. The various PCBs developed
for this prototype were shown, with an explanation of the constraints involved in
their design. Finally, data was obtained from this experimental prototype which
validated both the theoretical and simulation results. Two issues have been iden-
tified (a large input current ripple, and three discrete magnetic structures). These

issues will be addressed in the following chapter.



Chapter 4

Inductor Coupling in the CCS

Converter

The previous chapter examined the CCS converter and explained its suitability
for solar PV applications. This chapter introduces the ripple steering concept,
achieved through inductor coupling, and demonstrates the benefits this has for the
CCS converter, particularly in PV applications. It provides analytical derivations
and simulation results, followed by a discussion of optimisation strategies and ob-
jectives. A comprehensive inductor design process is presented, supported by sim-
ulation and experimental results which demonstrate the large reductions in input

current ripple.

4.1 Ripple Steering in Cuk and SEPIC Converters

Domestic solar PV applications are highly cost sensitive and demand high per-
formance. Costs can be reduced by using converters with lower component count,
as well as minimising their size and weight to help reduce logistics and installation
costs. It has been established that performance (defined as total energy extracted)
can be improved by reducing the solar array’s current ripple, allowing it to main-
tain operation closer to its MPP. In this chapter, it will be shown that both of
these metrics can be improved by modifying the CCS converter’s magnetics using

a technique called ‘ripple steering’.

Standard Cuk and SEPIC converters have a major advantage over several other
DC-DC converters with their continuous (non-pulsating) input and output cur-

rents. The current waveforms are average DC currents with superimposed tri-
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angular switching frequency ripple components. Considering the topology of the
magnetic connections (i.e. the magnetic circuit) in addition to the electrical circuit
can bring enormous benefits. This coupled-inductor concept was first investigated
in [126] and termed ‘integrated magnetics’. The author stated that “in addition to
the original capacitive energy transfer from the input to the output, the coupled
inductors bring a simultaneous inductive energy transfer. Thus one may intuit-
ively feel that this coupling will reduce the ripple of both the input and output

currents, which is indeed the case” [126].

Magnetically coupling the inductors can lead to large reductions in the triangular

ripple current components. This has numerous benefits:

e Reductions in size and weight: Reduced inductance requirements meaning
fewer turns are required, decreasing the size and weight of the inductors.
Lower current ripple can allow for smaller, lower-rated capacitors to be used
as there is less stress on the capacitors. In some applications, the reduced
input current ripple may even mean the difference between an input decoup-
ling capacitor being required or not. These reductions in size and weight

translate directly into increases in volumetric and gravimetric power dens-

ity.

e Reduced cost: Fewer turns requires less copper, reducing the cost of the
inductors. The reduced capacitor requirements also means that cheaper

capacitors can be used.

o Reductions in losses: Fewer turns means the winding resistance can be re-
duced, lowering the inductor copper losses. The smaller current ripple also
reduces the rms current, also contributing to lower copper losses. Smaller
current ripples means smaller variations in magnetic field strength, decreas-
ing the size of the B-H curves, reducing the hysteresis losses in the inductor
cores, and the smaller capacitor currents decreases the stress on the capacit-
ors and lowers their ESR losses. The reduced losses not only increases the
efficiency, but the reduced heat also contributes to prolonged component

(and hence converter) lifespan.

These benefits are not limited to the Cuk and SEPIC converters, but are present
in any converter employing integrated magnetics, including the CCS converter

proposed in the previous chapter.

Ripple steering theory, as originally applied in the Cuk converter, considers a basic
system of two coupled inductors as shown in Figure 4.1a (with coupling factor)

and Figure 4.1b (with mutual inductance). This system accounts for leakage and
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Figure 4.1: Two-port network of two coupled inductors.

mutual inductance, but neglects other non-idealities like winding resistances and
inter-turn capacitances. This forms a two-port network, which can be described

by Equation 4.1 and Equation 4.2:

L din(t)  dig (1)
L din(t) diy(t)

The mutual inductance, M, is defined by M = k+/L; Ly, where the k is the coupling
factor. This coupling factor is a measure of the degree of magnetic coupling
between the inductors and is commonly defined over the range of 0 < k < 1,
spanning from no coupling (i.e. completely independent coils) to perfect coupling.
In this thesis however, the coupling factor is defined for —1 < k < 1, where
negative coupling factors represent polarity inversions of the coil connections and

winding directions.

The above equations can be rearranged as follows:

vi () dt — Mdis (1)
Ly

vy () dt — Mdi, (1)
L,

(4.3)

dis (t) = (4.4)
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Solving these two equations simultaneously gives the following:

v (t)dt — M (M)

diy () = b (4.5)
. L1L2 M’Ug )
diq (t dt 4.6
o >( LiL, ) ( LiL, ) 40
di L L M
11( ) o 142 U2 ) (4'7)
dt L1L2 Ll LILQ
dil ( ) LQUl ( ) MUQ (t (48)
dt LiLy — M?
Writing the magnetising inductance in terms of the coupling factor:
d?:l (t) _ L2U1 (t) — k’\/ L1L2U2 (t)
dt L1L2 - ]f?LlLQ
d?:l (t) U1 (t) — ]{7 %Ug (t) 4 9
dt  Li(1—k? (4:9)

If vq (t) = vy (t) (which is true on average for both the switch ‘on’ and switch ‘off’

states), then:
dn () _ v O (k) (410)

dt Ly (1—k?)
L (1 — k’2> dll
)= —————= 4.11
n) = =2 (4.11)
This means the equivalent L; inductance can be expressed as:
diy
v (t) = Llequivalent% (412)
Ly (1 —k?
1equi’ualent = g (413)
1—k
In order for the ripple current component of 7; to be eliminated, L1, ;. ..., Must
be infinite, so the denominator must be zero:
Ly
1—k =0
Ly
L
= ]22 (4.14)



4.2. THE CI-CCS CONVERTER 93

If it is instead desired to eliminate the ripple current component of iy, the result

k= Ly 4.15
e (4.15)

In practice, it won’t be possible to reduce the ripple in a winding to exactly zero

becomes:

and produce perfect ripple steering [127]. The remaining ‘residual current ripple’

is present for two main reasons:

e Zero-ripple condition mismatch: The number of turns in inductor windings
is discrete, and the inductance also depends on the permeability of the mag-
netic circuit (which will vary due to manufacturing tolerances), so in practice

Equation 4.14 won’t be perfectly met.

o Impressed voltage mismatch: The process of deriving Equation 4.14 assumed
that vy (t) = vy (), though in practice this won’t hold due to internal factors
(e.g. the voltage drop across the winding resistance, which was neglected),

and external factors (e.g. the other components in the circuit).

It is possible to quantify the residual current ripple, including the contributions

from both of these sources, by re-writing Equation 4.9 as:

diy (1) U (8) = By S 2 o1 (8) = (01 () — 02 (1)]

dt L (1— &)

dil (t) o 1 L I
dt Ly (1—k2) (1 —k —) vy (1) —i—i{ L—2 (v1 () — vy (¢)) (4.16)

) g

. L. . i d volt i tch
zero-ripple condition mismatch 1mpressed vottage mismate

In perfect conditions the inductance itself is theoretically irrelevant and could
almost be zero and still achieve full current ripple cancellation. In practice, Equa-
tion 4.16 shows that the inductance is important in determining the residual cur-

rent ripple resulting from these unavoidable mismatches.

With theory underpinning the ripple steering technique detailed for a system of two

coupled inductors, it is possible to expand it for application to the CCS converter.
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Figure 4.2: Topology of the CI-CCS converter.

4.2 The CI-CCS Converter

By following a similar procedure, but extending it to a system of three coupled
inductors, we can begin to apply the principle of ripple steering to the CCS con-
verter. This modified CCS converter with integrated magnetics is known as the
Coupled Inductors Combined Cuk-SEPIC (CI-CCS) converter, and is shown in
Figure 4.2. The topology diagram is identical to that of the regular CCS con-
verter, with the exception of dots added to the inductors to indicate the polarity

of the added magnetic coupling.

4.2.1 Determining Equivalent Input Inductance

With the goal of determining the equivalent input inductance, we start with the
generalised inductance matrix for a system of three inductors (Equation 4.17), and

apply it to the CI-CCS converter to produce Equation 4.18:

Lyy Ly Lis

L= Ly Ly Loy (4-17)
L3y L3z Las

Lin Ms Mg

Ler-ccs= | Ms Ls Msc (4.18)
M¢c Msc Le
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where:

Mg is the mutual coupling between the input inductor and the SEPIC inductor
M is the mutual coupling between the input inductor and the Cuk inductor
Mge is the mutual coupling between the SEPIC inductor and the Cuk inductor

It should be noted that this matrix is symmetric since the mutual inductances

between two inductors are equal regardless of which is taken first (i.e. L, = L,,).

Next, the generalised inductor equations (Equations 4.19 - 4.21) are applied to

the CI-CCS converter to produce Equation 4.22 (expressed in matrix form):

di (t) dis (¢) dis ()
t)=1L L L: 4.1
vy () n— + Lo 7 + L3 0t (4.19)
- dig (1) dis (t) diz (t)
() (t) = L21 dt + LQQ dt + L23 dt (420)
o diy (1) diy (t) dis (t)
(R} (t) = L31 dt + L32 dt + 1333 dt (4.21)
VL;n (t) Lm MS MC dZL&—;;(t)
ULS (t) = MS’ LS MSC dZALdi(t) (422)
Ure (1) Me Mse  Le dlLd—ct(t)

The objective here is to determine an equivalent input inductance, so we need to
eliminate ¢z, and i;.. By rearranging Equation 4.22 and performing appropriate

substitutions, Equation 4.23 can be obtained:

LM, — LinLsLe + LsM2 + Le M2 — 2MsMeMsc di,,, (t)
B M2, — LsL¢ dt
McMgsc — Lo Mg MsMsc — LsMc
) ) VLo (t) (423)

ULin (t)

vre () +

Finally, we can apply the approximation vy, (t) = v, (t) = v, (t), as in the
‘on’ state these voltages all average to V;,, and in the ‘off” state these voltages all

average to —V,,;. After rearranging this results in Equation 4.24:

_ LiLsLe +2MsMoMsc — LsMZ — LecM2 — Ly, M2, diy,,, (1)

() = 1.24
Vi (*) LsLc + MsMsc + McMge — LeMg — LsMe — M2, dt (4.24)
ULin (t) = 7;77/eq1u'valent dt

This produces the expression for the equivalent input inductance given in Equa-
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tion 4.25:

_ LinLsLc +2MsMoMsc — LsM2 — LoM?% — L;, M2,

Lo = 4.25
equivalen LSLC + MSMSC + MCMSC — LCMS - LSMC - M%’C ( )

The same process carried out for the SEPIC and Cuk inductors gives the equivalent

inductance expressions in Equation 4.26 and Equation 4.27:

L _ LinLsLc +2MsMcMsc — LsME — LeMZ — Lin Mo
cauivalent LinLc — LinMsc — LeMs + Mc (Mg — Mc + Msc)

_ LinLsLc + 2MsMcMsc — LsME — Le Mg — Lin Mo

cavivalent = LinLs — LinMgo — LsMe + Mge (Me — Mg + Msc)

(4.26)

L¢ (4.27)

If we were to replace all three mutual inductance terms (Mg, Mo, Mgc) with zero

in Equations 4.25 - 4.27, we would simply be left with:

inequivalent = in (428)
Sequivalent = LS (429)
Cequi'ualent = LC (430)

This leaves us with the same inductances as the previous CCS (uncoupled) con-

verter, as expected.

In this application, we are primarily focused on minimising the input current ripple
so the remainder of this section centres on the maximising the equivalent input

inductance, L A discussion of the merits of increasing the equivalent

Mequivalent *

output inductance is provided in Section 4.5.

Generally, it is more practical to think in terms of coupling factors rather than

mutual inductances, so we apply Equations 4.31 - 4.33:

MS’ - kl vV LGLS (431)
MC == kg\/ LGLC (432)
Mo = ksv/LsLc (4.33)

With these substitutions, Equation 4.25 becomes Equation 4.34:

. ) Lin (14 2kyhoks — k3 — k3 — k) (4.34)

inequivalent ] -
1= k3 + ()72 (koks — ky) + /72 (kaks — ko)
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Figure 4.3: Input current ripple as a function of k; and k5, at various values of k3.

4.2.2 Effects on Input Current Ripple

With this new equivalent input inductance expression, it is desirable to estimate
the impact this has on the input current ripple. From v = L%, we know that the
current ripple varies inversely to the inductance (for the same applied voltage).
Thus, for a given equivalent input inductance, we can estimate what the input
current ripple would be with Equation 4.35, which scales the uncoupled input
current ripple inversely to the equivalent inductance:

Lin

Zripplene'w = L Z”"ippleuncnupled (435)

Mequivalent

Figure 4.3 shows this theoretical input current ripple as a function of k; and k,, at
various values of k3, using the same inductance values determined in the previous
chapter (L;, = 545buH, Ls = Lc = 891 puH). These graphs are based on the

nominal input voltage condition (V;, = 360V), so the input current ripple has
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been normalised to 30% (the theoretically expected input current ripple for the
uncoupled CCS converter, determined using Equation 3.6). In this figure, the
input current ripple has been capped at 80% for the sake of providing sufficient
resolution in the ‘interesting’ sections of the graphs. There are several important

observations from these results:

e There are substantial areas which are dark blue, representing reduced input
current ripple. There is an even bigger space that is covered by yellow,
orange, and red areas, which represent higher input current ripple, and thus

the coupling factors should be selected carefully.

e All nine graphs show perfect symmetry along the k; = ko line. The reasons

for this, and its implications, will be discussed in the next section.

e In some of the graphs, there is a dark blue line, representing zero input

current ripple. The origins of this line will be discussed in Section 4.2.3.

e Negative values of k3 appear to have larger areas of low input current ripple,

but positive values seem to lose this benefit.

e Around the regions of low input current ripple, the ripple appears to be
particularly sensitive to changes in coupling factors. This means that care
needs to be taken in inductor design to ensure that the benefits are being

fully utilised.

4.2.3 Simplifying the Equivalent Input Inductance

The nine input current ripple graphs in Figure 4.3 all display perfect symmetry

along the k1 = ko line. There are two reasons for this:

e Equal inductances have been used for Lg and L¢, due to the design process

outlined in the previous chapter

e The form of Equation 4.34 shows that k; and ko appear in “equivalent”

places, as do Lg and L.

This result has important implications. Due to this symmetry, we can apply two

constraints to greatly simplify the equivalent input inductance expression:

e Let Lg = Lo (= Low), since the Lg and L¢ sizing expressions (Equation 3.7
and Equation 3.8) yield identical values when the same output current ripple

targets are used
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Figure 4.4: Colour map of input current ripple as a function of k£ and ks.

e Let ky = ky (= k), since the symmetric results show no advantages to have

distinct values for these coupling factors.

With these constraints, the equivalent input inductance expression (Equation 4.34)

can be simplified to Equation 4.36:

L

| B Lin (1 + 2k%ks — k2 — k2 — k2)
equivalent 1_ k% X % (kkg _ k) + LL:; (kkg - k)
_ Lin (14 ks — 2k%)

Z‘nequi'uale'n,t - L.
out

L (4.36)

In Figure 4.3, only nine values of k3 were tested, however with the reduced number
of variables it is now possible to generate a single graph covering all possible values
of k3. This is shown as a colour map in Figure 4.4 (and Figure 4.5 shows this same
data as a 3D surface plot), where the estimated input current ripple is plotted as
a function of k£ and k3, covering all coupling factors between -1 and 1 with the

constraints ky = kg and Lg = L.
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Figure 4.5: Surface plot of input current ripple as a function of k and ks.

[t can be seen that there is a line with zero current ripple originating at (k = 0,
ks = —1) and slanted up to the right. The derivation of this line can be obtained
by understanding that the input current ripple is eliminated when the equivalent
input inductance is infinite. This occurs when the denominator of Equation 4.36

is zero, giving Equation 4.38, which describes the line observed in the graph:

Lin
1+ ks — 2k =0 (4.37)
Lout
Lin
ks = 2k -1 (4.38)
Lout

It should be noted that the values of L;, and L, are fixed here at 545 pH and
891 pH, though it can be seen that the gradient of Equation 4.38 could be varied

by altering these inductances.

From the graph, it can also be seen that negative values of k should be discarded as
they produce higher input current ripple than the uncoupled scenario. Similarly,
ks values above approximately 0.2 don’t give the lowest input current ripple. Thus,
the lowest current ripple area appears to be bounded by 0 < k£ < 0.8 and —1 <
ks < 0.2. Figure 4.6 shows a colour map zoomed into this area of interest, where

a zero input current ripple is theoretically possible.
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Figure 4.6: Colour map of input current ripple as a function of k£ and k3, showing
the lowest ripple section.

One limitation of this approach is created when progressing from Equation 4.23
to Equation 4.24, where the time-varying voltage terms were replaced with their
average values, effectively creating a first-order approximation. Thus, there will
still be a ripple component present in the input current due to the higher order

terms.

In order to quantify the impact of this approximation, it is necessary to perform

simulation studies of the CI-CCS converter at varied coupling factors.

4.3 Simulation Studies

In order to verify the effects of coupling the CCS converter’s inductors and assess
the accuracy of the analytical results obtained in Section 4.2.2, it is necessary to
undertake simulations of the CI-CCS converter. Here, the MathWorks Simulink
environment has been used, and the component values are the same as in the

previous section.
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Figure 4.7: Input current ripple as a function of k; and ks, at various values of k3.

The first set of simulations have been performed relaxing the previous constraint
of k1 = k5 in order to provide a comparison with the analytical results presented
in Figure 4.3. These simulations have been performed by sweeping the coupling
factors across the same range (-0.99 to 0.99), and at the same values of k3, and

the results are shown in Figure 4.7.

Obtaining such graphs is extremely computationally intensive; in the analytical
case (Figure 4.3) the coupling factors were incremented in steps of 0.01, giving
hundreds of thousands of data points which, if simulated, would take almost three

weeks '. Even if the simulations were parallelised across processor cores, the time

!Nine graphs, each with k; and ky varying from -0.99 to 0.99 at 0.01 increments gives 9 x
199 x 199 = 356,409 data points. At 5 seconds per simulation, this would take (356409 x 5) +
(60 x 60 x 24) = 20.6 days.
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Figure 4.8: Colour map of input current ripple as a function of k and ks.

taken to obtain a single set of results would still prohibitively long. Thus, the
coupling factor increment used for obtaining these results is 0.09, producing in the
slightly ‘blockier’ graphs. This computational time challenge will be addressed in
Section 4.4.

Aside from this coarse granularity, these results obtained from simulations match
very closely with the corresponding analytical results previously presented in Fig-
ure 4.3. The ripple values obtained in simulations are slightly higher than those
obtained theoretically, due to the higher order effects which were neglected in the

first-order approximations.

As with the theoretical results, there is clear symmetry along k1 = ko, so we can
again apply a simplifying constraint that k; = ko (= k). With this simplification,
we can obtain another graph covering all possible values of coupling factors, k£ and
ks.
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Figure 4.9: Colour map of input current ripple as a function of k£ and k3, showing
the lowest ripple section.

This graph is shown in Figure 4.8, and shows close resemblance with the theoretical
version presented in Figure 4.4. Simulations are performed at a higher resolution
in the area of interest and the results are shown in Figure 4.9, which again shows
close resemblance to the theoretical version in Figure 4.6. Once again, these graphs
are ‘blockier’ than the theoretical equivalents due to the computational intensity

of running these simulations.

In order to accurately determine the minimum input current ripple over this entire
space, it would be necessary to increase the resolution of these simulations, but
in doing so the computational intensity goes up in polynomial time. It would
of course also be possible to start with a large step size to isolate the regions
where the lowest input current ripples are located, then iteratively use a finer step
size on small regions, until sufficient accuracy has been reached. This method
is still time-consuming, requires significant manual intervention, and still won’t
necessarily guarantee the most optimal result (unless by chance it corresponds to

a sample point).

Alternatively, the consistent analytical and simulation results mean that the ana-
lytical expressions can be used to greatly reduce the “space” of k and ks needing

to be simulated (rather than simulating the entire space).

Clearly a better solution is required.
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4.4 Optimisation Techniques for Determining Op-

timal Inductor Coupling

4.4.1 Overview of Optimisation Techniques

In order to find the combination of coupling factors that yields the lowest input
current ripple, a method is required that is less-computationally intensive than
simply testing a region at a fixed step size. This section introduces a number of
popular optimisation techniques and discusses their suitability for this application.
These optimisation techniques are often used in machine learning applications (for
example, training neural networks), where the variables being tuned are known as

‘hyperparameters’. The most popular optimisation techniques are:

e Grid search: This is the method used in the previous section, where hy-
perparameters are swept over a defined space. Grid search optimisation
suffers from the ‘curse of dimensionality’, meaning the number of test points

increases drastically with the number of parameters being optimised.

e Random search: This method chooses hyperparameter combinations ran-
domly, rather than exhaustively testing all hyperparameter combinations as
with the grid search method. This method can outperform the grid search
method, especially when the problem has a low dimensionality (i.e. a small

number of hyperparameters).

o (radient-based optimisation: This method calculates the gradient with re-
spect to the hyperparameters to guide the optimisation. This can be done
with first order algorithms (e.g. gradient descent), or second or higher order
algorithms (e.g. Hessian) - though these are not commonly used as they
are slower than first order algorithms and the performance improvement is

marginal.

o Evolutionary optimisation: These methods work by first generating a ran-
dom initial population of sample points, then evaluating the ‘fitness’ of these
points (i.e. determining the ripple at each point), and finally generating a
new population by perturbation of the existing population. This process is
repeated until some stopping criteria is met. The differences between evolu-
tionary algorithms lies primarily in the method of producing new populations
based on solutions from the previous populations. The most popular types of
evolutionary optimisations are the ‘particle swarm’ and ‘genetic algorithm’

methods. These methods are useful when the function has discontinuities,
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when there many dimensions, and when there are several optimisation ob-

jectives.

e Bayesian optimisation: This method works by defining a probabilistic ‘sur-
rogate function’ which approximates the real function, and is easy to evalu-
ate. It then iteratively evaluates promising parameter combinations, based
on an ‘acquisition function’, which estimates the profit for sampling at a
point [128]. Bayesian optimisation works best for a low number of dimen-
sions (typically 10 or fewer), and for ‘well behaved’ functions, making it the
most applicable optimisation technique for this application. Thus, it will be

explained in more depth in the following section.

4.4.2 Bayesian Optimisation Applied to the CI-CCS Con-

verter

The overview of optimisation techniques presented in the previous section gave a
brief introduction to Bayesian optimisation, and this section further explains the
technique and how it can be applied to minimise the CI-CCS converter’s input
current ripple. Bayesian optimisation is an iterative method which repeats the

following steps:

1. Pick a random set of hyperparameters and evaluate the function (i.e. per-
form a simulation with random values of k and k3 in the range of -0.99 to

0.99, and determine the ripple).

2. Create a ‘surrogate function’ which approximates the true function, but
is easy to evaluate. It is popular to use surrogate models which are non-
parametric Gaussian processes (GPs), in order to model complex data and

estimate uncertainty [129, 130].

3. Create an ‘acquisition function’, which estimates the profit for sampling at
all possible hyperparameter combinations. It estimates this profit by using
the most up-to-date surrogate function. This acquisition function aims to
balance exploitation (searching in regions with the best estimated value)
against exploration (searching in regions of high uncertainty). There are a
variety of acquisition functions (e.g. max probability of improvement, upper
confidence bound, expected improvement, etc.) which balance this trade-off
differently [131].

4. The maximum of the chosen acquisition function is found, and the real func-
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tion is then evaluated at the hyperparameter combination corresponding to
this maximum. The resulting ripple is used to re-train the surrogate function

and the process is repeated with the updated function.

5. This process is repeated until some stopping criteria are met. These stop-
ping criteria are defined by the designer and could include a set number of

evaluations, a fixed time, or a threshold in the rate of improvement [132].
This process makes Bayesian optimisation well suited for applications where:

e The function describing the surfaces are ‘well behaved’ (loosely meaning
that it satisfies some regularity conditions and the function’s value at some
point can be estimated by looking to neighbouring values). They can be
multimodal because Gaussian processes will ensure that the optimisation

doesn’t get ‘stuck’ in local minima.
e The function is explicitly unknown
e Evaluations of the function are expensive
e There are a low number of dimensions (typically 10 or fewer).

As can be seen, the Bayesian optimisation technique is well-suited to the coupled
inductor design process. The next section details the input current ripple minim-
isation of the CI-CCS converter, given the inductances from the uncoupled CCS

converter.

4.4.3 Minimum Input Current Ripple

A Bayesian optimisation is performed to determine the optimal inductor coupling
to minimise the worst case input current ripple (i.e. at V;, = 440V). The in-
ductances are again set to their values from the uncoupled CCS converter design,
and the hyperparameters being varied are kq, ko, and ks - this is referred to as
the ‘unconstrained’ optimisation. This optimisation is run for 200 iterations, and
the optimisation results obtained are shown in Figure 4.10a. The coupling factors
produced by this unconstrained optimisation are shown in Table 4.1, and the in-
put current ripple is calculated to be just 1.24%. It can be noted that despite the
graphs in Figure 4.7 appearing symmetrical (suggesting that there is no advantage
to distinct values of ky and ks), the coupling factors produced have ki # ky. This
is because along the ‘valleys’ of low current ripple, there may be slight variations

in the input current ripple.
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Figure 4.10: Optimisation results: minimum input current ripple vs. number of
evaluations.

Table 4.1: Coupling factors for the various optimisations.

’ Optimisation H ky \ ko \ ks ‘
None 0 0 0
Unconstrained || 0.024963 | 0.23709 | -0.79016
Constrained 0.23764 -0.62429

A ‘constrained’ optimisation is then conducted with k1 = ks (= k). This optimisa-
tion is also run for 200 iterations, and the optimisation results obtained are shown
in Figure 4.10b. The coupling factors produced by this constrained optimisation
are shown in Table 4.1, and the input current ripple is calculated to be 1.38%.
Both optimisations in Figure 4.10 show that despite being run for 200 iterations,
coupling factor combinations producing input current ripples close to the final
results are obtained in less than 20 iterations, demonstrating the power of using

the Bayesian optimisation technique in this application.

Table 4.2: Ripple components at the various optimisations.

’ Optimisation H AZLW (%) ‘ AiLS (%) ‘ AiLc (%) ‘ AUPOS (%) ‘ AUNEG (%) ‘

None 40.0 39.9 40.2 1.82 2.00
Unconstrained 1.24 191.8 194.2 1.78 9.67
Counstrained 1.38 106.3 107.9 1.81 5.36

Voltage and current waveforms of the converter with these optimised coupling
factors are provided in Figure 4.11, and the calculated ripple components are lis-
ted in Table 4.2. These results clearly demonstrate the reduction in the input
current ripple when these optimisations are performed, compared with the un-

coupled inductors scenario. The input current ripple of the CI-CCS converter
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Figure 4.11: Converter waveforms at V;,, = 440V for various optimisations (none
- dotted line; unconstrained - solid line; constrained - dashed line).
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can be reduced by 96.9% compared to the CCS converter, with the same induct-
ance and capacitance values (a reduction from from 40.0% to 1.24%, as shown in
Table 4.2).

It can be seen that despite the massive reduction in input current ripple, there is
a substantial increase in current ripple in the two output inductors, impacting the
negative output voltage ripple (due to the nature of the LC filter at the Cuk con-
verter’s output). This problem can be addressed by leaving the output inductors

uncoupled (i.e. constraining k3 = 0), which will be discussed in Section 4.5.3.

Now, we have shown that a substantial reduction in input current ripple is possible,
though in practice we are interested in a range of other objectives too. The fol-
lowing section discusses the broader aims of the CI-CCS converter design process,

and the optimisation processes used to meet them.

4.5 Broader Optimisation of the CI-CCS Converter

4.5.1 Potential Optimisation Objectives

Designing a switched-mode converter of any type is a multidimensional optimisa-
tion process involving several interdependent parameters. Trade-offs exist every-
where, where increases in design parameters like switching frequency have negative
impacts on losses, or reducing the size of some passives comes at the cost of having
to increase the size of others. Thus, in addition to reduced input current ripple
and total inductance, there are other objectives that may be considered when

designing the CI-CCS converter. These include:

e Constraining the inductor design: Minimising the input current ripple might
produce coupling factors that are difficult to obtain practically. We may want
to apply other constraints to the coupling factors to simplify the inductor
design (e.g. we may want all three inductors wound together so we only have
a single magnetic structure; we may have a preference for toroidal cores over

E-cores).

e Constraining the coupling factors: Depending on the core shape low coupling
factors may be hard to achieve so it may be desirable to have tightly wound
inductors with a high coupling factor. For example, coupled inductors with
a low coupling factor may need complex shapes with precisely controlled air

gaps. Conversely, tightly coupled inductors may be achieved with simple
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core shapes, such as a toroid.

o Altering the input current ripple target: In Section 2.2.3, it was determined
that a maximum current ripple of 5% should be enforced to ensure high
levels of energy extraction from the PV array. In reality, even this target is
flexible and it could be relaxed (to further reduce the inductor requirements)

or tightened (to increase the energy extracted).

o Qutput inductor current ripple: Though we are primarily interested in the
input current ripple, lower current ripple in the output inductors also has
benefits (e.g. lower hysteresis losses and therefore higher efficiency, reduced
output inductor size, reduced output capacitor size, option to reduce switch-

ing frequency).

o Switching frequency: A lower switching frequency may be desired to use a
different semiconductor technology, or to reduce heat sinking requirements
for the switching device (as the switching losses generally exceed the con-
duction and blocking losses). A lower switching frequency comes at the cost

of increased passive component sizes and losses in other areas.

e Internal (energy transfer) capacitor voltage ripple: In Section 3.2.1, a 10%
target for the internal capacitor voltage ripple was selected to guide the
design and allow linear approximations to be used. In reality, this target can
be relaxed. A larger voltage ripple would reduce the capacitances required,
though potentially require higher voltage capacitors, and larger inductors.
This additional degree of flexibility allows the size, efficiency, and cost of the

converter to be optimised.

e Internal inductor current ripple: Like above, the 40% internal inductor cur-
rent ripple target specified in Section 3.2.1 can be relaxed. Larger permissible
current ripples reduce the inductances required, though this comes at the

cost of increased capacitances.

e Efficiency: The different loss sources vary according to different parameters.
For example the switching frequency impacts the switching device losses,
copper losses (lower peak current but higher effective resistance due to the
skin effect), eddy current losses, hysteresis losses, and capacitor ESR, losses
differently.

o Volume, weight, and cost: The design may be optimised to reduce the overall
size of all the inductive and capacitive components, in applications where

size and weight is a high priority.
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4.5.2 Examples of CI-CCS Optimisations

In practice, all of the objectives given in Section 4.5.1 could be used for optimising
the CI-CCS converter’s design. Here, some examples of potential optimisations

are given:

1. Minimum input current ripple: This is the optimisation that was carried out
in Section 4.4.3, aiming to minimise the input current ripple by varying the

coupling factors without any constraints.

2. Minimum input current ripple with constrained inductor design: The first
optimisation process could produce coupling factors that are difficult to ob-
tain practically, so it is possible to apply constraints to simplify the magnetic
design. For example, restricting coupling factors to high values removes the
need for precisely controlled air gaps. Also, the choice of core shape restricts
coupling factors obtainable. For example, three windings on a single toroidal
core can either have three positive coupling factors, or one positive and two
negative coupling factors (and reversing the polarity of all three windings
does not turn this into two positive and one negative coupling factor). With
these constraints applied, the coupling factors can be varied to minimise the

input current ripple.

3. Minimum input current ripple with experimental flexibility: This optimisa-
tion is a subset of the second optimisation with the constraint that k3 = 0.
This restriction means that the input inductor is coupled with both the
SEPIC and Cuk output inductors, but these output inductors themselves
are uncoupled. The benefits this has for simplicity and flexibility in the ex-
perimental design will be explained in Section 4.6, which details how such
coupling factors are obtained. Removing coupling between the output in-
ductors also solves the increase in output current ripple observed in Sec-

tion 4.4.3 when the optimisation was run with k3 left unconstrained.

4. Minimum overall inductance: In practice, the objective is unlikely to be
simply to minimise inductance absolutely, but rather to meet a certain tar-
get, such as the 5% target set in Section 2.2.3. The first three optimisa-
tions listed here are based on the uncoupled inductances obtained previously,
which are arbitrary here. Thus, the three inductances (L;,, Ls, L) should
be considered as hyperparameters in addition to the coupling factors (ki,
ks, k3), in order to determine the minimum inductance values that would
meet the ripple targets. Lower inductances typically mean smaller, lighter,

and cheaper inductors. As previously seen, the worst case input current



4.5. BROADER OPTIMISATION OF THE CI-CCS CONVERTER 113

ripple occurs at the maximum input voltage, so this optimisation should be

performed at this voltage.

5. Mazimum efficiency: The first four optimisations listed here are focused on
the input current ripple, but this optimisation is concerned with improving
the CI-CCS converter’s efficiency. This would be achieved by defining how
the various losses vary depending on other parameters. For example, switch-
ing losses decrease with frequency, but lower switching frequencies lead to
higher copper losses (either through larger inductors which have higher res-

istances, or higher ripple components increasing rms inductor currents).

6. Maximum PV energy extraction: The previous optimisation focused on max-
imising the CI-CCS converter’s efficiency, however this is not the same as
maximising the overall power output of the PV system. This is because the
PV array’s average output increases as the input current ripple decreases,
but the converter’s maximum efficiency may not be at this low input ripple
current level. Thus, an optimisation could be performed that accounts for
the impact of varying input current ripple on both the PV array’s average

output and the CI-CCS converter’s efficiency.

7. Mazimum volumetric or gravimetric power density: An optimisation could
be performed on the physical characteristics of the converter (e.g. size or
weight). Once again, by varying parameters like the switching frequency, the
size of the passive components can be reduced, though care must be taken
include the required heat sink sizes resulting from changes in losses. Trade-
offs also exist between inductances and capacitances, so different targets and

values can be used to reduce the converter’s size and weight.

8. Hybrid optimisation: Rather than optimising for a specific objective to the
detriment of others, any number of objectives could be concurrently op-
timised. This requires the converter designer to define an appropriate cost
function which includes all of the desired objectives, appropriate weighting

factors, and any constraints which must be satisfied.

There are some constraints that should be considered irrespective of the objectives

being optimised:

e CCM operation: All analyses in this thesis are on the basis of CCM opera-
tion of the CI-CCS converter. This operational mode is not essential for the
converter’s functioning, though it is important to note that below a certain
load level the converter will transition into DCM operation, introducing ad-

ditional switch states as discussed in Section 3.1.2. The previous component
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sizing and rating equations provided in Section 3.2.4 and Section 3.2.5 were
derived on the basis of the switch ‘on’ and ‘off” states only, so a shift into

DCM operation means that these derivations may no longer hold.

o Converter performance objectives: Constraints should be applied to ensure
that the converter’s performance objectives are still met during the op-
timisation process. For example, reducing the converter’s volume through
changes in switching frequency and internal ripple targets may result in out-

put voltage ripple targets not being met.

e Operational range: Extending on the previous point, it should be ensured
that the converter meets its performance requirements not only at the nom-
inal conditions, but also over the entire operational range (for example, at

the lower and upper input voltage limits).

In this thesis, the third optimisation (minimising input current ripple with ex-
perimental flexibility) is the most appropriate because it allows the benefits of
coupling on the CCS converter to be experimentally demonstrated with flexibility

and without an overly complicated magnetic design.

4.5.3 Minimising Input Current Ripple with Experimental
Flexibility

There are several coupling factors that could demonstrate the reduced input cur-

rent ripple of the CI-CCS converter, though in this thesis it is beneficial to:

e use the same inductance values as the uncoupled CCS converter to provide
an accurate representation of the input current ripple reductions due to

coupling factor changes alone

e have a system of coupled inductors that allows coupling factors to be modi-

fied relatively easily if required.

Leaving the inductances (L;,, Ls, L¢) at their uncoupled values satisfies the first
point, and applying the restriction k3 = 0 allows the second point to be achieved,
by effectively splitting the input inductance into two, each half of which is coupled
separately with the SEPIC and Cuk output inductors, as shown in Figure 4.15.

With this configuration, interdependencies are minimised so that k; and ks can
be varied without affecting k3. This is explained further in Section 4.6. One

drawback with this configuration is that the coupling factors as previously defined
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are limited to k., = %, because M = kv/L;, Loy, so if L, is halved then

M=k Léi'L Loy = \%\/LmLout- It will be seen that isn’t an issue in this case

because the optimal coupling factor is lower than this limit.

Letting k1 = ko (= k) and k3 = 0 is equivalent to taking the diagonal cross-section

of the centre graph of Figure 4.3 and Figure 4.7.

The converter is simulated at rated power using the Saber simulation platform.
The resulting input current ripple as a function of coupling factor, k, can be seen
in Figure 4.12a, which shows the sensitivity of the input current ripple against
the coupling factor, k, at rated power. Using Figure 4.9, the range of k£ has been
limited to exclude the region of high input current ripple. The three lines show
the input current ripple (as a percentage of average input current) at the nominal
input voltage (360 V), as well as at the limits of the input voltage range (294 V
and 440 V). Tt is observed that the minimum ripple occurs at the same coupling

factor, independent of input voltage and voltage conversion ratio.

Using Equation 4.38, the theoretical equivalent input inductances can be calcu-
lated for each value of k. With this, an input current ripple can be estimated
using Equation 4.35. The results of this are shown in Figure 4.12b, which aligns
closely with the simulation results in Figure 4.12a, with the exception of the area
near zero ripple due to the approximations made in the analytical derivations neg-
lecting high order harmonics. The theoretically expected optimal coupling factor

for this scenario using Equation 4.38, is k = 0.639.

A Bayesian optimisation is performed on k to determine the optimal coupling
factor. The results of this optimisation are shown in Figure 4.13, demonstrating
that the curve in Figure 4.12a can be recreated with far fewer simulations. The
optimal coupling factor determined through this simulation-based optimisation is
k = 0.631, demonstrating that the theoretical and simulation results are highly
consistent. This result shows a significant decrease in input current ripple of more

than 80% for all three input voltages.

The most relevant component waveforms of these simulations are shown in Fig-
ure 4.14, which also shows the same waveforms for the standard (uncoupled) CCS
converter obtained in Section 3.3. The key observation is the significant decrease
in the input current ripple in the coupled inductors scenario, without negatively

impacting any other component current or voltage waveforms.

The average input current remains the same regardless of coupling factor, however
the ripple component is significantly reduced when a 0.631 coupling factor between

input and output inductors is used. The input current ripple (peak-to-peak) as a



116 CHAPTER 4. INDUCTOR COUPLING IN THE CCS CONVERTER

Input Current Ripple (%)

0 T T T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Coupling Factor (k)
(a) Simulation results.
45
40 .-
35 e ——= Vi =204V
— Vi = 360V
30 - O cere Voo = 440V

Input Current Ripple (%)

0 T T T T
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Coupling Factor (k)

(b) Analytically obtained.

Figure 4.12: Input current ripple vs. coupling factor at rated power for the limit
and nominal input voltages.
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Figure 4.13: Bayesian optimisation to obtain the optimal coupling factor, k, with
ks = 0.

percentage of average input current at rated power (4 kW) is shown in Table 4.3.
These results demonstrate that the optimal coupling factor reduces input current
ripple by 82% to 88% compared with the uncoupled scenario.

Table 4.3: Input current ripple at various coupling factors and input voltages.

. Input current ripple (percentage of average)
Coupling Vi = 204V [V, =360V [V, = 440V
None (k = 0) 21.8% 29.7% 40.0%
Optimal (k = 0.631) 3.8% 4.2% 4.7%

The current and voltage ripples in the output inductors and capacitors aren’t in-
creased when k3 = 0, addressing the issues created when k3 was left unconstrained

in the optimisation undertaken in Section 4.4.3.

The peak-to-peak output voltage ripple is measured to be 1.8% for the positive
DC output and 2% for the negative DC output, fulfilling the design requirements.

These values remain largely constant over variations in both input voltage and
coupling factor.

4.6 Experimental Design of the Coupled Inductors

The previous sections investigated various optimisations to reduce the input cur-
rent ripple, with a focus on one which applied the constraint k3 = 0 in order

to demonstrate the CI-CCS concept whilst maintaining the flexibility to adjust
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(a) Specialised design. (b) Simple equivalent design.

Figure 4.15: Specialised vs. simple equivalent coupled inductors.

coupling factors. This optimisation produces a set of coupling factors, as shown

in Figure 4.15a.

This section details the full design process for these custom-made coupled in-
ductors. Different coupling factors can be realised by connecting tightly coupled
toroidal inductors (k = ke = 1) in series with separate uncoupled inductors, as

shown in Figure 4.15b.

The self and mutual inductances of the coupled inductors in Figure 4.15a are:

Lin = Lin (4.39)
Ls=Ls (4.40)
Lo = Lo (4.41)
My = ki\/Lin x Ls (4.42)
My = ky\/Lin X Le (4.43)

Similarly, the self and mutual inductances of the tightly coupled inductors in
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Figure 4.15b are:

Lin, = Lin1 + Linz (4.44)
Ls = Ls1+ Ls2 (4.45)
Lo = Ler+ Lea (4.46)
My = kazV/Lint X L1 (4.47)
My = kynaz v/ Linz X Len (4.48)

Note that the input inductance has been split into two, where L;,; = Lj, =
0.5% Lyy,. If two coils tightly wound on the same toroidal core have a coupling factor
of ke = 1, then Lg; and Loy can be calculated by rearranging Equation 4.47
and Equation 4.48, where the values for M; and M, are obtained from the desired
values given in Equation (4.42) and Equation (4.43). This produces the expressions
for Lg; and Ly given in Equation (4.49) and Equation (4.50):

k2
Lsi=2( Lg (4.49)

ko \2
Lei=2( - Lo (4.50)

It is then easy to calculate the separate series-connected inductances required, Lgo
and Lo by using Equation (4.51) and Equation (4.52):

Lgy=Ls— Ls1 (4.51)
LCQ - LC - LCl (452)

This means that the overall mutual and self inductance (and hence performance)

are identical to what would be obtained with a specialised inductor design.

The design requirements from the optimisation process are:

Lin = 545 uH (4.53)

Lg =891 uH (4.54)

Le =891 uH (4.55)

ky = ky = 0.631 (4.56)
ks =0 (4.57)

With the equations in this section, the parameters in the ‘simple equivalent’ in-
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Figure 4.16: Coupled and uncoupled inductors.

ductor design are determined to be:

Lina = 272.5 uH (4.58)
Ly = 710 uH (4.59)
Lss = 181 uH (4.60)

Ling = 272.5 uH (4.61)
Ley = 710 uH (4.62)
Lo =181 pH (4.63)

kmaz ~ 1 (4.64)

With these parameters, the number of turns needed to produce the necessary
inductance for each core is calculated, and the inductors are hand-wound with
this required number of turns. The final uncoupled and coupled inductors used in

the experimental testbed are shown in Figure 4.16.
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Figure 4.17: Comparison of experimental and simulation waveforms for the CI-
CCS converter: MOSFET voltage (vps), i, iLs, iLe, VPOS, UNeG (With Vi, =
Vros = Vvea = 360 V).

4.7 Experimental Evaluation of the CI-CCS Con-

verter

4.7.1 CI-CCS and CCS Converter Results Comparison

With these coupled inductors, it is possible to experimentally evaluate the CI-CCS
converter’s performance. The resulting waveforms are presented in Figure 4.17a
and Figure 4.18a (duplicated for easier side-by-side comparison), demonstrating
the operation and performance of the CI-CCS converter with an output power of
2160 W.

Simulation results similar to those in Section 4.5.3 have been obtained, however the
output power and passive component values have been modified to match the ex-
perimental configuration. The set of waveforms corresponding to the experimental
waveforms has been presented in Figure 4.17b, to provide a clear side-by-side com-

parison.

This comparison demonstrates that the simulation and experimental waveforms

are highly consistent, validating both the simulation studies and the analytical
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Figure 4.18: Experimental comparison of the CI-CCS converter and the CCS
converter: MOSFET voltage (UDS); iLin’ iLS, iLC, Vpos, UNEG (Wlth ‘/m = VPOS =
Vnee = 360V).

derivations presented. As in the previous chapter, a notable difference between
the experimental and simulation results is the presence of ringing at the switching
transients. This ringing is due to parasitics present in the converter, particularly
in the inter-turn capacitance of the hand-wound inductor windings, and so it is
expected that with better inductor and winding design, this ringing would reduce

substantially.

The experimental waveforms of the previous (uncoupled) CCS converter from
the Chapter 3 have been included again here in Figure 4.18b to give a direct
comparison of the CI-CCS converter and the CCS converter. This side-by-side
comparison of the experimental results obtained with all parameters, except the
coupling factors, being equal, clearly shows the large reduction in input ripple

current when coupled inductors are used.

When all inductors are left uncoupled, the peak-to-peak input current ripple is
30.2%. When the integrated magnetics are introduced, the peak-to-peak current
ripple drops to just 2.0%, representing a reduction of more than 93%.

It can also be seen that there is a minor imbalance between the positive and
negative output voltages due to component non-idealities impacting each converter

differently. The peak-to-peak output voltage ripple is measured to be 1.2% for the
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Figure 4.19: Switch signal (vgs), MOSFET voltage (vps), ir,,, VrPos, VnEc (With
Vin = 400V, at different output voltages).

positive DC output and 2.3% for the negative DC output, and these values remain

largely constant over variations in both input voltage and coupling factor.

4.7.2 Other Voltage Gain Ratios

In addition to the previous results which show a unity voltage gain for each indi-
vidual output (360 V input and 360 V on each output), three additional sets of
results are presented to demonstrate the wide voltage conversion ratios possible
with this converter. These three tests are conducted with the same input voltage
(400 V) but with different duty cycles:

e Figure 4.19a shows a step-down in both individual output voltages, as well

as the overall positive-to-negative voltage bus.

e Figure 4.19b shows a step-down for each individual output voltage (from an
input of 400 V to an output per bus of 360 V), but an overall step-up of
the positive-to-negative voltage bus (from an input of 400 V to an combined
output of 720 V).

e Figure 4.19c¢ shows a step-up in both individual output voltages, as well as

the overall positive-to-negative voltage bus.

[t can also be observed that the input current ripple remains small in these scen-
arios. With the steady-state operation of the CI-CCS converter now studied under

balanced conditions, the next chapter aims to undertake a more advanced evalu-
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ation of the converter’s performance.

4.8 Chapter Conclusion

This chapter introduced a converter which remedies an important issue with the
CCS converter: its relatively large input curent ripple. The modified converter,
known as the CI-CCS converter, derives its benefits from magnetically coupling
the CCS converter’s three inductors. Analytical derivations were carried out to
demonstrate the theoretical basis of the reduced input current ripple resulting
from an increased equivalent input inductance. This analysis involved explor-
ing the impact of all possible coupling factors, before providing some simplifying

assumptions that could be made given the results obtained.

Simulation studies were then undertaken to validate the analytical work, with the
results being highly consistent with the theoretical expectations. As these simula-
tions are computationally intense, a less costly (time-wise) process was required,
so a number of optimisation techniques were reviewed, with Bayesian optimisa-
tion deemed the most useful in this application. A Bayesian optimisation was
performed to determine a set of coupling factors which minimised the input cur-
rent ripple. With the same passive component values, the worst-case input ripple
current could be reduced from 40% to 1.78%, however this came at the expense of
increased ripples in the output inductor currents and negative output voltage. The
proposed Bayesian optimisation can also be used for optimising other objectives

in addition to the input current ripple.

Next, a discussion was provided about broader potential optimisation objectives
beyond minimising input current ripple. One such Bayesian optimisation was
undertaken with a constraint on the permissible coupling factors (ks = 0), and the
worst-case input current was reduced from 40% to 4.7%, though this time with no
negative impact on other component waveforms (e.g. peak currents or voltages).
This produced a system of coupled inductors that provided experimental flexibility
and easy of prototyping, in addition to demonstrating the primary objective of

reducing the input current ripple.

The hardware design process for these coupled inductors was detailed, followed by
experimental results. These results were once again highly consistent with both
the simulation results and theoretical expectations, and demonstrate a significant
reduction in input current ripple. Additional results were also presented to show

the wide voltage conversion range achievable with the CI-CCS converter.






Chapter 5

CI-CCS Converter Control and

Performance Analysis

The previous chapters demonstrated the benefits that inductor coupling can bring
to the CCS converter, particularly in solar PV applications. This chapter presents
an in-depth exploration of the CI-CCS converter in terms of its control and per-
formance. The converter’s control strategies are presented, its losses are charac-
terised to ascertain its efficiency, and its performance under non-ideal conditions

18 examined.

5.1 Controller Design and Performance

For practical use in almost all applications, DC-DC converters must have their
input(s) and/or output(s) regulated in some way. This regulation is typically
provided in the form of a closed-loop current or voltage controller. For example,
applications involving batteries usually employ both constant voltage and con-
stant current modes for charging. For applications where the DC-DC converter
is supplying a load, the output voltage is usually regulated (e.g. laptop power
supply), and for PV applications the converter’s input voltage and current are

controlled to ensure operation at the MPP.

In this work, the CI-CCS converter will transfer power from PV panels to an
inverter. The overall control structure of the converters will be examined in Sec-
tion 6.2, though for now it is sufficient to say that the CI-CCS converter must

have its innermost control loop regulating the input current for MPPT purposes.
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5.1.1 Input Current Controller

Control of the CI-CCS converter’s input current is achieved with a closed-loop
controller, which senses the input current and adjusts the MOSFET’s duty cycle
accordingly. A Proportional Integral (PI) controller is chosen due to its simplicity.
There are several open-loop and closed-loop methods of tuning the PI controller’s
two parameters, and the method selected here due to its simplicity is the closed-
loop Ziegler-Nichols method, which is a heuristic tuning method that does not
require a model of the system [133-136]. The resulting controller parameters
obtained using this tuning method tuning are P = 3 and I = 830, at a control
frequency of 100 kHz. The performance of this controller can be demonstrated in

two ways:

1. Apply a step change to the reference current, with the input voltage held
constant. If the reference current is increased then the input power must
increase, and so too will the output power. The controller will achieve this
by adjusting the duty cycle to raise the output voltage, to increase the power
dissipated in the resistors according to P = %. The converse will happen

if the reference current is decreased.

2. Apply a step change to the input voltage, with the reference current held
constant. This is equivalent to the previous case where the input power,
and hence output power, will change in proportion to the change in input

voltage.

The second method of demonstrating the controller’s performance is limited by
the rate of change of the input DC voltage. Most controllable DC voltage sources
have quite slow slew rates (relative to the converter and controller bandwidth), so

the first method is preferable to highlight the converter’s fast dynamic response.

The current controller receives a continuously updated reference value from the
MPPT controller. The reference generated by the MPPT would typically vary
smoothly, however to demonstrate the performance of the current controller, a
step change in the reference current is demanded. A test was conducted with the
input current initially regulated to 1 A, with a step change in the reference current
to 3 A at 0 ms. As the input voltage is held constant at 200 V, this corresponds
to a step increase in the input power changes of 400 W (10% of rated power).

Figure 5.1 shows the converter’s response to this step change. These results demon-
strate that the converter is capable of tracking a 400 W step change in under 4

ms, meaning that its bandwidth is easily sufficient for optimal MPPT performance
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Figure 5.1: Reference input current (is,,,,), Measured input current (i;,), vros,
UNEG (Wlth V;n = 200 V)
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(as the fastest changes in panel conditions are typically in the order of seconds).
The converter achieves this current control by increasing the duty cycle, such
that the output voltage (and hence output power) increases. With a constant
input voltage, the input current must therefore increase in order to supply the
bigger output power. The ‘thickness’ of the input current waveforms is not from
the switching frequency ripple, but rather from the ringing that was observed in

previous results.

5.2 Efficiency and Loss Characterisation

An important performance characteristic of any power converter is its efficiency.
The overall efficiency is calculated by dividing the measured output power by the
measured input power. The converter losses (i.e. the difference in these powers)

can be broadly categorised into:

1. MOSFET switching losses: These losses can be further separated into turn-
on and turn-off losses. They result primarily from the simultaneous voltage
across, and current through, the MOSFET during switching transients. Typ-
ically, turn-on losses outweigh turn-off losses due to the slower nature of

device turn-on.

2. MOSFET conduction losses: These I?R losses stem from the on-state res-
istance (Rpg,,) of the MOSFET.

3. Diode conduction losses: These losses stem from the forward voltage drop

across the diodes when they are conducting.

4. Diode switching losses: These losses stem from the reverse recovery char-
acteristics of the diodes. When SiC Schottky diodes are used, this reverse

recovery is minimal and so these losses may be neglected.

5. Inductor core losses: These losses can be further separated into hysteresis

losses and eddy current losses.

(a) Hysteresis losses: These losses stem from the energy lost in charging
and discharging the magnetic core as its magnetic field strength (and
hence field density) vary due to varying inductor currents. The losses
depend on the width of the B-H curve (largely dependent on the size of
the current ripple), and the height of the B-H curve (largely dependent

on the core material).
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(b) Fddy current losses: These resistive losses stem from the currents in-
duced by the changing magnetic field in the inductors. These losses can
be reduced or eliminated when a non-conducting core is used, or when

the core is made with insulated laminations to reduce the loop size.

6. Copper losses: These I?R losses stem from the resistance of the conductors
used in the windings of the inductors. The rms current is close to the
DC average, though as the ripple component increases so too does the rms

current.

7. Capacitor losses: These losses include the equivalent series resistance (ESR)
and dielectric losses, and increase as the rms current through the capacitors

increase.

Each of these sources of losses is dependent on a number of parameters, including
switching frequency, temperature, voltage, and current In this application, with
a fixed (and already decided) switching frequency and a stable temperature (due
to good cooling), the main factor impacting the efficiency is the output power.

Hence, it is desirable to measure the efficiency over a range of output powers.

When comparing the uncoupled CCS converter with the CI-CCS converter, it
is expected that the CI-CCS converter would have slightly lower losses due the

following:
e Inductor copper losses are expected to decrease because:

— As the triangular ripple current components reduce and the current
waveforms move closer to their average, the rms values also decrease.

This reduction in rms current leads to a reduction in I2R losses.

— If the ripple component is kept constant and the inductor size is instead
reduced, the 2R losses will decrease due a lower resistance associated

with fewer windings required to produce the smaller inductance.

e Hysteresis losses are dependent on the area inside the hysteresis loop. If
the inductor current ripple is reduced, then the ripple in the magnetic field
strength will also reduce, causing the area inside the hysteresis loop to de-

crease. This decreased area will lead to lower hysteresis losses.

e As the current ripple reduces, the current flowing through the capacitors
will decrease. For a given ESR value, a smaller capacitor current leads to
reduced ESR losses.

Tests are conducted at the nominal input and output voltages (360 V), and the
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Figure 5.2: CI-CCS topology showing the variables measured for efficiency calcu-
lations.
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Figure 5.3: Efficiency measurements for the CCS and CI-CCS over a range of
output powers at the nominal input voltage condition (V;, = 360 V).

load is varied by changing the resistance connected to each output from 480 €2 to
120 €, corresponding to a range of combined output powers spanning from 540 W
to 2160 W (assuming Voyr = 360 V).

Figure 5.2 shows the variables measured in the converter during the efficiency
tests. These variables, in combination with datasheet information, have been

used to determine the contribution of some loss sources as later detailed.

Figure 5.3 shows the measured efficiency for both the CCS and CI-CCS converters.
The efficiency remains largely constant over the range of powers tested, and is very
similar between the CCS and CI-CCS converters, with the CI-CCS converter’s
efficiency being slightly higher, as expected. The raw data in Table 5.1 shows that
the CI-CCS converter is more efficient than the CCS converter at all data points,
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Figure 5.4: Loss breakdown for the CCS and CI-CCS converters at various output

powers.

Table 5.1: Efficiency of the CCS and CI-CCS converters at various output powers.

Output Power (W) || Efficiency (%)
CI-CCS ‘ CCS CI-CCS ‘ CCS
5928 525 90.4 90.2
1025 1022 91.6 91.6
1526 1533 91.8 91.7
2029 2029 92.3 92.1

however this difference is marginal, on average being just 0.15% better. The major

advantage in solar PV applications comes from the reduced current ripple which

facilitates PV operation closer to the MPP, hence improving the overall system

efficiency.

Next, it is desirable to segment these losses into the categories described previously.

The losses can be determined as follows:

1. Inductor copper losses: Calculated by measuring the inductor currents and

resistances

2. MOSFET conduction losses:

measured vpg

Calculated with the total MOSFET current

(imosrerT = i1, + iry + ir.) and the MOSFET’s on-state resistance or

3. Diode conduction losses (combined): Using the combined diode current

(ips +ip. =1L, +iLs +ir.) and the diodes’ forward voltages

4. Other: The rest of the losses combined (primarily MOSFET switching, but

also inductor core and capacitor ESR losses) can be calculated subtracting

the calculated losses above from the total power loss (Pyss =

- Pout)-
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The loss breakdowns are shown in Figure 5.4, where the eight stacked graphs cor-
respond to the efficiency measurements in Figure 5.3 (scenarios 1 and 2 correspond
to the 500 W output, both uncoupled and coupled; scenarios 3 and 4 correspond
to the 1000 W output, uncoupled and coupled; scenarios 5 and 6 correspond to
the 1.5 kW output, uncoupled and coupled; and scenarios 7 and 8 correspond to
the 2 kW output, uncoupled and coupled). The height of these bars are equal to

the total loss in each scenario.

The portion of the ‘other’ segment resulting from the switching losses can be es-
timated using the ROHM SCT3030KL datasheet. The turn-on and turn-off losses
(Eon and E,y) are listed as 468 1 and 204 pJ respectively. By using the graphs
provided, these values can be scaled based on the drain-to-source voltage, drain
current, and external gate resistances. The resulting values can then be summed
and multiplied by the switching frequency to obtain the switching loss. Follow-
ing this process, the switching losses are estimated as 30 W in the lowest output
power scenario, and 100 W in the highest output scenario. This demonstrates
that switching losses are the single largest loss source, suggesting that the con-
verter’s efficiency could be improved significantly if a lower switching frequency
is used. In this thesis, reducing the input current ripple has been the main ob-
jective (with no consideration to the efficiency), and a lower switching frequency
would usually require prohibitively large inductors. The results of the last chapter
show that it is possible to obtain substantial reductions in input current ripple
with the use of coupled inductors, suggesting that the switching frequency could
be reduced considerably whilst still meeting current ripple targets with reason-
able inductances. Thus, a converter using coupled inductors has the potential for
much better efficiencies compared with an equivalent converter without coupled

inductors.

Similarly, the large inductor copper losses suggest that the efficiency could be
improved if smaller inductances (with fewer turns and hence lower resistance) are
used. Once again, this option is made possible due to inductor coupling enabling

low input current ripple targets to be met with smaller inductances.

Finally, the diode conduction losses may be reduced by changing to a diode tech-
nology with a lower forward voltage drop, though this would come at the cost
of increased switching losses (due to the reverse recovery of silicon diodes). This
trade-off would need to be evaluated based on the power ratings and switching

frequency of the converter being designed.
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5.3 Imbalance Analysis

Until now it has been assumed that the load is distributed equally across the
positive and negative DC outputs. In this section, the way the CCS and CI-CCS
converters respond to load imbalances is examined. This is particularly relevant
for grid-connected applications because when the DC-DC converter is feeding a
bipolar input inverter, power is drawn separately from each DC output in a time-

varying manner. This will be examined further in Section 6.3.

Here, the converter is studied in steady-state with the load varying from only
on the positive output terminal, to balanced, to only on the negative output
terminal. Three sets of results have been obtained to determine if the converter’s
performance changes over its duty cycle range: step-down operation (with a 45%
duty cycle), unity gain operation (with a 50% duty cycle), and step-up operation
(with a 55% duty cycle).

The impact these load imbalances have on the output voltages is shown in Fig-
ure 5.5a (step-down operation), Figure 5.5b (unity gain operation), and Figure 5.5¢
(step-up operation). The voltage imbalance can be calculated as either output
voltage relative to the average output voltage. The advantage of defining the im-
balance relative to the average output voltage is that the magnitude is the same
regardless of which output is considered, whereas defining the imbalance as Vpog
relative to Vypg would produce a different result to defining it as Viypg relative
to Vpos. Here positive imbalances have been arbitrarily defined as the positive

output voltage being higher:

Visotonee (%) = Vreos = Vave _ —(Vvee — Vave) (5.1)
Vave Vave
where Vayg = —VPOS;VNEG.
The load power imbalance has been similarly defined as:
Ppos — P, — (P - P
Ponsatance (%) = POS AVG (Pnec AVG) (5.2)
Pavea Pava

where Payg = M.
There are several notable observations from this data:

e Performance: The overall output voltage balance of the converter is excep-
tionally good, with the worst case voltage imbalance over all 54 experimental

data points calculated to be 2.84%, and the average imbalance being just
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(a) Experimental voltage imbalances with step-down operation (D = 0.45).
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(b) Experimental voltage imbalances with unity gain operation (D = 0.5).
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Figure 5.5: Experimental voltage imbalances as a function of power imbalance of
the CCS and CI-CCS converters.
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(b) Simulated voltage imbalances with unity gain operation (D = 0.5).
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(c) Simulated voltage imbalances with step-up operation (D = 0.55).

Figure 5.6: Simulated voltage imbalances as a function of power imbalance of the
CCS and CI-CCS converters.



138 CHAPTER 5. CI-CCS CONVERTER CONTROL AND PERFORMANCE ANALYSIS

0.89%.

o (CS vs. CI-CCS: The CCS converter has slightly better voltage balance
than the CI-CCS converter for all three voltage conversion ratios. The aver-
age output voltage imbalance of the CCS converter is 0.86% compared with
0.93% for the CI-CCS converter.

e Voltage regulation: The gradient of all six lines shows that the positive
output voltage decreases relative to the negative output voltage as it is pro-

gressively loaded, as expected.

e Unloaded operation: One of the most interesting observations is that it is
possible to operate both converters with either output completely unloaded
- something which is not possible with the individual Cuk and SEPIC con-
verters. The reason for this is that in the standard converters, the input
inductor is continuously charged in every switch ‘on’ state, and this energy
is forced towards the output in every switch ‘oft’ state. If this energy is not
drawn out of the converter, then it continuously builds in the capacitors un-
til a component fails from overvoltage. In the CCS and CI-CCS converters,
even if one output is completely unloaded, the energy is still able to flow out
of the other output. This is critical for grid-connected applications as each

output is completely de-loaded for 10 ms (half the period for a 50 Hz grid).

e Balanced load: When equal loads are connected to both the positive and
negative outputs, a £1% voltage imbalance exists for all three gain ratios
(with the positive output voltage being higher). This was observed in earlier

chapters, in Figure 3.16 and Figure 4.17.

e Duty cycle variation: The voltage imbalance is largely independent of the
voltage gain ratio, however slightly better performance is obtained with step-

down operation.

Simulations results have also been obtained over the same voltage change ratios
and load imbalance range, and the results are presented in Figure 5.6a (step-down
operation), Figure 5.6b (unity operation), and Figure 5.6¢ (step-up operation).

These results are largely consistent with the results obtained experimentally.

Overall, these observations suggest that the CCS and CI-CCS converters are well-
suited to feeding bipolar DC input inverters (such as the half bridge and T-type)
in grid-connected applications. The next chapter investigates this pairing in detail
to demonstrate the complete power flow from a DC PV input to an AC voltage

output.
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5.4 Chapter Conclusion

In this chapter, the CI-CCS converter’s performance has been examined in several
ways. Firstly, a PI-based current controller has been developed using the Ziegler-
Nichols tuning method. The bandwidth of the converter and controller has been
tested by applying a step change to the input current reference and measuring
the converter’s response time. Changes in the demanded input current of 2 A
(corresponding to power increases of 400 W) have been tracked with no overshoot

in under 4 ms.

Next, the efficiency of the CI-CCS converter was measured over a range of load
powers. The sources of losses have been segmented into inductor copper losses,
MOSFET conduction losses, diode conduction losses, and other losses (combining
MOSFET switching losses, inductor core losses, and capacitor ESR losses). A peak
efficiency of 92.3% was measured at a load power of 2029 W. The efficiency of the
uncoupled CCS converter was also measured under the same range of conditions
and the separate losses were again quantified. This comparison showed that the

CI-CCS converter was marginally more efficient under all load powers tested.

Finally, the performance of the CCS and CI-CCS converters was analysed under
unbalanced load conditions. The results showed that the output voltages were
largely constant over variations in load between the outputs, though the positive
(SEPIC) output voltage had a tendency to be slightly higher than the negative
(Cuk) output voltage, with a voltage imbalance of £1% when the loads were
equally balanced. The average output voltage imbalance was measured to be
+0.89%, and the worst output voltage imbalance observed was +2.84% when the
positive output was left completely unloaded. Performance under these conditions
is important when the converter is used in a PV system, because bipolar input

inverters draw power unequally from each output.






Chapter 6
AC Integration

Previous chapters have examined the CI-CCS converter and explained why it s
particularly well-suited to solar PV applications. This chapter provides a case
study to demonstrate this assertion by implementing the CI-CCS converter in a
PV system. Control strategies are discussed for grid-connected and stand-alone
operation, and the DC bus and inverter component sizing are investigated. Sim-
ulation and experimental results are provided for the system, using an adaptable

wnverter that can test two topologies.

6.1 Inverter Selection

Inverters are an integral part of most PV domestic PV systems, and are required in
grid-connected, power sharing, and stand-alone operational modes, which will be
examined in Section 6.2. The application considered here is a standard domestic

PV system, which typically feeds a grid with the following properties:

e Single-phase: This causes the instantaneous power flow to be time-varying
(with the shape P, (t) = @E@sinQ (wt) for unity power factor opera-
tion), compared with a balanced three-phase system where the instantan-
eous power flow is constant. The PV array should produce a constant power,
so storage must be present between the PV array and the grid, usually in

the form of DC bus capacitors. This will be discussed in Section 6.3.

e Grounded: Three different earthing systems are commonly used in UK
households: TT, TN-S, and TN-C-S (which is sometimes known as protect-
ive multiple earthing (PME)). All these earthing systems share the common
characteristic that the low voltage feeder supplying the household is earthed

141
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Figure 6.1: Grounded bipolar DC input inverter topologies.

at the distribution transformer. This means that common mode voltages
present in the household can cause leakage currents to flow to ground through

parasitic capacitances present in the system.

Both of these properties influence the inverter topology used for a given system.
In this thesis, one aim is to design a PV system with no leakage currents. As
discussed in Section 2.2.5, leakage currents can be eliminated by introducing gal-
vanic isolation (either high frequency or low frequency), by using DC decoupling
inverters (e.g. HERIC, H5, H6), or by using inverters with a grounded DC input,
with the latter method having numerous advantages. Examples of grounded DC
input inverters include simple half bridge inverters, single-phase T-type invert-
ers, and multilevel inverters (e.g. diode/neutral-point-clamped inverters, flying
capacitor/capacitor-clamped inverters). Due to the power and voltage levels as-
sociated with domestic PV applications, multilevel converters are surplus to re-
quirements, so the main topologies left to consider are the half bridge inverter and
the single-phase T-type inverter. Both of these inverters were introduced in Sec-
tion 2.4, and a brief comparison of these inverters for this application is provided
here, outlining the trade-offs between component count, DC bus capacitance, and

output filter size:
o Number of devices:

— Half bridge inverter: The half bridge inverter (shown in Figure 6.1a) is
one of the simplest of all inverter topologies. It only has two switching
devices, each of which must be rated to withstand the combined DC
bus voltage, and peak AC output current. The devices operate in a
complementary fashion, so each must be capable of operation at the

switching frequency.
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— T-type inverter: The T-type inverter adds a ‘zero state’ leg between
the output and DC bus midpoint, as shown in Figure 6.1b, bringing
the total switch count to four. These extra devices allow the T-type
converter to produce a zero output voltage, in addition to the positive
and negative output voltages. Two of these devices are needed in order
to conduct and block in both directions. The additional switches have
the same current rating, but only half the voltage rating. In unity power
factor operation, these additional switches only need to be driven at the

grid frequency.
e Operation:

— Half bridge inverter: The half bridge inverter has two output states:
+Vpe, and an average an output is produced by simply switching

between these states.

— T-type inverter: The T-type inverter is a three-level inverter, with out-
put states of —Vpc, 0, +Vpe. In unity power factor operation, the zero
state switches only operate at grid frequency (i.e. one switch remains
‘on’ in each grid half cycle). For non-unity power factor operation, one
of the zero state switches must be driven at PWM frequency during the
phase-shifted portions of the voltage/current cycles (i.e. when the AC
voltage and current polarities differ) [62, 63, 94].

e DC bus capacitance: The half bridge inverter requires bigger DC bus ca-
pacitances than the T-type inverter (for the same allowable voltage ripple).
This is due to the fact that in the T-type inverter, power flows into one DC
input only (within a grid half cycle), whereas the complementary nature of
the half bridge inverter’s switches means that there is some power flow in

the opposite DC bus too. This is discussed further in Section 6.3.

o AC output filter: The addition of the 0 V output state reduces the har-
monics of the generated PWM output voltage, in turn reducing the size of
the required output filter to obtain the same performance as a half bridge

inverter (or get better performance for the same output filter size).

Regardless of which inverter is used, the overall control objectives are the same.
The next section investigates this control structure for the integrated ‘PV — DC-

DC converter — Inverter — AC output’ system.
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6.2 Coordinated Control Structure

These inverters can be controlled to operate in grid-connected, power sharing,
and stand-alone operational modes, and this section investigates the similarities
and differences between these modes. The changes required are mostly in the
control system, though the filter requirements may also change slightly, because
stand-alone systems need to generate a sinusoidal voltage waveform whereas grid-
connected systems are more concerned with the quality of the current injected into
the grid to ensure they meet the necessary standards. The three distinct operation

modes can be described as:

1. Grid-connected: The PV system is connected to an AC network which can
be treated as an infinite bus, and the typical aim is to export excess PV

generation to the electrical grid.

2. Power sharing: The PV system is one of several generation sources in a
smaller AC network (i.e. the connection point cannot be treated as an
infinite bus), and communications between the various sources cannot be

assumed.

3. Stand-alone: The PV system is the sole AC generation source, and the
devices using the generated PV power are designed to operate from stand-
ard AC mains. These applications could be off-grid homes which are per-
manently disconnected (e.g. in areas with no electrical infrastructure), or
normally grid-connected homes that can maintain islanded operation during

grid power outages.

In this thesis, the focus is on the first and third operational modes. Though the
hardware proposed here is capable of operating in power sharing mode, this mode
faces its own unique control challenges which are largely unrelated to the focus
of this thesis. In such a system (for example, a microgrid), the inverter would
be typically be operated in droop control mode (real power-frequency and react-
ive power-voltage) to ensure stable power sharing amongst distributed generation

sources without centralised control and communications.

The control structure can be divided into two levels as shown in Figure 6.2, where
the higher level controller sets the overall system objectives and the lower level
controllers manage the converters to meet these objectives. From the perspective
of the higher level controller, there are three sections to be managed - the PV
system, the DC link voltages, and the AC output - and the control objectives for

each depend on whether the system is operating in grid-connected or stand-alone
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Figure 6.2: Coordinated control structure of the PV system.

mode.

6.2.1 Grid-Connected Mode

e PV array: The PV array should be operated at its MPP. The AC grid is
treated as an infinite bus, so if the generated PV power is less than the
total domestic load then power will be imported from the grid, and if the
PV generation exceeds local demand then the difference will be exported to
the grid. In both scenarios the PV array is fully utilised. MPPT can be
performed by either the DC-DC converter or the inverter.

e DC(C'bus: The DC bus needs to be regulated to ensure it stays within its limits.
The lower voltage limit is set by the inverter requirements to produce the
necessary AC voltage, and the upper voltage limit is set by the ratings of
the components used in the converters. MPPT is usually performed by the
DC-DC converter to extract as much power from the PV system and “push”
it into the DC bus, and this bus is then regulated by the inverter by “pulling”
sufficient power out to maintain the setpoint voltage. It is also possible for
MPPT to be performed by the inverter, in which case the DC bus regulation
is performed by the DC-DC converter. This has an advantage where the
infinite bus may turn into a microgrid, since the DC-DC converter’s control
need not be changed [137].
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o AC output: The inverter uses a closed-loop controller to act as a sinusoidal
current source into the network. A phase-locked loop (PLL) is used to track
the grid voltage so that the inverter can maintain the correct frequency and
phase. Typically these systems operate with unity power factor (i.e. the
current is in phase with the grid voltage), but reactive power control is also
possible (for example, to provide voltage regulation, or perform power factor
correction of downstream loads) provided the kVA rating of the inverter is

sufficient.

6.2.2 Stand-Alone Mode

Often, a stand-alone PV system will be combined with an energy storage system
(ESS), typically in the form of lead acid or lithium-ion batteries, to provide better
utilisation of the panels and ensure that power can be provided through periods
of low, or no, solar insolation. This storage is typically connected via a separated
interfacing AC-DC converter, and thus may be treated like any other load in the
system. Another connection option is to connect the storage to the main DC bus
of the PV system via a DC-DC converter.

e PV array: Since there is no infinite bus present it is not possible to export
excess PV power production into the grid. Thus, the PV system should be
operated at a point that balances its generation with the total demand, and
hence cannot be operated with an MPPT controller. There are three distinct

scenarios depending on the total generation capacity, load, and presence of
an ESS.

— PV generation exceeds demand, with ESS: If an ESS is present (for
example, battery banks are commonly used in off-grid applications),
then it is treated as a variable load and the PV system may be fully
utilised (up to the maximum charge rate of the ESS).

— PV generation exceeds demand, without ESS (or ESS fully charged):
The PV system will not be fully utilised, but will generate enough

power to perfectly meet the total demand.

— Demand exceeds PV generation: If the demand exceeds PV generation
then an ESS is required to produce the difference in power. If the
difference exceeds the capacity of the ESS, or no ESS is present, then

the system cannot operate (unless loads are shed).

— Note that the case where PV generation perfectly matches total demand
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(excluding the ESS) has been excluded as this is almost impossible to
occur due to continuously changes in generation and demand, so the

system will be instead shift between the cases described above.

e DC bus: The DC bus needs to be regulated to ensure it stays within its
limits. As in grid-connected mode, the lower limit is set by the inverter
requirements to produce the necessary AC voltage, and the upper limit is
set by the ratings of the components used in the converters. The DC bus

regulation is performed by the DC-DC converter.

e AC output: The inverter has a closed-loop controller to act as a sinusoidal
voltage source, and the power supplied depends on the current drawn by
loads connected to the inverter. As current is drawn, power is “pulled”
from the DC bus, causing the DC bus voltage to decrease. The DC-DC
converter performs voltage regulation by moving the PV array’s operating
point to “push” the required amount of power into the DC bus to maintain

its setpoint voltage.

It is also worth noting that grid-connected, power sharing, and stand-alone modes
of operation have been considered as distinct, but in reality the same system may
operate in different modes at different times (e.g. an upstream network fault
turning an infinite bus into a microgrid, or a local grid fault forcing a house into
islanded operation). The seamless transition between these operational modes is

a challenging and ongoing area of research.

Only stand-alone operation will be considered for the rest of this chapter, as it
requires a better filter, and so grid-connected mode can almost be considered as
a subset of stand-alone operation, with some relatively simple control changes for

grid synchronisation.

With the control system established, the next section continues with an investig-

ation into the hardware - specifically, the bipolar DC bus design.

6.3 Bipolar DC Bus Capacitance

As discussed in Section 6.1, trade-offs exist between the half bridge inverter and
the T-type inverter in terms of their component counts, DC bus capacitances,
and output filter requirements. This section further investigates the differences
between these converters in terms of the DC bus capacitances required, in order

to inform the choice between these inverters.



148 CHAPTER 6. AC INTEGRATION

Output (AC) and Input (DC) Power
2000 Py

[ Charging

1800 Discharging
Output power
1600 [ - = = nput power
1400 |
g 1200 |
%j TN T T e N
o

800

600

400

200

0 2 4 i 8 10 12 14 16 18 20
Time (ms)

Figure 6.3: Output (AC) and input (DC) power of an ideal 1 kW PV system.

The DC bus capacitance requirements stem from the nature of the single-phase
AC instantaneous power output (time-varying) compared with the nature of the
PV power generated (constant over small time scales, and equal to the average
AC output power). This necessitates some form of energy storage, as shown in
Figure 6.3. This challenge cannot be avoided as it is inherent to the basic physics
of the system, regardless of DC-DC or inverter topology selection. This energy
storage is short-term, with a charge/discharge cycle time of 10 ms for a 50 Hz
AC output, and is typically provided by bulk capacitors connected to the DC bus

between the DC-DC converter and inverter.

The energy stored in these capacitors and their voltages are related by ) = %C’VQ,
so the capacitor voltages will fluctuate as they are charged and discharged. Based
on the time-varying power flows, maximum allowable voltage, and the minimum

required voltage, it is possible to estimate the DC bus capacitances required [138].

The AC output power for a unity power factor supply is given by:

—_

P,y (t) = Uaciac sin’ (wt) (6.1)
Pt (£) = Py sin? (wt) (6.2)

where 0, and zt, are the peak grid voltage and currents respectively, and ]5(; is the

product of these terms (i.e. the peak instantaneous AC power output). It should
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be noted that this instantaneous AC output power is the same for both the half
bridge and T-type inverters, however the way it is drawn from the DC links by

each inverter is different, and is discussed later in this section.

The average output power (and hence the input power, assuming lossless convert-

ers) is given by:

1 wt=m .
Pout - Pz = — / Pout sin2 (wt) dt (63)
T Jwt=0
Pout
; (6.4)

In Figure 6.3, the green and yellow areas are the same size, and represent the
energy ripple in the storage for charging and discharging respectively. The mag-

nitude of this energy ripple can be determined by calculating the size of the yellow

area.:
AE = [ [P ()= P 1) (6.5)
wt=31 D
. P
— / ) Py sin® (wt) — ;m dt (6.6)

wt=7
Pout

AFE = .
o (6.7)

This energy ripple is stored in the capacitor, so using () = %C’V2 the capacitance

required can be calculated as:

P 1
p =50 (Ve = Ve, (6.8)

max

AFE =

2Pout

W (Ve = VE,0)

(6.9)

In order to minimise these voltage fluctuations, a stiff DC bus can be created with
very large capacitances, though this comes at a higher cost and size. By picking
the smallest capacitance value that satisfies the constraints, the cost and size of
the system can be reduced, though this comes at the penalty of larger voltage
fluctuations on the DC bus.

These voltage fluctuations do not present a problem if the inverter is controlled to
account for them, by measuring the DC bus voltages and adjusting the inverter’s

modulation accordingly. There are two constraints on the voltage fluctuations:

o Mazimum voltage: The largest DC bus capacitor voltage needs to be within

the voltage ratings of all devices. The DC bus capacitors typically have quite
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Figure 6.4: Power flows between DC-DC converter and inverter with a single DC
bus.

h h
Iin,N Iout,N

Figure 6.5: Power flows between DC-DC converter and inverter with a bipolar DC
bus.

high capacitances and so electrolytic capacitors are usually used. These are
commonly rated at 500 V, so the maximum designed voltage should be 450
V (10% below the rated voltage).

o Minimum voltage: The DC bus voltage must always exceed the instantan-
eous grid voltage (plus a margin for the voltage drop across the output filter)
in order for the linear modulation of the inverter to function correctly. The
maximum required output voltage can be conservatively approximated as
Oy +10% = 230v/2 + 10% =~ 360V, so the bus voltage should at least match
this.

Thus, the approximate required bulk capacitance per kW can be calculated as:

2 x 1000
Cr = 6.10
P om x 50 x (4502 — 3602) (6.10)
Cg,,., ~ 87uF per kW (6.11)

This is the capacitance that would be required for one capacitor in a single DC
bus, as shown in Figure 6.4 (for example, a boost converter feeding a full bridge

inverter). Here however, the storage is formed with two capacitors across a bipolar
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DC bus connecting the CI-CCS converter to the half bridge/T-type inverter, as
shown in Figure 6.5. Thus, this principle of determining power flows into and out
of the DC link should be provided for each DC bus.

In fact, the power flows from the bipolar DC bus to a T-type converter are the
same as the power flows for a single DC bus to full bridge inverter, however the
power is drawn from each of the positive and negative DC links in alternating
grid half cycles. Similarly, the power supplied by the CI-CCS inverter can be
approximated as flowing into the same DC links in the corresponding grid half
cycles. Thus, the capacitance calculated previously for a single DC bus is the
same capacitance required in each half of a bipolar DC bus. The shape of the
power drawn by the half bridge inverter is slightly different due to the converter’s

operation, so the DC bus capacitance should be increased slightly.

It is possible to more accurately determine the minimum capacitance required by
improving the modelling accuracy of these DC link power flows and the maximum
and minimum voltage requirements. This is somewhat tangential to the focus
of this thesis so the approximations provided thus far are adequate, and only a
summary of this process is provided here. The time-varying DC bus capacitor
voltages can be described analytically as a function of P, (¢) (the power flowing
from the DC-DC converter to each DC bus) and P, (t) (the power flowing from
each DC bus to the inverter) - as shown in Figure 6.4 and Figure 6.5 - with
Equation 6.17:

i (1) = cd”;t(t) (6.12)

i (£) = ot () = d”;t(t) (6.13)
P, (t> Pout (t) dvc ( )

. (t) (t) =C (6.14)

/0 (D) dve = / (1) — Poe (1)) dt (6.15)

%(vi (t) — 02 (0)) = = / (Pin (£) — Pout (1)) dt (6.16)

\// Pin (t) = Pout (1)) dt + vZ (0) (6.17)

The f(f P,.: (t) can be determined by understanding the power flowing out of the
the bipolar DC bus for the:

o Half bridge inverter: Py (t) = P,y (1 +sin(wt))sin (wt), with the sine
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(a) Power out of DC links for half bridge inverter. (b) Power out of DC links for T-type inverter.

Figure 6.6: Power out of DC links for T-type and half bridge inverters.

terms replaced with their negative values for the negative DC bus, as shown
in Figure 6.6a. The negative portion of the power flows represent power flow-
ing from the inverter to the DC bus, causing a rise in that DC bus capacitor

voltage, and hence an increase in the DC bus voltage ripple.

o T-type inverter: P, (t) = 2P, sin® (wt) for each of the positive and neg-
ative DC links in their respective grid half cycles, as shown in Figure 6.6b.
This is the model implied with the approximation made in determining the

bulk capacitance previo

usly.

Next, fot P, (t) can be determined with knowledge of the input power, which can

be modelled in steps of increasing accuracy (albeit with increasing complexity):

1. Assume the power output of both CI-CCS converter terminals to be constant

over time, each equal to half the PV array’s power.

Assume the full power output of the CI-CCS converter alternates between

each terminal during the grid’s positive and negative half cycles. This is

the model implied with the approximation made in determining the bulk

capacitance previously.

Assume the power output of each CI-CCS converter terminal rises at the

same rate as the power drawn from the DC bus until it reaches the full PV
array’s power. It then maintains this limit until the power drawn from the

other DC bus starts to increase, at which point it decreases back to zero.

4. Model the CI-CCS converter’s power output based on simulation results.
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Figure 6.7: Demonstration of how the DC bus voltages can drop below the peak
grid voltage.

Using Equation 6.17 and the Py, () and P, (t) models above, more accurate
expressions of the capacitor voltage can be determined. From this, the maximum
and minimum values can be calculated, and the limits determined previously can

be used to calculate the capacitance required.

In fact, this minimum required capacitance can be further reduced by considering
the minimum DC link voltage requirement. Previously, it was stated that the
DC link voltage should always be greater than the peak grid voltage (plus the
voltage drop across the output filter) if linear modulation is applied. In reality,
this requirement is sufficient but not necessary, as the DC link voltage only needs
to be greater than the instantaneous grid voltage (plus the voltage drop across the
output filter) [139]. This is illustrated in Figure 6.7, where the DC bus voltage
may in fact drop below the grid’s peak. This increase in the DC bus voltage
utilisation allows for a reduction in the required capacitance, though care needs
to be taken as the relative position of the DC bus voltage valleys and the grid
voltage peaks change with power factor. Once again, minimising the size of the
DC bus bulk capacitance is not the objective of this thesis, so it is not pursued

further here.
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Table 6.1: Design specifications for the inverter.

AC output power 1 kW

AC output voltage 110 V. to 230 V.
AC output frequency 50 Hz to 60 Hz
Input voltage range | 360 V to £450 V
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Figure 6.8: Combined CI-CCS and T-type inverter.

6.4 Combined Half Bridge/T-Type Inverter Design

A T-type inverter is designed with the specifications given in Table 6.1. The AC
output power rating comes from Section 3.2.2, and the AC output voltage and
frequency correspond to distribution network standards commonly used around
the world. The minimum input voltage is based on the peak grid voltage with
10% margin, and the maximum input voltage is set to provide a sufficient margin
for capacitors rated at 500 V. The full topology (CI-CCS and T-type inverter) is
shown in Figure 6.8, and by leaving the ‘zero leg’ switches of the T-type inverter
open and modifying the switching strategy, the same converter can be operated

as a half bridge inverter, as shown in Figure 6.9.

SEPIC Output
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Figure 6.9: Combined CI-CCS and half bridge inverter.
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Table 6.2: Passive component values for the inverter.

DC bus bulk capacitance Output filter
Cg, 100 pF Lp | 330 uH
Cgy 100 pF Cr| 1uF

Bulk storage capacitors (Cp, and Cp, ) are used on the DC bus between the CI-
CCS converter and the inverter. The value of these capacitances listed in Table 6.2

are based on the values derived in Section 6.3, with some margin added.

A purely inductive output filter works well for the output filter in grid-connected
applications, but makes closed-loop voltage control challenging in stand-alone ap-
plications. An LCL filter provides very good attenuation of the switching fre-
quency ripple, however resonance needs to be managed. Thus, an LC output filter
is selected here as it provides a straightforward method of producing a sinusoidal
voltage output. Selecting the switching frequency is a trade-off between switching
losses and output filter size. Here, a 20 kHz switching frequency has been selected
as an appropriate balance between these factors. The grid filter should have a cut-
off frequency at approximately half of the switching frequency. A cut-off frequency
of 8.7 kHz can be achieved with the standard passive sizes listed in Table 6.2.

6.5 Simulation Results

Simulations results are provided for both the half bridge and T-type inverters, to
show the difference in the DC bus voltage fluctuations and the AC output ripple.
The results have been provided with a 230 V;,,,s output, and a 52.9  load (1 kW).

Comparing the DC bus voltage ripple for the half bridge (Figure 6.10a) and T-type
(Figure 6.10b) inverters, it can be seen that the DC bus voltage fluctuations are
smaller for the T-type than the half bridge inverter. This is due to the portions
of negative instantaneous power flow (from the inverter to the DC bus) exhibited
in the half bridge inverter. Similarly, the current ripple is smaller for the T-type
inverter due to the extra zero voltage output state. The importance placed on
the DC bus voltage stability and output current ripple depends on the system
designer, though it is unlikely that increased cost and complexity of the T-type
inverter (due to the extra switches) justifies the marginal benefits it provides in

domestic PV applications.
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(a) Half bridge inverter waveforms. (b) T-type inverter waveforms.

Figure 6.10: Simulated waveforms of the half bridge and T-type inverters.
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(c) 3D PCB model. (d) Photo of developed PCB.

Figure 6.11: Combined half bridge/T-type inverter.

6.6 Experimental Design and Results

A T-type inverter (which can be used as a half bridge inverter if the ‘zero state’
switches are left open) is designed with the passive component sizes listed in
Table 6.2. SiC MOSFETs have been used for the four switching devices to main-
tain consistency with the CI-CCS converter to simplify the design process. The
developed PCB is shown in Figure 6.11.

With this prototype, experiments have been carried out in stand-alone operation
with a DC input voltage of 100 V, an AC output voltage of 110 V.5, and a 60
resistive load connected to the AC output. This reduced voltage was chosen due

to a lack of availability of loads with an appropriate resistance and power rating.

Figure 6.12 shows the experimental waveforms obtained with the half bridge in-

verter and Figure 6.13 shows the same waveforms obtained with the T-type in-
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verter. It can be seen that shape of the DC bus voltages match closely with the
simulation results, though the input current is a little noisier. The primary reason
for this is additional sensing noise (mainly due to the ringing caused by parasitics
within the inductors) which negatively impacts the controller’s performance. The
output AC voltage and current waveforms are noticeably ‘cleaner’ for the T-type
inverter, due to the reduced harmonics resulting from the extra 0 V output state.
It can also be seen that the DC bus voltage ripple is smaller for the T-type inverter
due to the lack of reverse power flow shown in Figure 6.6. The importance placed
on these different performance characteristics is dependent on the specific applic-
ation, though it anticipated that for domestic PV applications, the two additional
switches required by the T-type inverter would not justify these benefits, and so

the half bridge inverter would likely be selected.

6.7 Chapter Conclusion

This chapter provided an examination of the CI-CCS converter’s application in
a typical PV system. Grounded bipolar DC input inverters were explored be-
cause they pair well with the proposed converter for domestic (single-phase) PV
applications. Using the CI-CCS converter with the half bridge or T-type inverter
allows the leakage current issue to be fundamentally addressed, while providing a

galvanic path from the PV array to the grid’s earth connection point.

Different control strategies have been provided for both grid-connected and stand-
alone applications, outlining the responsibilities of the DC-DC converter and in-
verter in each mode. The chapter proceeded with a focus on stand-alone applica-

tions due to them being largely a superset of grid-connected applications.

The chapter then continued with an investigation into a key point of difference
between the half bridge/T-type inverter and other commonly used inverters: the
bipolar DC bus structure. The power flows in and out of the DC bus were studied
and their impacts on the DC bus voltages quantified. With this information, an

expression was derived to size the DC bus bulk capacitances.

Next, an adaptable inverter was designed that can function as either a half bridge
inverter or a T-type inverter. Simulation and experimental results were obtained
which demonstrate the performance of both inverter topologies. The DC bus
voltage fluctuations and AC output ripple were observed to be larger for the half
bridge than the T-type inverter, as expected. Even with these disadvantages,
it is anticipated that the half bridge inverter would be better suited to most
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applications due to the reduced component count and converter complexity.



Chapter 7

Conclusions and Future Work

This final chapter provides a summary of the work done in this thesis, with a
particular focus on its key contributions and how they address the problems outlined
in the introductory chapter. The most significant results and their implications are
discussed, alongside limitations of the work undertaken. The chapter concludes

with suggestions for future work to extend this research and address its limitations.

7.1 Summary of Work Done

In this thesis, a new DC-DC converter has been proposed. This converter, known
as the CI-CCS converter, is based on the Cuk and SEPIC converter. It has several
properties that make it well suited for interfacing with certain types of inverter
topologies, particularly in domestic PV applications, which have been the focus of
this thesis:

e Its bipolar output structure means that when the CI-CCS converter is used
in conjunction with a bipolar DC input inverter, the PV array does not have
common mode voltages present on it. This eliminates the leakage currents

that flow through parasitic capacitances in most domestic PV systems.

e The wide voltage conversion ratio, and step-up and step-down capabilities
mean that the proposed converter can regulate a wide range of PV systems

at varying panel conditions.

e The continuous input current with very low ripple ensures that the PV array
operates close to its MPP, maximising its utilisation. The negative effects of

input current ripple on the average output power of PV systems are shown in

161
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order to demonstrate why a DC-DC converter with low input current ripple

is critical to improve PV system utilisation.

In Chapter 3, the operation of the CCS converter was examined in CCM to un-
derstand the energy transfer pathways from the input to the output terminals in

both the switch ‘on’ and switch ‘off” states.

A range of equations were derived to size the converter’s seven passive compon-
ents based on the desired performance requirements. Additionally, equations were
also derived to determine how the ten components (one switch, two diodes, three
inductors, four capacitors) should be rated - both in terms of peak currents and

peak voltages.

Following this, simulation results were obtained with these parameters to demon-
strate the operation of the converter. The accuracy of the 27 component sizing
expressions were also validated, with simulation results agreeing closely with the
analytical predictions. On average, the passive sizing expressions agree to within
+1.56%, the peak voltage expressions agree to within 0.88%, and the peak cur-
rent expressions agree to within 0.66%. This gives confidence that the analytical
expressions can be used to guide component selection in the design process, and

the resulting converter will largely satisfy the performance specifications.

A full account of the experimental design process was then presented, explaining
the choice of semiconductor power devices, passive device technologies, and the
PCB design process for several PCBs used in this prototype, including the power
board, the gate driver, the controller and optical fibre transmitter, and isolated
sensing boards. A 4 kW converter was built using SiC power devices, nanocrys-

talline powder core inductors, and film capacitors.

Experimental results obtained with this prototype demonstrate strong consistency
with the simulation results. This major result proves that the theoretical equations
describe the experimental system with a high degree of accuracy, meaning that
the proposed converter is able to be designed quickly and easily based on design

specifications alone.

In Chapter 4, coupling between the CCS converter’s three inductors was applied
with the aim of reducing the switching frequency ripple present in the input cur-
rent. This modified converter is known as the CI-CCS converter. Starting with
a generalised inductance matrix for a system of three inductors, an expression
was derived for the equivalent input inductance of the proposed converter as a
function of coupling factors. The impacts this has on the input current ripple was

shown, initially as a function of all three coupling factors. Given these results,
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simplifications were applied to produce an expression for the coupling factors as a

function of the inductances, which yields a theoretically infinite input inductance.

Once again, these analytical derivations were tested in simulations, and once again,
the results obtained are highly consistent. The differences are explained by the
approximations made in the theoretical derivations, but are sufficiently small that

the theoretical expressions can be confidently relied upon.

Several optimisation techniques were reviewed, and Bayesian optimisation was se-
lected as the most applicable technique here. Potential objectives were explained,
and example optimisations were provided. Three of these optimisations were un-

dertaken:

1. Minimising the input current ripple with no constraints on coupling factors,

with simulation results showing input current ripple reductions of 96.9%

2. Minimising the input current ripple with k; = ks, and k3 unconstrained,

with simulation results showing input current ripple reductions of 96.6%

3. Minimising the input current ripple with k& = ks, and k3 = 0, with simula-

tion results showing input current ripple reductions of 88.3%.

Following these simulations, a method of developing these inductors using only
toroidal cores was presented. This allows the merits of the ripple steering concept
to be proven experimentally with relatively simple inductor designs. These exper-
imental results demonstrated a reduction the input current ripple of 93%. The
waveforms measured closely match the simulation waveforms, and again demon-
strate the reliability of the analytically derived expressions. With their validity
confirmed, the designer can be confident in using these expressions as a basis for

further design and optimisation.

In Chapter 5, a closed-loop current controller was implemented to regulate the
input current. This was achieved with a PI controller, whose parameters are
determined using the Ziegler-Nichols tuning method. The performance of this
controller was examined, and it was shown to track a 400 W step-change in current
demand (from 1 A to 3 A at 200 V) in under 4 ms. This bandwidth is far
higher than what is required by the MPPT controller, which would typically have

dynamics in the order of seconds.

Following this, the converter’s efficiency was measured over a range of power out-
puts, with a peak efficiency of 92.33% achieved at an output power of 2029 W
(51% of the converter’s rated power). Voltage and current measurements taken

throughout the circuit were used to quantify several of the loss sources, with the
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biggest contributor being the MOSFET’s switching loss.

Next, the impact of load imbalance on the converter’s bipolar outputs was ex-
amined, showing that it still provides tight regulation of both outputs (maximum
imbalance of £2.84%) even under large imbalances (up to 100%). Due to the
unique connection of its output structures, the proposed converter is able to have
either of its terminals completely unloaded, something that would cause compon-
ent failure due to overvoltage in a standard Cuk or SEPIC converter. Imbalance
analysis is critical for systems with a bipolar input inverter (such as the half bridge
and T-type) because the loads placed on each output are inherently unbalanced

and time-varying.

In Chapter 6, the proposed converter was implemented in a wider system to show
how its unique characteristics make it particularly useful in solar PV applications.
Two grid-interface inverters were introduced, both of which are suitable for do-
mestic single-phase applications. These inverters both have a grounded bipolar
DC input, which eliminates common mode voltages, and hence leakage currents,
when paired with the CI-CCS converter. A comparison of these converters was
made, showing that the half bridge inverter requires larger DC bus capacitances
and output filter compared with the T-type inverter, though has half the num-
ber of switching devices. With this trade-off, it is expected that the half bridge
inverter would generally be better suited to domestic solar PV applications than

the T-type inverter.

The coordinated control structure of both the CI-CCS converter and inverter was
presented for both grid-connected and stand-alone modes of operation. It was
shown that each converter’s responsibilities differ in these modes, from managing
the PV array (with MPPT or otherwise), regulating the DC bus, and providing a

current-controlled or voltage-controlled AC output.

Next, the system’s passive components were sized, beginning with an analytical
exploration of the power flows through the bipolar DC bus in order to determine
appropriate capacitance requirements. An inverter control strategy was implemen-
ted which permits weak DC bus voltages (with small capacitances) to be used, by
measuring the voltages and adjusting the modulation appropriately. The inverter’s
switching frequency and output filter sizes were also determined, followed by sim-
ulation results of the designed converter. A hardware prototype was developed

which allows both half bridge and T-type inverters to be tested.

These final results demonstrated that a complete PV system - from the solar PV

panels to the AC output - can be constructed with just three switching devices,
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and this system has no common mode voltages or leakage currents, a wide input

regulation range, and gives high PV utilisation due to low PV current ripple.

7.2 Key Contributions and Implications

A novel DC-DC converter, known as the CI-CCS has been proposed, which has

the following properties:
e [t has a bipolar output structure with a grounded midpoint
e [t is able to perform both voltage step-up and step-down
e It has a high gain
e It has a continuous input current
e It has extremely low input current ripple

e It operates with only one MOSFET, which has its source terminal grounded,

allowing for a relatively simple gate driver to be used.

The converter has been analysed in several ways, and consistent results have been

obtained:

e Analytically: With several expressions derived theoretically to understand

and design the converter.

o Simulations: The operation and performance of the CCS and CI-CCS con-

verter have been studied in two simulation platforms.

e Erperimentally: Prototypes have been developed of both the CCS and CI-

CCS converter to demonstrate the performance of the converters.

It has been observed that the results attained through all three of these methods
have little deviation between them. The closeness of these outcomes means that
costly simulation and experimental development time can be saved, and the quality
can be improved, because the analytical expressions produce accurate component
requirements. For more involved designs, simulations may still be required, how-
ever the analytical expressions can guide optimisation processes by considerably

reducing the ‘space’ of all parameters that need to be considered.

The converter designed has the following performance metrics:
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e Input current ripple reduction: 40% for the CCS converter and less than 5%
for the CI-CCS converter

e Voltage gain range with limited duty cycle range: A wide gain range (per
output) of 0.82 to 1.22 obtained with a narrow duty cycle range of 0.45 to
0.55

e Efficiency: The measured efficiency ranges from 90.2% to 92.3% over an
output power range of 525 W to 2029 W

e (Clurrent control: The converter can track changes in power at rate of 100 W

per ms

o Voltage balance: Power imbalances (even up to 100%) at the converter’s

outputs result in voltage imbalances of less than 3%.

The unique properties of the converter, the consistency of results obtained, and
the performance metrics all demonstrate that the converter has a promising future

in a range of applications and merits further research.

7.3 Limitations of Work Undertaken

This work focused on the development of a new type of DC-DC converter, which
has a combination of properties that make it unique compared to existing DC-
DC converter topologies. The limitations of the work undertaken can be broadly

considered in three categories:

e Application: In this thesis, the proposed converter is only considered for one
application: domestic solar PV. It is anticipated that the CI-CCS converter

would also be well suited to a range of other applications.

e Design: As this thesis is focused on exploring the novelties of the proposed
converter, the design process had a somewhat narrow focus on highlighting
its points of differentiation (in particular, its low input current ripple). In
other designs, it is anticipated that considering other important objectives
would significantly improve the converter’s efficiency, reduce its size, and

reduce its cost.

e Analysis: The proposed converter has been analysed in steady-state CCM
operation, its efficiency has been measured, and its performance under un-
balanced conditions has been studied. In addition, its transient performance

has been investigated with a closed-loop current controller. For any DC-DC
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converter, there are other ways the performance could be characterised, in-

cluding thermal studies and a stability analysis.

With these limitations in mind, the next section suggests a range of paths that

could be taken to extend the work undertaken.

7.4 Future Work

There are several ways to build upon the work presented in this thesis. This
final section offers a range of suggestions that address the limitations previously
outlined, as well as suggests new ideas for how the proposed converter could be

further developed.

7.4.1 Bidirectional Operation

If the two diodes are replaced with MOSFETSs, then the converter is able to oper-
ate with bidirectional power flow. This enables the proposed converter to be used
in energy storage applications, and drives applications (with regenerative brak-
ing). Further, the converter could be designed to operate with power flowing the
opposite direction, where two power sources are connected to the bipolar DC bus

and the output is combined to a single unipolar DC bus.

7.4.2 Loss Characterisation and Efficiency Optimisation

If a PCB is designed with increased sensing, then the losses could be character-
ised with higher accuracy and into more segments (including MOSFET switching
losses, individual diode conduction losses, inductor core losses, and capacitor ESR
losses). These loss analyses could be performed over a range of switching frequen-
cies. A better understanding of the converter’s losses would help to guide a design

concerned with maximising efficiency.

7.4.3 Thermal Analysis and Design

With a better understanding of the losses involved in each component, a proper
thermal analysis of the converter could be undertaken. The results of this analysis

would help to determine the required heat sink size, and better understand the
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trade-offs between switching frequency, heat sink size, and passive component
sizes. These results could inform the design of a converter concerned with improved

volumetric and/or gravimetric power densities.

7.4.4 Discontinuous Conduction Mode (DCM) Operation

Due to the PV application studied, only CCM operation has been considered. It
may be worth investigating the converter’s operation under DCM operation. In
this thesis, there is just one switch ‘off’ state to be considered. If this constraint
is lifted, there are actually eight possible switch ‘off” states. Since there are three

inductors we have:

One state where all three inductors are conducting

Three different states where two inductors are conducting, depending on

which inductor stops conducting first

Three different states where one inductor is conducting, depending on which

two inductors stop conducting first

One state where none of the inductors are conducting.

7.4.5 Soft Switching

Soft switching, where transitions occur under favourable conditions (zero voltage
or current) has been studied in other converters to reduce switching losses. The
application of these techniques to the proposed converter has the potential to

improve its efficiency.

7.4.6 Small Signal Model

The small signal models of both the CCS and CI-CCS converters could be de-
termined. These small signal models could be used to better design controllers,
and understand the stability, transient performance, and dynamic behaviour of

the converter.
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7.4.7 Energy Storage Integration on DC bus

Energy storage using batteries (commonly lithium-ion or lead acid) could be added
to the bipolar DC bus, between the CI-CCS converter and the inverter. These
batteries could either be directly connected (charged/discharged by controlling the
DC bus voltages), or connected via a DC-DC converter to allow the batteries to

be controlled independently of the DC bus voltage.

7.4.8 Wider Optimisation of Other Parameters

An optimisation (Bayesian or other) could be conducted not only on the coup-
ling factors, but on other converter parameters too, including the inductances,
capacitances, and switching frequency. Potential optimisation objectives include
minimising the overall size (volume and weight), or maximising efficiency. This
efficiency could be the converter’s efficiency, the overall system’s peak efficiency,

or the overall system’s weighted efficiency.

The weighted efficiency is calculated by considering the system’s efficiency at vari-
ous power outputs and using statistical data to describe how much time the sys-
tem spends at various irradiance levels. The California Energy Commission (CEC)
and Furopean weighted efficiencies can be calculated with Equation 7.1 and Equa-

tion 7.2 respectively:

neec = 0.04n109 + 0.057209 + 0.12130% + 0.210509% + 0.53n0759, + 0.057100%  (7.1)
NEuro = 0.037710% + 0.067]20% -+ 0.137730% + 0.107]50% -+ 0.487775% + 0.2077100% (72)

where 1y is the efficiency at X% of rated capacity.

7.4.9 Advanced MPPT Control Techniques

Improved MPPT controllers (beyond simple P&O MPPT) could be implemented
into the system controller to account for both local and global peaks, and improve

tracking speed during insolation transients.

7.4.10 Extend the Control for Microgrid Applications

Research into the transition between grid-connected, power sharing, and stand-

alone operational modes could be incorporated into the system controller. This
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seamless transition could allow the proposed system to be used in microgrid ap-

plications.

7.4.11 Smaller Converter for Module-Level Integration

Smaller versions of the CI-CCS converter (rated at 100 W to 200 W) could be de-
signed for use at the module-level, in the ‘power optimiser’ type systems described
in Section 2.2.4. CI-CCS converters could be well suited in these applications due
to the large step-up voltage (when considering the two outputs as a single non-
grounded output). Alternatively, the converters could all grounded and have their
outputs connected in parallel, though another boost stage would likely be required

for connection to a grid-connected inverter.

7.4.12 Other CI-CCS Applications

In this thesis, the CI-CCS converter has only been considered for domestic PV
applications. This converter also has applications for EVs, battery charging, and

more.
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