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Abstract

The application of distributed maximum power point tracking (DMPPT)
technology in solar photovoltaic (PV) systems is a hot topic in industry and academia.
In the PV industry, grid integrated power systems are mainstream. The main objective
for PV system design is to increase energy conversion efficiency and decrease the

levelized cost of electricity of PV generators.

This thesis firstly presents an extensive review of state-of-the-art PV technologies.
With focus on grid integrated PV systems research, various aspects covered include PV
materials, conventional full power processing DMPPT architectures, main MPPT

techniques, and traditional partial power processing DMPPT architectures.

The main restrictions to applying traditional DMPPT architectures in large power
systems are discussed. A parallel connected partial power processing DMPPT
architecture is proposed aiming to overcome existing restrictions. With flexible ‘plug-
and-play’ functionality, the proposed architecture can be readily expanded to supply a
downstream inverter stage or dc network. By adopting smaller module integrated
converters, the proposed approach provides a possible efficiency improvement and cost
reduction. The requirements for possible converter candidates and control strategies are
analysed. One representative circuit scheme is presented as an example to verify the
feasibility of the design. An electromagnetic transient model is built for different power
scale PV systems to verify the DMPPT feasibility of the evaluated architecture in a
large-scale PV power system.

Voltage boosting ability is widely needed for converters in DMPPT applications.
Impedance source converters (ISCs) are the main converter types with step-up ability.
However, these converters have a general problem of low order distortion when applied
in dc-ac applications. To solve this problem, a generic plug-in repetitive control strategy
for a four-switch three-phase ISC type inverter configuration is developed. Simulation
and experimental results confirm that this control strategy is suitable for many I1SC

converters.
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CHAPTER 1 Introduction

With increasing concerns for energy security and environmental issues, the
development of renewable energy has significantly grown all over the world to reduce
the usage of fossil fuel energy. Solar photovoltaic energy is a promising renewable

resource of near infinite reserve.

At present, grid integrated photovoltaic power systems are mainstream in the
PV industry. Relatively high levelized electricity cost and low energy conversion
efficiency are the main barriers for solar power to compete with traditional generation
types in the wholesale electricity market. The intrinsic variable nature of PV
technology needs a maximum power point tracking (MPPT) function to be included in
PV systems which also increases the difficulty for PV systems to be widespread
installed. To increase competitiveness, large power scale PV systems with distributed
MPPT modules have always been a hot topic and much has been done to optimise this
type of systems. Novel topologies and system architecture with advanced control
methodologies are demanded to maintain a balance between cost and efficiency.
Studies in these aspects have attracted much attention in academia and industry.



1.1 Background and Motivation

The dominant driving force of modern industrialization is based on the
combustion of exhaustible fossil fuels which has caused serious global problems such
as environmental pollution, greenhouse gas emissions, global warming, and so on.
According to the 2019 Edition of the global energy trends published by Enerdata,
driven by steady economic growth, a historically high energy consumption 11.2 Gt
and CO; emissions 27 Gt have been recorded in 2018 for G20 countries. However,
fossil fuels still represent 80% of primary energy mix. Demand for electricity has been
seen an increase of 3.7% and accounts for 20% in final energy consumption. There is
strong growth in the renewable energy (solar and wind power production) sector and

greater potential is expected [1].

The 2020 energy market has been greatly impacted by the covid19 pandemic
according to newly released data, September 2020. The world economy is
experiencing a bigger crisis than 2008-2009. With focused analysis in G20s, the final
energy consumption has been seen a decrease by around 5%, while electricity demand
has only dropped by 1.5% [2].

Although influenced by the pandemic in the short term, global energy
consumption will still grow in the future and this growth trend will exert more pressure

to combat global warming and meet the Paris Agreement’s objectives [3].

Different types of renewables have been widely installed as promising solutions
to tackle the global energy crisis. As the second largest deployed renewable technology
in the world, the global PV market is continuously increasing at a high growth rate in
terms of cumulative global installed capacity. At the end of 2019, global PV
installations reached 623.2 GW [4].

Grid integration of PV systems represent the future advancement direction,
driven by lower system costs. Grid connected PV systems account for approximately
99% of the PV market. Off-grid PV systems are not comparable and are mainly

deployed in developing countries and remote areas [5].

Grid-connected centralized PV generators have dominated the global market
since 2013, mainly promoted by the rapid development of utility-scale PV systems [6].
In recent years, the deployment of rooftop PV systems has reduced during this trend.



Compared with grid connected distributed PV generators, cheaper capital investment,
faster plants construction and quicker use of PV electricity, are the main drivers for
centralized PV generators to be built.

Generally, centralized PV generators are restricted by lower solar energy capture
ability as central MPPTs are the main choice for this type of systems [7]. While
distributed PV generators can implement distributed MPPT at the PV string or panel
level to increase solar energy extraction efficiency. Distributed MPPT technologies
usually come with higher initial equipment deployment cost [8]. Much research has
been undertaken to deal with the issues of the higher levelized cost of distributed PV
systems and the lower energy extraction efficiency of centralized PV systems
[8][9][10]. With a growing penetration level of PV technologies in electricity networks,
a bright future for the development of the PV industry is anticipated.

1.2 Photovoltaic Technologies

For photovoltaic (PV) electricity generation, the elementary mechanism is the
photovoltaic effect, which is the process that converts electromagnetic radiation (sun
light) directly into dc electricity. The basic photovoltaic producing device is the
photovoltaic cell, also called a solar cell, which features a p-n junction fabricated from

a semiconductor material [11].

Generally, the materials of PV cells can be divided into crystalline, thin-film and
organic types. Crystalline silicon (single crystal and multi-crystalline silicon) makes
up more than 90% of the world’s cell production with commercial efficiencies from
16% to 25% [6]. The relatively low conversion efficiency of present PV materials is a
barrier to PV industry growth. Research and progress into high efficiency materials
and low cost production processes has been continuous since the first silicon PV cell
was discovered in 1954 [12].

Table 1-1 gives a basic comparison of the primary commercial materials on the
PV market. Although some advancements have been made experimentally, the PV
market is still waiting for stable and commercial products with lower cost and higher

efficiency [13].



Table 1-1 Comparison of dominating materials of commercial Photovoltaic cells

Materials

Efficiency

Features

Crystalline
Silicon

Single Silicon (sc-Si)

16%-25%

Multi-crystalline Silicon
(mc-Si)

14%-18%

Main commercial material with

less expensive produce cost

I11-V Compound GaAs-Ge

Over 40%

High cost and typically used for

space applications

Thin Film

Cells

Cadmium Telluride
(CdTe)

22% in the lab

Organic Thin-film

22% in the lab

than crystalline cells potentially

Less expensive to manufacture

There are several ways to model the PV cell electricity characteristic. A simple

equivalent electrical model of one single PV cell is shown in Fig. 1-1, comprising a

parallel connected current source and diode [14]. The output of the ideal photocurrent

Ipn is proportional to the sun irradiance (solar energy) that hits the surface of the solar

cell. The ideal current source and the reversed saturation current of the diode are both

influenced by the ambient temperature. The series resistance Rs and shunt resistance

Rsh are parasitic parameters whose magnitudes and impact are dependent on the

geometry of the PV cell. Ideally, it can be assumed that Rs is zero and Rsh is infinite to

simplify the model.
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Fig. 1-1. Equivalent Circuit diagram of a basic PV cell



The electrical characteristic of the output current | and output voltage V is
illustrated by the I-V curve in Fig. 1-2. The non-linear relationship between | and V is

influenced by environmental parameters, such as ambient temperature and sun

irradiance.
1A
o
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Fig. 1-2. Characteristic of I-V curve for a PV cell

The non-linear relationship between PV output current and voltage, necessitate
techniques to achieve maximum energy output in practice. A maximum power point
tracking (MPPT) algorithm is usually implemented in PV systems to deal with the non-
linear feature of the PV material. MPPT can guarantee that the maximum power output
can be extracted when environmental parameters vary [7]. Different MPPT techniques
have been developed to improve the energy capture efficiency for different PV

applications, and these will be reviewed in subsequent chapters.

The voltage magnitude of one single PV cell is low (usually less than 1 V) for
most PV materials. Hence, the PV module, also called PV panel, is produced as the
commercial elementary component for end users, which generally comprises multiple
PV cells serially and parallel interconnected together to increase the output voltage
and current level. Available commercial PV modules have different specifications
considering different cost and demands of clients. The modules usually include 48, 54,
60, or 72 cells in industry. As mentioned, the present photovoltaic (PV) technologies
in the market are mostly either monocrystalline or polycrystalline silicon modules. The
open circuit voltages of such silicon modules range from 18 V to 26 V for a module
of 36 cells or from 38 V to 46 V for one consisting of 72 cells [15].



To further boost the voltage level, the PV string is introduced with several PV
modules connected in series. As with commercial PV modules, PV strings also have

different specifications in commercial use.

For large scale PV systems, several PV strings are connected in parallel to form
a PV array to cumulate a higher power level. There are also other terms to describe
different types of PV generators, such as submodule and subarray. The design
objective of a PV array is to increase the output voltage level by connecting PV
modules in series and increase output current level by connecting PV strings in parallel.
Usually, PV strings can be applied in a string level decentralized PV inverter system
and PV arrays are used for a centralized PV inverter system. The detailed classification
of different grid integrated PV systems is given in the following section.

1.3 Classification of Grid Connected PV Systems

Conceptually, a photovoltaic system is comprised of large number of PV
modules connected to a utility grid (grid-connected system) or a series of loads (off-
grid system). Compared with fast-evolved grid integrated PV systems, the share of off-
grid PV installations is small. Off-grid systems can provide electricity for areas
without a utility electricity network and storage batteries are usually demanded for off-

grid applications.

Grid-connected PV systems represent approximately 99% of the global PV
market. According to the IEA-PVPA 2020 report, the cumulative installed nominal
PV power worldwide was more than 632 GW by the end of 2019, and most of the

power is from grid-connected systems [5].

Grid-integrated PV systems can generally be classified into different types by
power level. There are small PV systems (less than 50 kW), intermediate systems
(between 50 kW and 1 MW), and large-scale systems (over than 1 MW). However,
system boundaries with different power levels are not explicit due to the modularity

nature and separated installation of PV systems [16].

In terms of MPPT implementation, grid-connected PV systems can also be
classified into two main groups: centralized MPPT (CMPPT) and distributed MPPT
(DMPPT) [11][8][17]. As shown in Fig. 1-3, the DMPPT category is defined based on

the level at which MPPT is implemented: string, module, submodule and even cell
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level where the MPPT function is applied. The future trends for MPPT implementation

are dictated as the arrow direction towards finer granularity.

" ModuleLlevel | | Cell Level

' Centralized i String Level \ -‘J -
.. MPPT | | MPPT | | MPPT

v
Fig. 1-3 Trends towards finer DMPPT

Inverters are needed to convert electricity from direct current (dc) power
generated by PV modules to alternating current (ac) power supplied to the utility grid.
Inverter based power configuration types fit into three broad categories: centralized
inverter for the whole PV array, string inverter used for each string of modules, and
distributed module integrated converters [18]-[21]. The centralized inverter is
illustrated in Fig. 1-4 (a) with blocking diodes, often referred to as string diodes,
connected in series with each string to prevent possible reversed current flow. As seen
in Fig. 1-4 (b), the single-string and multi-string structures can be regarded as reduced
versions of a centralized inverter. However, the MPPT function can be applied at the
string level to increase operational efficiency. For larger utility-scale PV systems, 3-
phase centralized inverters which have a typical power rating from 2 to 5 MW are the
common choice. Installation of string inverter based configurations have grown

rapidly, especially in the Asia-Pacific region [6].
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Fig. 1-4. Inverter configurations. (a) Centralized inverter, (b) Single-string and Multi-string
inverter.

A centralized inverter is sourced by a PV array while a string inverter is supplied
by a PV string, which means MPPT cannot be applied at the module level for both
configurations [22]. Partial shading and PV module mismatching can have a
disproportionate impact on system performance, since the least efficient PV modules
(shaded or defective) will decide the whole system energy capture efficiency. In a
centralized inverter system, several PV strings are parallel connected by string diodes

to avoid reversed power flow, which causes losses in the diodes.

Module level distributed MPPT systems attempt to solve the mentioned
problems in centralized and string level inverter systems. The module integrated
converter (MIC) based DMPPT configuration is commercially available at present.
There are different types of MIC DMPPT system architectures. They mainly consist
of AC modules (microinverters) and dc optimizers, which are increasingly expanding,
especially in the USA. The AC module, namely microinverter, directly converts the
low PV module voltage, typically 22-45V, to the single phase AC grid level (100 to
240 V AC usually) [19][23][24]. The dc optimizer is a voltage boosting dc/dc



converter connected to the PV module [25][8]. These commercial MIC configuration
types are illustrated in Fig. 1-5. The per module per converter structure removes the
mismatch losses between PV modules and enables the ‘plug and play’ feature which
makes it easier to enlarge the system. Although facilitating a significant boost of
captured photovoltaic power, the AC module and DC optimizer based DMPPT
architectures have limitations in terms of high initial equipment cost, high voltage

conversion ratios and relatively low conversion efficiencies.

PV Micro-
Module Inverter | _ PV DC-DC
Module Converter
PV Micro- |
Module Inverter | | AC PV DC-DC 3—‘
Module Converter | g 0
Z|ac
PV DC-DC [~
Py Micro- Module Converter
Module Inverter | |
(@) (b)

Fig. 1-5. Commercial Module Integrated Converter Configurations. (a) Parallel connected
Micro-inverter and (b) series connected DC optimizer.

To retain the benefits of the MIC architecture and minimize potential cost and
efficiency penalties induced by auxiliary converters, another module level DMPPT
architecture, classified as partial or differential power processing PV systems, has been
proposed. There are different connection types for partial power processing DMPPT
system. The representative architecture is shown in Fig. 1-6. The auxiliary dc-dc
converters are parallel interconnected within the PV string to balance unequal module
operation points. Different from AC modules and DC optimizers, these auxiliary dc-
dc converters do not process the full power generated by the PV module. They only
process the mismatched power between two adjacent PV modules. The connection
completeness of the associated PV string will not be broken by the shuffling converters
which provides benefits related to grounding issues and system expansion. Under the
‘no mismatch, no processing’ principle, the required power rating, size and
manufacturing cost for the auxiliary converters can be significantly reduced [8], [26]-

[28]. Thus, the overall energy conversion efficiency can be increased.
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Fig. 1-6. A Representative diagram of the partial power processing configuration.

Despite the evident merits of partial power processing architectures, there are
still limitations especially when implemented in utility scale PV systems. The typical
architecture shown in Fig. 1-6 with mismatching current balancing ability can only be
installed with a single-string inverter to ensure the possible maximum power output
for every PV string, while multi-string inverter configurations are more desirable for

large-scale power systems.

Centralized or multi-string inverters benefit from higher converter conversion
efficiency, higher power density, and lower cost. Accordingly, for large-scale PV grid
integration systems, it is a better strategy to integrate the partial power processing with
centralized or multi-string inverters architectures. This concept presents emerging
challenges for future PV system design, taken into consideration the appropriate

converter topologies, novel system architecture, modelling and control.

1.4 Main Barriers and Research Objectives

To compete with traditional grid integrated electricity generators, photovoltaic
powered generators present two main barriers: 1) lower energy conversion efficiency
and 2) higher deployment cost. To achieve a higher penetration level for grid integrated

PV systems, the following major obstacles should be addressed.

e High cost — The target of PV grid parity is to lower the levelized electricity
cost of PV power at a price equal to or even below the cost of the on-grid price
of conventional electricity generators [22][29]. If achieving this goal, large

utility-scale PV systems have a bright future [30]. With the downward
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tendency of the price per watt of a crystalline PV module, the price of PV
inverters is more visible.

Output power fluctuation — The intermittent nature of PV power may cause
reliability and power quality issues for the electricity network. Therefore,
investigation and analysis of different operation modes must be made for PV
systems to comply with international grid connection codes and standards. In
some cases, electricity storage equipment with a relatively short lifespan is
needed which may increase the overall system cost.

Low dc voltage —The distribution voltage level of ac grids in most countries is
around 100 V to 240 V, while the transmission voltage level is usually over
several kilo-volts. These are way higher than the voltage level of a typical PV
module. Consequently, the primary drive for system design and optimization
Is to seek appropriate solutions to effectively and efficiently convert the low dc
voltage power to a high ac voltage power [17].

Low energy conversion efficiency of PV modules and short lifetime of PV
inverters. Although some new PV materials have reported with over 44%
energy efficiency in lab experiments, the energy conversion efficiencies for
commercially available PV materials are only 16% to 25%. This is the most
important reason for the low utilization factor of PV systems and can only be
solved by advancement of PV materials and manufacturing industries. Modern
PV modules usually have more than 25 years guaranteed operation time. While
PV inverters lifespan vary from 10-15 years for sting level inverters to 20-25
years for DC optimizers. Some off-grid inverters have lower life-times, 2-10
years [31][32]. This contradiction of lifespan between PV modules and PV
inverter is adverse for the balance of PV systems. It is necessary to prolong the

lifetime of PV inverters to get a better system balance.

It can be concluded that, except for the low efficiency of the PV materials, the

most important factors which hinder the development of the PV industry are the low

dc voltage of a single PV cell and the intermittent nature of PV electricity.

Actually, these two factors interact. To increase the power level of PV systems,

modules need to be connected in series and parallel forms to generate a PV string or

PV array. In PV string or PV array based solar systems, string level or array level
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MPPT is usually implemented. However, the intermittent nature of solar electricity
needs module level or even cell level MPPT to increase the energy capture capability.
These two requirements are difficult to realize in a commercially fabricated PV string

or PV array, at present. The aim is to find a good solution to deal with this contradiction.

On the other hand, if central MPPT is used at the string level, the mismatch of
PV modules will deteriorate MPPT performance and lower system efficiency. The low
efficiency issue of PV systems will eventually increase PV electricity cost. A hopeful
option is to implement module level DMPPT in large scale grid integrated PV systems.
However, most of the present DMPPT schemes have higher initial equipment

installation cost which may adversely increase PV electricity price.

To lower PV electricity cost and improve the system efficiency, one prospect of
future PV technologies is to investigate a cost-effective method to implement module
level DMPPT in larger-scale grid integrated PV systems. The multi-string or central
inverter is widely used in the PV industry for higher conversion efficiency and lower
system cost. It is the future trend to add modular features in centralized or multi-string
inverter dominated PV systems to accomplish this objective. Several aspects aiming
to realize this goal have been researched and more detailed reviews will be given in
the following chapters. The main objective in this thesis is to find a good solution

based on this promising prospect, as discussed in the following points:

e Converters with voltage boosting abilities are required to act as module
integrated converters for DMPPT functions. Various step-up converter
topologies are assessed focusing on their potential to be used in distributive
utility scale PV systems. The dc-dc module integrated converters which can be
integrated with centralized or multi-string inverters will be particularly
reviewed and designed for a novel PV system architecture. The traditional large
power centralized and string level inverter topologies have been widely
analyzed and obtained some common agreement, so they will not be discussed
in detail in this thesis.

e With increased dc link voltage utilization, impedance source converters have
been widely studied and applied within PV systems. The general characters are
examined considering passive impedance networks. Traditional control

methods are compared and an advanced repetitive control strategy is imposed
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for enhanced harmonic emission capability. Quantified analysis is performed
with detailed modelling, circuit specification, and experimental realization.

e To combine the dc-dc MIC with centralized and string inverters efficiently, the
partial power processing DMPPT architecture is a suitable choice. A variety of
converter candidates for partial power processing systems are analyzed and
compared. A novel partial power processing architecture is proposed to give a
convenient connecting method with large scale centralized PV inverters. With
reduced power ratings auxiliary converters, the system cost can be decreased
and module level MPPT is achieved.

e A large-scale grid integration of PV system utilizing the proposed architecture
is analysed in simulation to gain system performance evaluation. A simulation
model is established to investigate the impact and potential problems for the
utility grid that may arise due to the installation power capacity of the PV
systems. At different operation modes, distributive control methods and an
EMTP model are implemented with fault ride through ability.

1.5 Thesis Outline

This thesis is comprised of six chapters. Each chapter can be briefly described

as follows:

Chapter 1 gives an overview of the state-of-the-art for photovoltaic power
systems. To combat global energy problems, it is needed to develop new PV
technologies to achieve a grid parity goal for PV electricity generators in global energy.
The main barriers and present PV technologies are discussed to give a picture of the
PV industry. It is found that large-scale grid integrated PV systems are the future trend.
The main problem of a centralized-inverter-based PV system is low energy conversion
efficiency. Various present solutions for this problem are reviewed and a promising

prospect has been provided to give guidelines for further research in this thesis.

Chapter 2 reviews module integrated converter topologies and PV system
configurations based on the module integrated converter (MIC). Standards and
requirements are discussed regarding the possible influences of connecting PV
generators to the utility grid. PV system connection types and MIC topologies are

compared in three categories to give a clearer view of the application background and
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restrictions. The main drive for innovative topologies and system configurations is to
improve solar energy efficiency (independent on the PV cell technology) by using cost
effective solutions. Another important factor is to match PV inverter lifetime with that
of PV modules. Impedance source converters are also reviewed in this chapter to
emphasise the control challenge for this type of converter. The proposed solution is
given in Chapter 5 with detailed analysis of this general problem. This chapter provides
background information and direction for the following research to combine MICs

with centralized inverters for better PV system performance.

Chapter 3 gives a literature review and comprehensive analysis of the mismatch
mechanism in PV systems. The composition feature of the fundamental building block
in a PV system is illustrated to clarify the base reason for mismatched losses. The hot
spot phenomenon caused by non-identical PV cells is analysed and conventional
detection and protective methods are discussed. Two compensation solutions based on
module integrated converters are reviewed respectively for series and parallel
connected PV modules. The advantages and challenging aspects are concluded to give

insight for future research.

In Chapter 4, a new partial power processing distributed MPPT architecture is
proposed where the per PV string per central converter configuration is avoided. All
the associated converters can be configured as partial power processors with reduced
power rating. This architecture is convenient for parallel connection of PV strings to
achieve increased power output. This novel architecture can combine the MIC with
centralized PV inverters and then can be used in large-scale PV grid integrated power
systems. Distributed control, improved reliability and smart grid functionality
assistance can be realized. Modelling, control and performance evaluation are given

and this system configuration is verified experimentally.

Chapter 5 investigates the control challenges for a set of high-order wide-output
(HOWO) impedance source converters (ISCs) with comparison of different control
strategies. Different impedance source converters with voltage boosting ability are
applied in PV applications. The intrinsic passive impedance network provides lower
order distortion of the ac output power which results in controller design difficulty.

Generic digital repetitive control is used to solve the prominent second harmonic
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problems of ISCs. Simulation and experimental validation are performed on a topology

based on the semi-quasi Z source converter.

Chapter 6 presents the conclusion and future research plan. The authors

contributions are highlighted. The restrictions for PV technologies and possible

solutions are summarised. A promising prospect is expected for the future PV

electricity market.
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CHAPTER 2
Review of Module Integrated Converters for Full Power
Processing DMPPT Architectures

This chapter reviews PV systems based on module integrated converters. With
increasing penetration of grid integrated PV systems, the requirements for PV power
regulation are more complex. However, due to the high cost of solar electricity, the
main drive for the development of innovative topologies and system architectures is to
pursue high energy convention efficiency. Module level distributed MPPT is widely

applied, trying to deliver maximum PV generated power to ac grid.

Another important factor is to improve PV inverter lifetime to match the relative
long lifetime of PV modules which usually has a guaranteed operation time of better
than 20 years. The PV system based on module integrated converters is the future
trend for higher efficiency and longer lifetime with anticipated system performance

improvements, and can be applied in applications with different power levels.

This chapter discusses the demands and related standards for PV integrated
inverters with functions to deal with possible power quality issues, such as anti-
islanding, current harmonics and so on. Based on these functionality requirements, a
conceptual comparison on basic operation principles of state of the art MIC topologies

with emphasis on efficiency and system cost, will be developed.
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2.1 Background

A central inverter is the dominant type for medium or large power grid integrated
PV systems. Compared with distributed PV architectures, the lower initial installation
cost and higher power inverter efficiency have made central inverter based PV
architectures the main stream choice in the PV market. The main limitation is its
central MPPT performance which can be severely worsened by mismatched PV
modules within the PV array.

To overcome this problem, the string level inverter has been introduced to
implement string level MPPT. As the basic commercial PV unit in a PV system, the
PV module is usually treated as the basic operating cell for system optimization. To
assist module level MPPT implementation, numerous dc-dc and dc-ac converters have

been applied in different PV system architectures to gain the best solar power usability.

Conventional module level converters have to process all the power generated
by the PV module which can make for high equipment costs. The trade-off between
energy extraction ability and equipment cost has driven the development of partial
power processing module level converters. In this thesis, module level DMPPT

converters are analysed separately as full power and partial power processing types.

Compared with conventional full power processing converters, partial power
processing converters can reduce equipment cost as well as realizing module level
MPPT. However, the system connection is more complex and the control strategy is
usually more difficult to implement. The classification of module level DMPPT
architectures depends on the power processing types, as shown in Fig. 2-1. In this
chapter, the full power processing conversion type will be reviewed, while the partial

power processing conversion type will be discussed in Chapter 3.
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Fig. 2-1 Classification of PV module integrated converters according to power processing type.

Full power processing converters can be grouped into two categories according
to the connection types. The converters of the parallel connection type mainly have a
module level inverter structure which are also called AC modules or micro inverters.
AC module based architectures are mainly used for single-phase low or medium power
PV applications. Because of the relatively low dc voltage of a single PV module, high
voltage boosting ability is necessary. The voltage boosting function can usually be

achieved by isolated transformers or multi-stage transformer-less inverter topologies.

The series connected full power modules can be cascaded dc-dc converters or
dc-ac converters. The basic converter cells for this series type are primarily buck, boost
and buck-boost converters.

The concept of partial power processing is introduced to ensure module level
MPPT can be achieved with a low level equipment cost. By implementing voltage
balancing and current balancing ideas, the module level converters do not need to

process all the power generated by its associated PV modules. The converters with
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lower power ratings only need to operate when mismatch occurs between adjacent PV
modules. If the module level converter is intelligent enough to operate only when it is
needed, the power rating and size of the module level converters can be significantly
decreased. Based on no mismatch, no power processing principle, several new PV
architectures have been proposed which are called differential or partial power
processing PV systems. The classifications and main converter types are shown in Fig.

2-1 and a detailed review is presented in Chapter 3.

The main standards and requirements for PV system operation will be listed in
the next section, to give guidelines for the discussion that follows. Full power
processing architectures will be reviewed mainly based on converter characteristics,
system requirements and control implementation [1][2]. By reviewing previous
research, it can be assessed that there is a possibility to increase energy efficiency by
implementing module level MPPT. The main drawback is the increased equipment
cost caused by installing many module converters. It is always a task to get a balance
when designing such full power processing DMPPT PV systems.

2.2 Standards and requirements for grid-connected PV systems

It is a basic requirement for PV processers to meet the demands defined by the
PV modules. For grid connected PV systems, another important requirement is to
satisfy the grid connection standards defined by the utility supplier. There are several
different standards and guidelines created by different areas and organizations. Their
main objective is to guarantee the safety and reliability of the grid supply connected
with PV generators. Various protective measures and equipment are stipulated
specifically for PV grid integration systems. As an important member of distributed
generation (DG) systems, the demands for general DG systems also apply to PV

generation [3][4].

In this section, the world acknowledged standards are discussed. These standards
cover most aspects of PV grid connecting issues regarding power quality, operation
safety, islanding detection, and other considerations. A list of important standards and

their publication organization are given, as an overview, in Table 2-1 [3][5].
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Table 2-1 Standards List for PV- Grid Integration Systems

IEEE 1547TM-2003 (R2008)

IEEE Standard for interconnecting DRs with electric power systems

IEC 61727-2004

PV systems — characteristics of the utility interface

IEC 61000-3-2:2018

Electromagnetic compatibility (EMC) — Part 3-2: Limits — Limits
for harmonic current emissions (equipment input current < 16A per
phase)

IEEE 929-2000

Recommended practice for utility interface of PV systems

CSA C22.3 No. 9-08 (R2015)

Canada

Interconnection of DRs and electricity supply systems

ENA Engineering
Recommendation G83 Issue
2-2012 (EREC G83)

UK

Recommendations for the connection of type tested SSEG (up to 16
A per phase) in parallel with LV distribution systems

VDE-AR-N 4105-2011-08

German

Power generation systems connected to the LV distribution network
— Technical minimum requirements for the connection to and
parallel operation with LV distribution networks

GB/T 19939-2005
China

Technical requirements for grid connection of PV system

KEPCO Technical Guideline

Korea

Korea Electric Power Corporation Technical Guideline for

integrating DRs with the Grid

JEAC 9701-2012

Grid-interconnection Code

IEEE 1547-2008 with its amendment 2014 is the most widely used standard for

integrating distributed resources within L0MVA electrical systems[6]. For low-voltage

low-power PV systems below 10kVA, IEC 61727 is generally used to specify the

related technical issues [7]. IEC 61000-3-2 regulates the limitations for harmonics

injected into the public supply system[8]. IEEE 929 gives guidelines for small PV

power systems in terms of many practical aspects such as personnel safety and

equipment protection [9]. As well as these international regulations, many countries

have created their own standards based on the international code, such as China, the

UK, Germany and some other countries [3].

Considering the possible influences of connecting PV generators to the utility

grid, the following points are usually covered in the mentioned standards:

1) Voltage regulating and frequency related control;

2) Current harmonics and dc current injection;

3) Islanding detection and operation;

4) Reliability and safety issues;

5) Malfunction of equipment;
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6) Protective measures for overcurrent and overvoltage; and

7) Dispatching and planning schemes for PV generated power.

The main constraints for PV connected systems are summarized in Table 2-2

regarding different standards and their associated power ratings.

Table 2-2 A summary of main points in important standards

Stan No. IEEE 1547 IEEE 929 IEC 61727 EN61000-3-2
Power 10 MVA 10 kW 10 kVA 16A@230V
Ratings

Order | Limit
(h) (A)
3-9 <4.0% <4.0% 3 2.3
11-15 <2.0% <2.0% 5 1.14
17-21 <1.5% <1.5% 7 0.77
Odd
Harmonic 23-33 <0.6% <0.6% 9 0.4
>33 <0.3% 11 0.33
13 0.21
(15-
39) 2.25/h
2-8 Less than 25% of the odd harmonic <1.0% 2 1.08
Even limits
Harmonic 10-32 <0.5% 4 0.43
6 0.3
THD (%) <5% 8-40 | 1.84/h
DC No more than 0.5% of rated output No more than 1% of rated
T <0.22A
Injection current output current
Range (%) ;Il—r':r:z Range (%) Trip time Range (%) Trip time
V<50 0.16s V<50 6 cycles V<50 0.1s
Voltage 50<V<88 2s 50<v<88 | 120 cycles 50<V<85 2s
110<V<120 1s 110<V<137 | 120 cycles 110<V<135 2s
120V 0.16s 137<V 2 cycles 135V 0.05s
Trip A s
Range (Hz) ti Range (Hz) Trip time Range (Hz) Trip time
Frequency Ime
59.3<f<60.5 0.16s 59.3<f<60.5 6 cycles 49<f<51 0.2s

Note: THD — Total harmonic distortion

Islanding is the situation in which distributed generators such as PV panels and
wind turbines continue to supply power to utility grid when the electricity of the main
grid is not present. It is required in most standards for PV systems to detect islanding
and stop feeding the main electrical network within 2 seconds. There are usually three
types of islanding detection methods, viz., passive, active and hybrid protection. The
present active methods mainly include frequency shift, power variation and current

injection. The passive protecting methods generally monitor voltages and frequency
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changing rate. In many countries, it is required to combine active and passive methods
to enhance islanding detection. In addition, a specified holding period after fault
clearance is required by the grid-connection code before reclosing the main switch.

With an increasing PV system penetration level, it is important for
manufacturers to understand and follow the relevant standards for safety and reliability
reasons. These requirements and codes mainly cover three parts: the utility grid, PV
modules and the operators or clients. The following sections will analyse how these
demands and standards are achieved by existing inverter topologies and system
configurations. The main objective is to recognize the most suitable solutions for

interfacing PV systems to the grid.

2.3 Parallel connected module integrated inverters

As shown in Fig. 2-2, several micro-inverters can be parallel connected to the ac
grid, or several dc-dc converters are parallel connected to one single central grid
interfacing inverter. Restricted by the low voltage of a single PV module, this parallel

connection type is mostly used for single phase PV applications.

DC DC

= —— =
DC AC E“)

- N Grid

DC

ny Grid

AC

A

15
s
.
15
1%
)

Fig. 2-2 Architectures for parallel connected module level converters: (a) parallel connected
micro inverters and (b) parallel connected dc-dc converters with central inverter.

One single PV module with low dc voltage can be interfaced to a single phase
ac grid with a higher voltage rating (110V-400V). The module level converters applied
in parallel architectures need high voltage boosting ability. Hence, transformer isolated
converters are usually a common choice to achieve a high step-up voltage ratio and
safety requirements for single phase applications. Many transformer-less topologies

have also been introduced to increase efficiency and reduce cost and size [5]. From a
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modularity perspective, the transformer-less version can be seen as the future trend.
Another important factor that needs to be considered is the low frequency harmonics
in single phase PV applications. The power decoupling capacitor is a general solution
and must be carefully selected during single phase PV inverter design. From the power
stage view, multi-stage power conversion is usually selected to increase the voltage
boosting ability, but single-stage novel topologies are also being widely researched
[10][11][12].

Thus, parallel connected module level converters can be categorized and

compared based on the following perspectives:

1) Transformer isolated or transformer-less topologies;
2) Positions of the DC decoupling capacitors; and

3) The number of cascaded power processing stages.

Firstly, the requirements and operation principle for dc decoupling will be
analysed to provide background information for single phase PV applications.
Secondly, the isolated single phase PV inverter will be discussed with consideration
to three different positions of the dc decoupling capacitors. Then, transformer-less
micro inverter topologies will be reviewed based on their basic step-up converter cells.
The power stages will also be compared. Then the advantages and disadvantages will
be drawn up for parallel connected full power processing module converters.

2.3.1 Power decoupling requirements for single phase PV inverter
a) Power decoupling principle

A generic grid-connected, single-phase PV inverter is shown in Fig. 2-3. For the
MPPT algorithm, the output of PV module is a constant DC power. At a specific
condition, the constant power is equal to Im times Um which are the current and voltage

at this maximum power point.

i(t)

DC-AC 9
u()

Inverter E\D_

Power decoupling
capacitance

Fig. 2-3 Power decoupling in a generic single-phase PV inverter.
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When the grid side voltage and current are expressed in the form of equation (1),

where the @ is the line angular frequency.

@)

u(t) =U sin wt
{i(t) = | sin(awt + @)

The AC side time varying power can be obtained by multiplying the grid voltage
u(t) and injected grid current i(t), as in (2).

P, (t) =2UI cos 9 —3U1 cos(2at + ¢) @)
Assuming the phase shift ¢ is zero, the grid power can be simplified to

P, (t) =3U1 Ul cos 2at 3)

I the power loss of the inverter is neglected, the average power part P,, =2Ul
is equal to the DC power generated by the PV module. The pulsating power part

—%UI CoS2at oscillates at twice the grid frequency. To balance the power difference

between the DC and AC side, energy storage components are needed as the decoupling
device, which are usually decoupling capacitors [13][14]. The waveform of the total
AC power Po(t) is plotted in Fig. 2-4.

Pa(t)
Delivkred energy
o b P Pa\
i N
I I A
i I\ Storéd/energy
i I
0 ti'
! 1
| | |
VdCJTl:‘IX - . . i ,,,,,,:
Sz TN .L/._N.___ :
VdC_l]Ji.Il ° - T T T T T T T T 7—/1:
i [ I
| | t 1

Fig. 2-4 The power balancing achieved by the decoupling capacitance
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Due to the MPPT function, the average power output P,, is the value of
Ve X | ypp Which is the maximum DC output power P, of the associated PV module.
When P,, is greater than the instantaneous AC output power P, (t), the excess DC

power will be stored in the decoupling capacitor. For the other half cycle of P, (t) , the

stored energy can be delivered to compensate the shortage of DC power.

To eliminate the relatively large second harmonic ripple of the ac output power,
electrolytic capacitors are usually used and the capacitor voltage is depicted in Fig.
2-4. The capacitor can be selected according to the energy balancing principle

considering the voltage ripple applied to it.

T
E =2[(P,(t) - P,)dt
—3CV,

:%CV : dc_min (4)

dc_max

=3C (V,, +AV)’ —3C (V. —Av)’

where T is the fundamental period of ac side voltage and Av is the absolute
voltage ripple value of dc side voltage. Subtracting (3) from (4), the capacitance can
be obtained as follows. The capacitor value can be influenced by factors: output DC
power, line frequency, applied DC voltage to the capacitor, and absolute DC voltage
ripple [13].

Pdc
20 VAV ©)

b) DC decoupling capacitor selection

As a key component for the single phase micro inverter to deal with low
frequency harmonics, the DC decoupling capacitor will affect the reliability, efficiency
and control strategies of the PV system. Another influence is the PV system lifetime.
Each micro inverter is often manufactured onto the back of a PV module for a ‘Plug-
N-Play’ function, hence, it is required to match the lifetime of the two. It is widely
known that the lifetime of micro inverter is mainly evaluated by the size of the
decoupling capacitors, and the amount of current they carry. A high current involves
high power loss and increased temperature inside the capacitor which is the main factor

to determine the lifetime [14].
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The normal choice is an electrolytic capacitor which offers a higher energy
volume. However, the lifetime of electrolytic capacitors varies greatly among different
materials, power ratings and applied environment. The electrolytic capacitor is the
weakest element inside the inverter with a relatively short operational lifetime [15]. In
industry, the trend is to replace electrolytic capacitors with film capacitors for a longer

operational lifespan of the latter [16][17].

2.3.2 Isolated topologies with different power decoupling techniques

The transformer isolated topology is a typical version of the micro inverter, to
amplify the low DC voltage level of PV module to the higher AC grid. As shown in
Fig. 2-5, a high frequency or line frequency transformer can be implemented
depending on the converter structure. Nowadays, to improve modularity and increase
systematic efficiency, the high frequency transformer isolated micro inverter is the
main type. Hence, discussion of high frequency isolated topologies on reliability,
efficiency and control complexity will be given in the following section, with regard

to different DC decoupling locations.

~
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Fig. 2-5 Isolated PV module integrated inverters: a) high frequency transformer version and b)
line frequency transformer version.

Micro inverter topologies can be categorized by different principles such as the

number of cascaded power stages and AC grid interface features. The topology with a
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pseudo DC link shown in Fig. 2-7 can be seen as a single power stage structure, with
AC grid interfacing involving twice the line frequency. The DC link or AC link
topologies shown in Fig. 2-6 and Fig. 2-8 are both multi power processing stages and

their associated grid interfaces are high frequency PWM inverters.

A variety of high frequency isolated topologies have been presented to deal with
power decoupling problems in single phase PV applications, with different features
and efficiencies. According to the DC coupling capacitor positions, these topologies

can fit into three groups, when referring to different topology configurations [14] [18]:

1. DC side decoupling for a micro-inverter with DC link;

2. AC side decoupling for a circuit without a DC link;

3. PV side decoupling for a topology with a pseudo DC link or without a DC
link.

Decoupling Capacitor
[ s S .

AC ¢ DCc | | ’ AC
I | | High frequency p— : '\ /' ,\/ Grid

transformer |
. : Inverter

DC-DC Converter

Fig. 2-6 Diagram of multi-stage topology with DC link configuration
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Fig. 2-7 Micro inverter topology with pseudo DC link configuration
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Fig. 2-8 Multi-stage micro inverter topology without DC link configuration

Different DC link configurations are designed for the single phase micro inverter
to help reduce the decoupling capacitance. The representative topologies for three

different positions of decoupling capacitors will be comparatively discussed.
a) PV side decoupling capacitor

Single power stage topologies for the single phase PV module level inverter are
popular for their simple structures, high efficiency and low cost. This type of inverter
generally has a pseudo DC link configuration as shown in Fig. 2-7. Thus the only

position for the decoupling capacitor is at the PV side.

The utilization ratio of a PV module is the ability to extract the PV generated
energy to the ac grid. To reach a high utilization ratio (>98%) and maintain maximum
power output, the ripple amplitude of the PV side DC voltage must be sufficiently low
(below 8.5%) [12].

When the decoupling capacitor is directly connected to the PV module, V. is

the MPP voltage of its associated PV module which is usually a low DC voltage. The
amplitude of the ripple 4v should be lower than 8.5% of the MPP voltage to reach a
high utilization efficiency [19]. Based on this relationship, the PV side capacitance is
quite high in present PV module specifications and could be 13.9mF for a 200W micro

inverter to achieve a 98% utilization factor [15].

Several auxiliary power decoupling circuits have been designed to act as active
filters to attenuate the pulsating power at twice line frequency in the single stage
inverter [19]-[23]. With these additional circuits, the PV side capacitance can be
reduced. In the following parts, two representative circuits will be discussed with one

connected in series with the capacitor and the other is the parallel connection type.
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A flyback module level inverter with two primary-side switches is shown in Fig.
2-9. Compared with the conventional flyback converter, the additional switch Sx
converts the magnetizing current into the decoupling capacitance Cx when main switch
Sw is off. The additional power decoupling circuit is series connected with the main
power circuit and withstands the majority of the low frequency pulsating power. Hence,
the averaged dc side current can be maintained constant and Cpc is small. Because the
voltage ripple on Cx does not need to be too small for MPPT efficiency, the decoupling
capacitor Cy is small enough to be a film capacitor[21]. For the cascaded decoupling
power path, the overall conversion efficiency is low and is reported to be around 70%
for the flyback inverter in [19]. Another issue is the complicated control and

modulation strategy to attain the required small volume and low cost design objective.

Power
Decoupling

EB'—* ‘ I Grid@)
L by Em_ﬁj |
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Fig. 2-9 Series connected power decoupling circuit for flyback PV module integrated Inverter

An auxiliary converter with bidirectional power flow, named Current Pulsation
Smoothing Parallel Active Filter (CPS-PAF), is connected in parallel with the PV side
capacitor Cpc as shown in Fig. 2-10 [23].
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Fig. 2-10 Parallel connected active filter for current pulsation smoothing.

Different from the series connected ripple current reduction topologies, the CPS-
PAF is independent of the PV inverter topology and deals with the current difference
between the PV module output and the ac grid. When the grid current is larger than
the PV module MPP current, the decoupling circuit acts as a buck-mode converter to
supply the current difference from PV side to ac grid side. When the MPP current is
larger than the ac grid current, the auxiliary circuit operates as a boost-mode converter.
Thus, the second harmonic current ripple flows through the CPS-PAF circuit and the
capacitor CPAF can be calculated as:

_0.4221Pp¢
Cw(VE -V

(6)

CPAF

where Vy and Vi are the maximum and minimum voltage of the PAF capacitor.

From equation (6), a large difference between Vu and Vi reduces the PAF
capacitance, but this increases the switching losses. Hence, there is a trade-off between
capacitance and system efficiency. Compared with a purely decoupling capacitor
configuration, the capacitance in this structure can be significantly decreased. Thus,

film capacitors can replace bulky electrolytic capacitors to prolong system lifetime.

The decoupling circuits are actually active energy buffers which allow the
replacement of electrolytic capacitors with film capacitors. The common disadvantage
is that the overall system efficiency is reduced due to the extra switching circuits.
Although parallel connected circuits show less negative influence on system efficiency

than the series connected circuits, problems cannot be resolved completely.

b) DC side decoupling capacitor
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The multi stage inverter structure in Fig. 2-6 has a step-up DC-DC converter
power stage. Generally, it is a common choice to put a small capacitor at the high DC
voltage link. As discussed, the PV link DC voltage for single PV module is restricted
to a low value and voltage ripple must be small enough to guarantee MPPT efficiency.

The DC link configuration in Fig. 2-6 can tolerate higher voltage ripple.

According to equation (5), the decoupling capacitance value at the high voltage
DC link can be significantly decreased compared with that at low voltage PV link.
Thus, it is possible to remove the electrolytic capacitor with a high reliability film

capacitor for longer lifetime and reduced system cost.

The middle DC link voltage must satisfy two requirements:1) stay within a safe
operation region; and 2) must always be greater in magnitude than the instantaneous
ac side voltage for proper dc-ac inversion [24]. The relationship between the dc link
voltage and ac voltage is drawn in Fig. 2-11. The DC capacitance value is selected as
follows.

o Pw
= WV, AV

(")

where the DC average voltage is Vav and AV is the twice line frequency voltage

ripple which is the difference between the maximum and minimum DC voltage.

DC
Voltage

VARVA

Fig. 2-11 Voltage waveforms for DC link configurations and AC grid side.

A

Theoretically, the voltage ripple AV needs to be increased for smaller DC link
capacitance. However, the maximum DC voltage is predefined by the operation region
and the minimum DC voltage must be above the instantaneous ac voltage. But higher
DC voltage ripple causes higher ac current distortion. The DC voltage ripple is

restricted by these two factors.
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To resolve this issue, several control and modulation strategies attempt to
decrease the ac current distortion incurred by DC voltage ripple. To attenuate the low
frequency dc voltage ripple, the approach proposed in [24] uses a low bandwidth
control loop to achieve 25% voltage ripple. However, system dynamic performance

deteriorates due to a low cut-off frequency.

Isolated DC-DC Convertion

T : Grid

i-Regulator

VLIC ref Vi-Regu lator

Vripp le

Fig. 2-12 Controller strategy based on voltage ripple estimation.

The concept of voltage ripple estimation is used in several publications to
decouple the dc voltage ripple from the ac injected current. Both fast controller
transient response and high bandwidth can be achieved in the presence of high dc
voltage ripple. One representative control loop is shown in Fig. 2-12. The actual dc
voltage is subtracted from the estimated voltage ripple, so influence from the dc side

to ac side can be almost eliminated.
c) AC side decoupling capacitor

The multi stage inverter has a DC-AC-AC-AC structure, where the capacitor can
be at the AC side with a combination of active and reactive components. For the high

voltage swing at ac grid, it is possible to use film capacitors with high reliability.

One typical topology based on a current source inverter is presented to illustrate
the ac decoupling operation principle [25]. As shown in Fig. 2-13, an extra phase is

added to generate a power path for ac decoupling.
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Fig. 2-13 Typical ac decoupling configuration topology.

This ac decoupling configuration can be seen as an unbalanced three phase ac
system. To control this ac system, three phase voltages and currents are given in
equation (8) and (9).

U, = U, sinwt
u, = Uy sin(wt + @) (8)

u. =0

i, =1, sin(wt + @;,)
ip = I sin(wt + @;p) 9
i, —ip
The power can be calculated by:
Protar = Uglq + Ugla + Uglg
= Y2{Uqalqcos¢iq + Uplpcos(@up — @ip)}_P1

(10)
—1{U,I, cosRwt + ¢;,)

+ Uyl cosQRwt + @yp + @ip)}_Ps

The first part Pz in (9) is the constant DC power which is maintained at the PV
maximum power. To isolate the twice frequency harmonic from the DC side, the
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second part P2 is controlled to be zero. Thus, the constraints for control strategy

implementation are given in (11) and (12).

Ugly, = Uply
(11)
Pia = Pup T Pip tT
Pip = Qup + %21
(12)

Ib = a)CUb

The power paths must be bidirectional to meet the control requirements. Moving

the capacitor from the PV side to the AC side helps improve reliability.

The principle can also be applied to the voltage sourced inverter, as in [26], with
an ac decoupling structure. A high frequency isolated single inverter can also use ac
decoupling and one flyback inverter with ac decoupling capacitance is in [14].

In summary, lifetime and reliability are the main motivation behind the various
power decoupling methods. The single stage inverter topology uses PV side
decoupling circuits to solve these issues. However, circuit complexity is increased and
overall system efficiency is influenced. For multi-stage inverters, dc-side decoupling
or ac-side decoupling can be applied, while both require a complex control scheme. In
practice, topology and decoupling methods should be designed based on

considerations of cost, efficiency and energy performance ratio.

2.3.3 Transformer-less step-up topologies

The main objectives of modularized inverters are high efficiency, reliable
operation and low manufacturing cost. Thus, non-isolated topologies are widely used

for their high conversion efficiency and reduced architecture size.

The first PV inverter was a transformerless line commutated (voltage boost)
inverter based on a thyristor bridge as shown in Fig. 2-12 (a). This kind of inverter
configuration benefits from high efficiency, cheap implementation and robust
operation. The low power factor (in the range of 0.6 to 0.7) implies special filter
requirements. Thyristors have been replaced by high frequency semiconductor
switches such as IGBTs and MOSFETSs. A simple full bridge voltage source inverter
is shown in Fig. 2-14(b) and the switching frequency can be significantly increased to
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achieve a better quality factor [27]. Thus high frequency semiconductor devices are
the trend for PV inverters. The single stage in Fig. 2-14(b) is a step down type inverter
which means the PV module DC voltage must be greater than the AC grid voltage.

4
g |
Line Commutated 4 SIE;‘:U-{)'GWH Full
Bridge Inverter
Inverter
L
() (b)

Fig. 2-14 Transformerless Full-Bridge Single-Phase PV Inverters. (a) Line commutated current
source inverter topology and (b) Step down voltage source inverter topology.

For transformerless inverters, common mode voltages may be imposed on the
PV side of configurations without a centre earth connection. Single phase inverters
without isolation or earth connection cannot be used in some countries. The related
standards and IEC documents are continuing to development in regards to earth
connection requirements, such as UL 1741 and IEEE 929.

Novel topologies have been proposed to solve the grounding issue of
transformerless inverters [11]. Except for grid requirements and power decoupling
demands, leakage ground current monitoring and protection is important to topology
design.

A non-isolated single-stage inverter version is usually not an attractive solution
for voltage amplifying demanded in a module integrated inverter[15]. Boost converter
stages are usually inserted to increase the dc voltage level. But series connected power
conversion stages reduces efficiency, compared with a single-stage inverter structure.
In the following section, transformerless topologies will be discussed based on power
stages and ground current protection abilities. For each group, one representative

circuit will be given to allow detailed analysis.

a) Two-Stage Topologies
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A traditional two power stage configuration is depicted in Fig. 2-15 which
consists of a boost dc-dc converter and a full bridge inverter. The higher DC link
voltage has high tolerance to voltage ripple. So the decoupling capacitance Cp may be
a film capacitor for longer life span. But the high voltage ripple deteriorates the ac side

power factor.

| Filter

Fig. 2-15 Two power stage inverter with Boost DC-DC converter.

To improve the efficiency of this conventional two stage inverter, several
modified topologies based on the boost dc-dc converter have been proposed. In [28],
a dual mode inverter which applies a time sharing scheme during operation to decrease
switching and conducting losses. Another modified inverter uses a soft switching

principle [29].

Filter

Fig. 2-16 Two stage configuration based on boost converter and NPC inverter.

One typical modification [30] replaces the full bridge inverter with a half bridge
inverter, as shown in Fig. 2-16. The neutral-point-clamped configuration is used to
reduce the filter size. An advantage is that the ground leak current can be reduced by

connecting the middle point of dc stage to the grid neutral point. Several topologies
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based on half bridges have been analysed in [5][11][31][32]. Emphasis has been on
improving the boost voltage ratio and avoiding the bad influence of ground currents.

b) Pseudo-DC link Topologies

The topology structure on pseudo-DC link PV inverter is depicted in Fig. 2-17.
The PV generated DC current is converted to sinusoidal DC current and then
transformed into required AC current with an unfolding inverter. The inverter operates
at line switching frequency which reduces the switching losses. The main disadvantage

is the PV side large electrolytic capacitance which adversely affects system lifetime.

Grid
Filter
AC

v,

Fig. 2-17 Block diagram of PV inverter with Pseudo DC link.

Two typical topologies in [33] and [34] use inverting and non-inverting buck-
boost dc-dc converters respectively. The discontinuous current mode is applied to both
topologies. Low efficiency is a common problem for such buck-boost converter based
topologies and the highest reported efficiency is 85% for a similar circuit in [35]. A
time sharing scheme is applied in [36] to improve the efficiency to 98%. Basically,
pseudo-DC link topologies suffer from large capacitance and low operational

efficiency.
c) Single-Stage Topologies

Single power stage inverter structures are motivated by possible improved
efficiency and increased system reliability. A typical topology is shown in Fig. 2-18
[37] in which the operation mode can be buck, boost or buck-boost to achieve single
stage power inversion. This topology can accommodate a wide input voltage range to
achieve high efficiency. Various similar topologies based on buck-boost operation can
be found in [38], [39]. The buck-boost conversion stage can be integrated with the full
bridge inverter and the associated topologies are shown in [40] and [10]. Several

topologies apply a differential mode buck-boost converter or two buck-boost
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converters for relatively independent power supply for each half cycle of the ac current

[41][42]. The passive components are shared to reduce size and cost.

Filter

Fig. 2-18 A typical single stage PV inverter.

Similar to pseudo-DC link topologies, the bulky electrolytic capacitor is the
factor to restrict developing single stage inverters. Voltage boosting ability is also a
challenge. For these topologies, the full bridge inverter structure is implemented which

means the leakage ground current may need treatment.

In conclusion, for the reviewed parallel connected inverters, it is difficult to
select the best topology for a single phase PV inverter. Comprehensive analysis is
necessary to select a premium solution in practice, considering power rating, voltage
and current specifications. While the two stage transformerless topologies are usually
better due to their higher voltage boosting abilities and lower DC link capacitance. The
half-bridge inverter can be implemented with a combined high step-up dc-dc converter

to solve the leakage ground current issue.

Thus, high step-up converter topologies are always a research topic for single
phase PV applications. In Chapter 5, the impedance source converter based PV inverter
will be analysed for its voltage boosting abilities. A new control strategy is proposed

to solve common issues of high step up converters.

The main advantages of parallel connected PV systems are high reliability and
low maintenance costs. The plug-and-play function provides flexibility for operation
and system expansion. The essential function for parallel inverter structures is
sufficient voltage magnifying ability. The restricted voltage boosting ability usually
means that parallel connected configurations can only be applied in single phase PV

applications. In the next section, series connection PV systems will be discussed.
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2.4  Series connected module level PV system

Cascaded modular converters are used in single and three phase PV systems to
implement distributed MPPT at high voltage levels. This type of full power processing
DMPPT architectures can be divided into two groups: 1) cascaded DC-DC converters
and 2) cascaded DC-AC converters, as shown in Fig. 2-19. In this section, the features
for series connected MIC based DMPPT full power processing structures will be
discussed in these two categories. A comprehensive review will be given for available

converter candidates, control design, and application background.
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Fig. 2-19 Architectures of series connected full power processing DC-DC and DC-AC
converters.

2.4.1 Cascaded DC-DC converter

The PV module integrated dc-dc converter is implemented to realize module
level MPPT functionality. This type of converter is also called a front-end DC
optimizer and each dc-dc converter deals with all the power generated by its associated
PV module [43].

Compared to traditional string level architectures, cascaded dc-dc converters are
more efficient and economical for applications in residential areas. It is reported to
have up to a 40% increase in PV energy harvesting [44]. Another benefit is the
availability to apply extra independent control and status monitoring with the
integrated converter units. The number of MPPT units equals the number of PV
modules. The MPPT functions are usually realized by individual dc-dc converters. A

general solution is to apply a dual control scheme to each MIC. The MPPT reference
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is supplied by a slow outer control loop and then fed into an inner controller with a
higher bandwidth. A control structure is illustrated in Fig. 2-20 with two dc-dc
converters and more converters can be used in practice. Each dc-dc converter is used
as a MPPT unit with or without inner control and the central inverter is controlled by

closed loop feedback.

MPPT Unit

DC
ControlUnit
DC
- DC
------------------------------- p— Grid
MPPT Unit AC

DC

Fig. 2-20 MPPT and control scheme for cascaded dc-dc converters structure.

Parallel connected inverters must have large voltage step-up ability to convert
the low PV module dc voltage to high ac voltage (240V ac). Usually more complex

and less efficient topologies are implemented in series connection PV system [45].

In series connection PV systems, high voltage can be reached by stacking PV
modules. Hence, a step-up topology is not a requirement. The widely used buck, boost,
buck-boost and Cuk converters are possible solutions. Buck and boost units are easy
to implement and show higher efficiency compared with other high order complex
converters such as the Cuk and sepic converters [46]. One central inverter is needed
for one PV string to interface to the ac grid. Two implementation architectures based

on buck and boost converter cells are shown in Fig. 2-21 with two PV modules.
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Fig. 2-21 The PV DC bus built with cascaded module converter. (a) Boost converter
implementation and (b) Buck converter implementation.

The buck and boost converters have a simple structure and control. Although the
boost converter is a step-up topology, the boost converter based cascaded PV system
may not always deliver the allowable maximum power in extreme conditions. The
boost converter does have the advantageous possibility of continuous input current. A
PV string composed of buck converters can always transfer the maximum power for
any shaded PV panels. High order converters such as the Cuk have continuous input

and output characteristics, while the extra passive components complicate control.

The maximum and minimum number of PV modules differ for different
converter types. For series connected buck converters, the control strategy is to step
down the output voltage of shaded PV modules to match the string current. For boost
converters, the output voltages of unshaded modules are increased to lower their
current to match the current of shaded modules. The buck-boost converters can
increase or decrease the output voltage which means more flexible control
implementation. For a given DC bus voltage, the PV panel number for buck converters
is the highest and for boost converters the number is the least, while the number for
buck-boost converters is in the mid-range [47].

The main drawback is that each PV string needs a central inverter. In high power
applications, it is difficult to parallel several PV strings to one central inverter and the

equipment cost can be high.
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2.4.2 Cascaded DC-AC converter

As one of the main multilevel converter types, the cascaded multilevel converter
(CMC) topology is a promising solution for single phase PV systems. The topology is
simple to implement and the requirement for isolated DC sources matches the

distributed source nature of PV generators [48][49].

A cascaded H-bridge multi-level PV inverter is proposed in [2], as shown in Fig.
2-22. The outputs of several H-bridges are series connected to interface directly with
the single phase ac grid. This architecture can also be applied at PV string level where

one H-bridge inverter is directly connected to one PV string.
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Fig. 2-22 Cascaded H-Bridge Multi-level PV inverter in a single phase PV system.

In comparison with the cascaded dc-dc converter configuration, the cascaded dc-
ac converter structure does not need a central inverter for one PV string. Multilevel
converter topologies have advantages of better output harmonic performance for
multilevel output voltages levels. Hence, a smaller output filter can be designed which
can reduce system costs and increase overall efficiency. The switching losses are
significantly reduced compared with a central inverter, although the semiconductor

count is increased, low voltage rated switching devices can be used.

In Fig. 2-22, if the number of PV modules is N, then the number of output voltage
levels is 2N+1. Different from series connected dc-dc converters, the control strategy
is more complicated as the distributed MPPT and compensation to PV module
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imbalance need to be directly dealt with by the dispersed dc-ac converters. In this
scheme, the distribution of the overall ac modulating reference is adjusted dynamically
based on the power contribution factor of each H-bridge module. With such a
compensation and distribution strategy, the H-bridge string output voltage can be
independently controlled around the grid voltage to perform normal power flow and
grid voltage control. The vector diagram in Fig. 2-22 shows two unity power factor
operational cases that supply different active power to the grid by varying the voltage
phase difference [50].

2.5 Review of Impedance Source Converters

A single PV unit usually has a low output voltage. Matured schemes employ
many units to create a high dc-link voltage for transferring the power through a
conventional central inverter, which has only voltage step-down characteristics [51].
It has been discussed that this method does not guarantee an optimal operation point
for each PV unit.

In many PV applications especially for single phase PV systems, power inverters
with output voltage boosting ability are required to implement distributed MPPT
function for improved energy utilization [5]. With such motivation, a range of high-
order wide-output (HOWO) impedance source converters (ISCs) have been proposed

for ac inverter applications that require voltage step-up ability [52][53].

An impedance source converter has energy sourced by a current or voltage
source, where a passive series path exists through more than one passive reactive
element connected continuously between the energy source and the converter output
or the energy source and its ground. With intrinsic passive impedance networks as
energy sources, these converters can achieve output voltage boosting with either
polarity, leading to improved dc-link voltage utilization compared with the

conventional two-level converter [54].

2.5.1 Operation principles of typical HOWO-ISC topologies

Four representative HOWO-1SC topologies, the Cuk, sepic, semi-Z-source (SZS)
and semi-quasi-Z-source (SQZS) topologies, are reviewed to give an understanding of
their technical merits and operational challenges [55][56][57][58]. This set of

converters consist of two inductors and two capacitors as in their dc-dc switched mode
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classified by Tymerski [59]. By using an impedance network as a virtual energy source,

these converters achieve improved dc-link voltage utilization and terminal current

profiles. Based on inverter mode operation for a solar energy harvesting system, the

characteristics of these topologies in three-phase configurations are analysed.

Table 2-3 Schematics, voltage transfer ratio, and voltage/current stresses of the power switches
in four ISCs (6°=1- §).
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Fig. 2-23 Steady-state voltage transfer ratio of: (a) SZS and SQZS; (b) Cuk and sepic

converters.

Table 2-3 summarizes the schematics and main operational features of four

representative HOWO-ISC bidirectional topologies, including the semi-Z-source

(SZS), semi-quasi-Z-source (SQZS), Cuk and sepic converters, where all have two
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inductors and two capacitors. In Table 2-3, where ¢ is the duty cycle of S;
(complementally, 6'=1-¢ is the duty cycle of S;) for all candidates, their voltage transfer

ratio M can be derived from the inductor steady-state volt-second balance principle.

In Fig. 2-23 (a), the SZS and SQZS converters afford bi-polarity voltage output;
while, as shown in Fig. 2-23 (b), the Cuk and sepic converters have unipolar voltage
gains. The extended output voltage range of these HOWO-ISCs create increased
voltage and current stresses on the power switches, which are a function (M) of the
duty cycle as in Table 2-3. Also, in [57][60] , the Cuk and sepic converters can be

derived into their high frequency isolated versions by using a coupled inductor.

The ISC topologies have been developed mainly to improve the AC side voltage
magnitude (thus, dc-link voltage utilization) in the conventional half-bridge inverter
[55]-[58], [61]. Using the basic converter modules in Table 2-3, both two-leg (four-
switch) and three-leg (six-switch) configurations can be employed for three-phase dc-

ac applications, as in Table 2-4.

As with typical six-switch three-phase (SSTP) inverters, and the topologies in
Table 2-3, any dc components and zero sequence harmonics cancel in the output line-
to-line voltages [55][57]. The four-switch three-phase (FSTP) inverter with two buck
converters and the mid-point of dc-link capacitor feeding the three-phase output,
reduces device and passive component count [62]. Similarly, for the ISC topologies,
the sepic converter can be configured as a FSTP inverter by using the dc source
positive terminal, since it has a positive step up/down gain [61]. This scheme inherits
a dc offset common mode voltage between its dc ground and AC neutral point. To
suppress such a dc common mode voltage, as shown in Table 2-4, the SZS and SQZS
converters with bipolar voltage gain are developed as FSTP inverters in this thesis,
among which the SQZS solution is selected as the case study for generic control design
interpretation in Chapter 5. The Cuk converter cannot be used as an FSTP inverter due

to its negative voltage gain (the output cannot be within the input rail bounds).

2.5.2 Constraints of HOWO-ISCs

Although improved dc-link utilization can be achieved by ISC schemes, the
passive components of their impedance network introduce a high number of poles and

zeros (including RHP zeros) into their transfer functions. This leads to a low closed-
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loop bandwidth, high steady-state error, and considerable lower order harmonic

distortion for the HOWO-1SCs when conventional Pl control is employed.

The six-switch three-phase converter inherits 2" order harmonic distortion in its

output voltage, which requires two parallel control loops to manage the fundamental

and 2" order harmonic simultaneously [55]. However, in the FSTP or single-phase
applications, the lower order distortion is distributed continuously in the baseband

including 3™ order harmonic components; hence this parallel loop method becomes

complex and inefficient. The detailed analysis of the low order harmonic distortion is

given in Chapter 5 with small signal modelling.

Table 2-4 Three-phase inverter configurations with the building blocks on Table 2-3.

Vm is the peak value of AC side

hase voltage; w is the fundamental angular frequency.

Three-phase inverter type
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To address this limitation, a generic repetitive control strategy applicable for all
HOWO-ISC configurations is developed in Chapter 5. A comparison among several
different popular control strategies for this type of converter is also given in that

chapter.

2.6 Summary

Module level MPPT functionality is a promising solution to increase PV energy
extracting ability and decrease system costs. This chapter gave a comprehensive
review of various full power processing modular converters. The requirements and
demands for PV system design have been listed according to international standards

and guidelines.

According to the connecting type, parallel connected converters and series

connected converters were reviewed separately.

Most parallel connecting architectures are restricted to a single phase ac grid.
The main design consideration for a single phase PV system is the dc decoupling
capacitor. According to the different decoupling capacitor positions, various
topologies were compared. The trend is to build a high voltage DC-side to replace the
bulky electrolytic capacitor with a film capacitor. Isolated topologies readily
accomplish the high voltage requirement for ac grid interfacing. Transformerless
topologies have attracted research attention for their potential to increase efficiency
and reliability. Another advantage of non-isolated versions is compact design with
reduced system cost and size. The leakage ground current restriction is the main

consideration topic for transformerless topology designs.

Series connected module converters include cascaded dc-dc converters and
cascaded dc-ac converters. Compared with parallel connected inverters, high voltage
can be realized by series connecting PV modules, so that voltage step-up is not an

aspect when selecting converter candidates.

Impedance source converters are widely applied in PV applications for their
voltage boosting ability. The operation principle and control challenges are discussed
to emphasize the general problem for this type of converters. In Chapter 5, a control
scheme is proposed for high-order step-up module level inverters to deal with the

common problems of impedance sourced converters.
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All the module integrated converters reviewed are required to deal with all the
power of the associated PV modules. The purpose of this review is to give insight into
the possibility to apply MIC based PV systems in high power applications with more
cost-effective solutions. In Chapter 3, partial power processing converters will be
reviewed and a new topology will be presented in Chapter 4. Architectures with partial
power processors can accomplish module level MPPT with reduced equipment cost
and can be combined with a central inverter in large power applications.
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CHAPTER 3

Review of Partial Power Processing DMPPT Architectures

The I-V curve of a solar module exhibits a non-linear relationship between
output current and terminal voltage. The maximum output power varies with sun
irradiance and ambient temperature. In a PV string, the current must be the same for
all its series connected modules. However maximum power point mismatch between
modules may be caused by partial shading, manufacturing tolerances, etc. Then the
string current will be limited to the least current output module, thus the power output
of the string is decreased. In extreme conditions, shaded modules may introduce hot
spots and induce permanent damage to the whole system. In this chapter, the PV
module characteristics are described to emphasize the mismatch loss mechanism. The
primary MPPT strategies to deal with mismatch losses are reviewed. The
disadvantages of the full power processing DMPPT architecture are discussed.
DMPPT architectures with partial power processing converters are a possible solution
to inherit the merits of conventional DMPPT, with a reduced cost. In the last section,
partial power processing DMPPT structures are reviewed in terms of two
implementation features. Their main restrictions, when applied in large power systems,

are discussed.

58



3.1 Background

The majority of commercialized photovoltaic (PV) technologies are either
monocrystalline or polycrystalline silicon modules [1]. The open circuit voltages of
such silicon modules range from 18V to 26V for a module of 36 cells or from 38V to
46V for one composed of 72 cells; in which the cell generated dc voltage is usually
less than 1V [2]. The main challenge for PV systems is how to efficiently convert the
low voltage direct current (dc) power produced by PV cells, to a high voltage alternate

current (ac) power [3].

Existing PV inverters fit into three broad categories: centralized inverter, string
inverter, and distributed micro-inverter. The micro-inverter continues to be a research
topic and aims at a single PV module or even a single PV cell integrated architecture.
It realizes module or cell level maximum power point tracking (MPPT) while dual-
step or multi-step architectures are common for the high voltage amplification needed.
Thus, the micro-inverter is suitable for low power application, such as residential roof
installation. For a large power solar farm architecture, centralized or string inverters
are mainstream. Generally, several PV modules are connected in series, creating a PV
string, to increase the dc voltage level. The centralized inverter is fed from a PV array

while a string inverter is usually sourced by one PV string [4].

The centralized and string configurations can only implement global MPPT
which means the least efficient PV modules (shaded or defective) constrain the overall
system energy capture efficiency. In order to solve this problem, module integrated
dc-dc converters are proposed to perform distributed MPPT (DMPPT)[5].

Module level distributed MPPT architectures on full power processing
converters were reviewed in Chapter 2. Different configuration types have been
presented in academia and in industry, and micro inverters and DC optimizers are
typical representatives. Although they force each single PV module to operate at its
own maximum power point, to get the highest possible energy from PV generators,
they are restricted from being widely used due to initial equipment cost and low
conversion efficiency [6], [7]. But it is difficult to directly apply DMPPT in large scale
PV grid connected systems. However, to increase competitiveness of PV generated
electricity, large power scale PV systems have promising prospects to reduce the
levelized electricity cost of PV power [4], [8], [9].
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To retain the benefits of the DMPPT architecture and minimize potential cost
and efficiency penalties incurred by auxiliary dc-dc converters, other DMPPT
architectures, classified as partial or differential power processing approaches, have
been proposed [10]. The main contribution of this kind of DMPPT architecture is the
reduction of power processed by each auxiliary dc-dc converter. The reason such
module level converters are named partial power or minimal power processing
converter is that they only need to balance the generated power between PV modules.
That means they can theoretically incur zero power loss when no mismatch occurs
within the PV system. Thus, the electricity power ratings and costs of the partial power
processing MICs can be significantly reduced. Another benefit is to provide more
flexibility when connecting to large power centralized PV inverters. For these two
advantages, they continue to be researched; thus it is worth reviewing such DMPPT

structures.

Under the ‘no mismatch, no processing’ principle, a small fraction of PV
generated power will be processed to maintain PV string balance, while most of the
string’s power flows directly without additional processing. The required power rating,
size and manufacturing cost for the auxiliary converters are reduced. Thus, the

conversion efficiency can be increased.
3.2 Mismatch Loss for PV Modules

3.2.1 PV Cell Characteristics

A single PV cell is the smallest element in a PV system, and is a p-n junction. It
absorbs incident photon energy to generate electron-hole pairs which create electricity
output. Ignoring the parasitic resistances of the PV cell, the electrical model and output
characteristic is shown in Fig. 3-1. The light generated current Ipn is directly
proportional to the absorption of sun irradiance and represented in Fig. 3-1(b) as an
ideal current source. The overall output I-V relationship is the superposition of the
current source and a shunt PV cell diode which is illustrated in Fig. 3-1 (a). The
mathematical equation for this non-linear I-V relationship is explained by equation (1)
where the photo current Ipn and diode reserved saturation current Is are both

temperature dependent parameters [8].
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Fig. 3-1 Single PV cell electrical characteristic: (a) output I-V curve and (b) simplified electrical
model.
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n — Diode ideality factor.

q — Electron charge constant, 1.6e-19 C.

k — Boltzmann’s constant, 1.38e-23.

T — Operating temperature, K.

The two important PV cell output characteristic parameters are:

1. Short circuit current Isc: According to the equation (1), the short circuit current
Isc is equal to the photo current Ipn when the output voltage V is zero. So, it
increases with sun irradiance absorbed by the cell area.

2. Open circuit voltage Voc: When the output current I is zero, Vo is expressed by

equation (2) which shows a logarithmical relation with increased sun light.
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—+1) (2

Another important solar cell factor is the maximum power point which is
essential for PV system design. Graphically, the maximum power can be calculated as
the largest rectangle within a given I-V curve. The expression for the maximum power
point voltage Viwee is shown in equation (3) [11]. A PV module is usually rated in
terms of ‘peak watts Wp’ which is the maximum power output at standard sun light
irradiance, 1kW/m?.

divy
dv

3)
nkT %4 (
Vupp = Voc — Tln (e + 1)

(%)

The Fill Factor (FF) in expression (4) is another criterion to represent the quality
of a PV module which is less than unity.

_ Vupplupp

FF = (4)
I/OCISC

In practice, the empirical expression in (5) is often used to give an approximate

calculation for fill factor [12].

Voe — In (v, + 0.72)
vOC

FF =

()
Voc

Vo = Tkt /q

All the mentioned factors for the PV cell are based on a given sun irradiance,
fixed temperature, and cell area. The effect of sun light is straightforward and can be
seen from the given equations. While the influence of the PV cell operating
temperature is more complicated. Temperature variations will mainly affect the open

circuit voltage, diode saturation current and Fill Factor.
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A Matlab Simulink model exists to simulate the influence of cell operational
temperature and sun irradiance on the 1/V and P/V characteristics of the commercial
PV module 1Soltech 1STH-215-P. Fig. 3-2 shows the relationship between PV output
characteristic and sun power at a specified temperature of 25°C. The MPP current and
power decrease significantly with decreasing sun irradiance, while the MPP voltage
changes slightly. In Fig. 3-3, the sun irradiance is set at 1000W/m? and the cell
operational temperature varies, 25°C, 45°C and 65°C. The MPP current will not

change significantly and the MPP voltage and power decrease with increased

Module type: 1Soltech 1STH-215-P
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Fig. 3-2 PV module output characteristics influenced by different sun irradiance
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Fig. 3-3 PV module output characteristics affected by cell operational temperature variation.

3.2.2 PV Module Connection Type and Mismatch Loss Mechanism

For one PV cell, the maximum voltage is around 600 mV and the maximum
photocurrent under 1000 W/m? of sun irradiance is about 30mA/cm?2. Cells are
therefore usually connected in series and in parallel to obtain the desired power level.

To get a nominal 12V, 36 cells are series connected.

Typical PV module connection is shown in Fig. 3-4. A group of PV cells are
connected in series and then in parallel to form a PV module which is the basic building
block for PV systems. And then these module blocks are further connected to form PV
array with high power output [11]. The main reason for mismatch between PV modules
inside the fully functional PV array is usually partial shading. Other factors such as
different orientation of PV panels, dirt or dust on panels, different panel manufacturers
and different aging can also contribute to mismatch loss [7].
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Fig. 3-4 Hlustration of typical connection for a PV module.

If the number of parallel branches in a PV module is Np and series connected
cell number in each branch is Ns, then the total current and voltage relationship for the
PV module can be derived from equation (6). Take the PV module in Fig. 3-4 as an
example, Np is 9 and Ns is 12.

qVeotal
Itotal = Nplph - Npls[exp (ﬁ) - 1] (6)
s

The 1-V curve of the PV module shares the same shape as the PV cells, but with
a scaler increase. The analysis based on one cell can be transplanted to the module
level. To simplify analysis, mismatch loss will be discussed at the PV cell level, such
that the mismatch mechanism and conclusions can be transplanted up to the module
level PV system. It is reasonable and economical to analyse PV systems based on the
PV module level. For the following sections, the PV module will be seen as the basic
element to discuss compensation for mismatch losses and mismatch between cells can

be ignored.

The ideal scenario is to build a PV module with cells having exact same
characteristics, and to connect the PV modules to form a PV array with a higher dc
voltage level. However, it is not possible to guarantee that PV cells or PV modules
continuously have the same characteristics. Except for manufacturing reasons,

degradation and partial shading are the main causes for a normal cell to become faulty
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and generate less power output than usual. Mismatch loss is defined as the difference
between the ideal output of a PV module and its actual output. Two typical scenarios
are selected to clarify and illustrate the mismatch mechanism.

1) Mismatch between cells in series connection

As shown in Fig. 3-5 (a), two cells connected in series where one faulty cell
generates less current than the normal cell. The maximum output current of the series
string is confined to be as the same as the MPP current of the faulty cell. The MPP

voltage can be found from the single cell I-V curve shown in Fig. 3-5 (b).
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Fig. 3-5 Mismatch loss for series connected cells. (a) One faulty cell is connected with a normal
cell and (b) output I-V characteristics.

There is a difference between the desired maximum current and the actual
maximum current for the normal PV cell. The forced current imbalance of the normal

cell is the cause for the mismatch loss of the series connected PV string.

A PV string is usually comprised of many PV cells connected in series. In
extreme conditions, if one cell generates less current than the others, the faulty cell
may be reverse biased to become a load, not a power source. As shown in Fig. 3-6,
the electrical characteristic of the faulty cell shifts to a lower MPP than the normal
cells in the string. The string current is larger than the generated MPP current of the
faulty cell. Then the faulty cell acts as a power sinking load, not a PV source. If the
string is short circuited, the reverse voltage of the faulty cell is equal to the sum of
voltages of all the other normal cells in the string. Significant power will be dissipated

within the faulty cell. If the power sinking by the faulty cell is large and sustaining,
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the temperature of the faulty cell may increase significantly and cause a hot spot within
the string [13]-[15].
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Fig. 3-6 Reverse bias of mismatched PV cell in a PV string.

Hot spotting results in serious consequences for the PV system. Manufacturers
perform many tests before releasing a product to exclude the cells which may be
susceptible to hot spotting. But hot spotting can also occur with partial shading and
cell variation over a long operation period. Many detection and protective methods
have been applied to this detection problem. A common way is to add a bypass diode
to a group of cells within a PV module. The compensation function of the bypass diode
is shown in Fig. 3-7. When the output current | is less than the generated photo current,
the cell body diode will conduct the extra current and there is no current through the
bypass diode. When the output current I is larger than the photo current, the additional
current is flowing through the bypass diode. Hence, the bypass diode helps avoid

sinking excessive power in a mismatched solar cell.
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Fig. 3-7 Bypass Diode Compensating for Solar Cell Mismatch.
It is not practical or economical to add a bypass diode to every cell. Usually

every 12 to 36 cells share one bypass diode to deal with possible hot spotting in a PV
module. However, this complicates connection within the PV module and adds extra

loss and cost.
2) Mismatch between cells in parallel connection

A simple model with two cells connected in parallel is given as an example to
describe the mismatch loss for parallel connected cells. As shown in Fig. 3-8, the
voltage of the PV string is restricted (reduced) by the faulty cell. The combined output
current is the sum of the two cells. When the faulty cell exhibits lower maximum
voltage output ability, the string’s combined output voltage is decreased significantly
by the faulty cell.

A+
A
Normal Faulty I Combined
Cell Cell CQutput .
4
I+, \
Normal Cell
Faulty Cell A
I I;
Same v v v _
Voltage 7

Fig. 3-8 Mismatch loss for parallel connected cells.
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The mismatch mechanism for cells can be transferred to PV modules in practice.
PV modules are connected in series and parallel for higher power output. Again, PV
modules can be regarded as cells when dealing with mismatch losses. Current and
voltage imbalance between PV modules have similar features as mismatched PV cells
[16]. In this thesis, the mismatch compensation strategy will be discussed based on a
module level for practical consideration. In next section, the main MPPT techniques
will be reviewed, with strategies for dealing with different mismatch conditions

included.

3.3 MPPT Strategies for Mismatched Conditions

One PV string consisting of parallel or series connected PV modules can exhibit
a single global maximum power point which can be only achieved under uniform
insolation and ideal PV module characteristics. In practice, this ideal condition usually
cannot be satisfied for partial shading or other module mismatching factors. With
mismatching, several different local MPPs can result in one PV string’s output 1-V or
P-V curve. As shown in Fig. 3-9, a possible power-voltage characteristic curve during
a partial shading condition shows one global MPP and two local MPPs. The challenge
for the MPPT strategy design is to distinguish between the real global MPP and the
local MPPs in mismatching conditions [17]-[19].

A GMPP
MPP2

Power

LMPP

Voltage

Fig. 3-9 P-V characteristic of a PV string showing one global MPP and multiple local
MPPs in mismatching condition.
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Many different MPPT algorithms have been proposed and implemented in the
literature and for different PV applications [20][21]. The most widely used commercial
MPPT techniques are Perturb and Observe (P&QO) and Incremental Conductance (IC).
The P&O method is also used in this thesis to implement MPPT in Chapter 4 and the

operation principle of this algorithm is given in Appendix C.

Most conventional MPPT algorithms can only be applied to track one maxima
which may lead to the wrong local MPPs during mismatching conditions [21]. To
overcome this, traditional MPPT strategies can be optimized in three aspects to

mitigate the influence of mismatching losses, viz.:

1) MPPT algorithm modification;
2) Converter connection alteration in the PV system architecture; and/or

3) PV panel connection variation according to non-uniform operating conditions.

In ideal circumstances, all of these methods can be used together for a PV system
to attain real MPP tracking. In reality, a trade-off is needed to avoid high system cost
caused by extra hardware and complex control implementation. Thus, most optimized
MPPT strategies designed for mismatching conditions are a combination of one or two
of the aspects mentioned, and can be classified into three categories in [21] in regards
to their hardware configuration: CMPPT, DMPPT and RMPPT. In the following

section, these three groups will be reviewed to highlight advantages and disadvantages.
i.  Central MPPT (CMPPT) architecture

The CMPPT architecture applies a centralized converter for the whole PV array.
The most widely used commercial traditional MPPT techniques are Perturb and
Observe (P&O) and Incremental Conductance (IC) which readily lead to a false local
MPP under non-uniform operating conditions [17]. To pursue the real global MPP,
advanced MPPT algorithms can be implemented to optimize MPPT tracking accuracy
[22][23][24]. Thus, CMPPT based modifications offer algorithm improvement.

In [17], the modified CMPPT strategies dealing with mismatching conditions
are grouped into two types: 1) two-stage GMPPT algorithms and 2) soft computing-
based optimization algorithms. The first method includes the detection of a mismatch
occurrence and calculation and comparison of all LMPP to locate the real MPP. The
latter soft computing method shows better performance to track the real global MPP
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but suffers from a slow convergence speed. Basically, voltage sensor count, P-V curve
scan portion, PV current measurement or not, and tracking speed are important factors
during CMPPT based algorithm design.

In [21], similar classifications are applied to various CMPPT or the so called
GMPPT methods: 1) techniques by hill climbing algorithms; 2) computational
intelligence application; and 3) other approaches.

The Hill climbing algorithm (P&O or IC) is widely used in global MPP tracking
and a large portion involve intelligence algorithms such as Fibonacci and PSO. The
PV array voltage is measured for almost all of the CMPPT architectures and PV array
current is generally needed. In a method using an artificial neural network, the sun

irradiance is also measured.

To apply the Hill climbing algorithm, total or partial sweeping of the power-
voltage curve identifies all the local MPPs and locates the global MPP correctly. The
scanning technique has been optimized in many CMPPT architectures with advanced
intelligence computing algorithms. The main converters are buck, boost or buck-boost
based structures. The controlled parameters are usually PV array output voltage Vpy or

duty cycle D of the main power converter.
In conclusion, the main advantages of the CMPPT are:

e Fewer sensors are necessary and

e Only one power stage is needed for MPPT tracking.
The main drawbacks of the CMPPT are:

e The sum of the available maximum power of all PV modules cannot be
generated and
e Optimized algorithms are usually more complex than commercialized MPPT
techniques.
ii.  Distributed MPPT (DMPPT) architecture

DMPPT is similar to the concept discussed in Chapter 2 where the PV array is
divided into distributed sections. The MPPT algorithm is implemented in the sub-
sections to track the real global MPP. The operating condition for each PV module can
be seen as a uniform state and mismatching within one PV module is ignored
[25][26][27].
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Fig. 3-10 DMMPPT architecture: (a) series connected and (b) parallel connected.

For full power processing distributed converters, it is straightforward to
implement the DMPPT architecture. As shown in Fig. 3-10, one MPPT unit can be
applied for a single dc/dc or dc/ac converter. The MPPT implementation for each unit
is relatively independent, thus simple algorithms such as P&O and IC can be applied
which reduces MPPT tracking complexity.

For the parallel connected structure in Fig. 3-10 (b), each MPPT can be
controlled independently. While for series connected structure in Fig. 3-10 (a), the

voltage constraint for each MPPT unit can be expressed as in (13), for a fixed dc bus.

P;

Vo,j = Vbusn—jp (7)

i=1°1
where the output voltage of each dc/dc converter is V,, ; and the number of series
connected converters is n. In a series connected structure, the MPPT units need to
interact with each other to satisfy equation (13). Another important criteria is that the
number of MPPT units should be the same as the sum of connected PV modules to

avoid control redundancy [5]. As shown in Fig. 3-10 (a), the central inverter is not a
MPPT unit.

The voltage limitation means the DMPPT architecture cannot deliver actual

maximum power if the dc bus voltage is controlled to be a fixed value. The possible
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solution is to use a PV string level inverter to allow a flexible string voltage. This
increases the inverter number, with higher equipment cost compared with the
centralized array level inverter implementation. In next chapter, a novel DMPPT
architecture is proposed to give a high performance operation, with a high power

centralized inverter.

For parallel connected DMPPT architectures, every sub-section converter is
directly connected to the bus, thus, a high conversion ratio converter is needed to make

sure the bus voltage can be maintained even during severe mismatch conditions.

Another concern is possible high switching loss and equipment cost which were
discussed in Chapter 2. When no mismatch occurs, the full PV generated power has to
pass through the sub-converter. There are several solutions to this problem. One is to
combine the CMPPT with DMPPT. Without mismatching, the distributed converters
are disconnected from the PV system to reduce losses. Another solution is to replace
the full power processing sub-converters with partial power processing converters
which can implement DMPPT with significantly reduced cost, and this solution will

be discussed in detail in section 3.4.
iii.  Real MPPT (RMPPT) architecture

A general structure of the RMPPT architecture is illustrated conceptually in Fig.
3-11. Multiple sensors are introduced for measurements of PV output voltages and
currents at the PV module level as well as the PV array level. The cell operational
temperature is also measured for each PV module to diagnose the mismatching
condition. A matrix relay system is controlled by an algorithm to dynamically
reconfigure the electrical connection of PV modules [28].

PV modules are interconnected dynamically by multiple switches. A control
algorithm decides the switching of a matrix relays to give the best electrical
configuration [29]. The reconfiguration algorithm makes a decision about the prime
PV connection system according to the measurement results by exploring the stored
possible PV configurations. As discussed in [20], a suitable PV connection type can
be usually found to select a real global MPPT in a specific mismatching condition. It

is a real time solution and does guarantee that all mismatch loss can be eliminated.
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Fig. 3-11 RMPPT conceptual schematic.

After the matrix relay, a central inverter applies a global MPPT algorithm which
is similar to the CMPPT concept discussed in the previous subsection. The PV switch
disconnects the PV load with the PV generators when the matrix relay system is
varying the physical connection types. The PV switch provides the electrical safety

and can also breaks the circuit during electrical failure.

Compared with the CMPPT strategy, RMPPT can adjust the electrical
configuration so the located GMPPT is close to the real available maximum power
point. The concern for RMPPT is the requirement to disconnect the PV sources from
the load to guarantee safety operation. Another burden is the extra source for the relay

system and increased cabling because of the necessary reconfiguration.
iv.  Conclusion

The CMPPT architecture needs the simplest hardware resources to enhance
global MPP tracking accuracy. DMPPT and RMPPT architectures can extract more
available solar energy during the same operating conditions, but their hardware
structures and control strategies tend to be more complexed. The conventional DMPPT
architecture uses full power processing converters which means higher hardware cost
compared with CMPPT architectures. The hardware cost of the DMPPT architecture
can be reduced by applying partial power processing converters which will be

discussed in the next section.
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It is not possible to select the best MPPT solution that suits all mismatched PV
applications. The criteria for selecting a prime MPPT solution is influenced by
different design objectives and investment plans, but there is a trend to use the DMPPT
architecture. To mitigate DMPPT disadvantages, a partial power processing

architecture offers a good balance.

3.4 Partial Power Processing DMPPT Implementation

Distributed MPPT architectures can be classified into two main categories
according to power processing features: architectures dealing with the total PV
generated power and architectures with partial power processing converters [7], [30]-
[32]. The full power processing architectures were reviewed in Chapter 2 and are
presently the main industrial DMPPT types. Different from full power processing
converters, partial power converters process only a fraction of the PV generated power
to fulfil a module level DMPPT function [5]. As shown in Fig. 3-12, the partial power
path can involve a small portion of the full PV power and the total energy conversion

efficiency can be increased.

In Chapter 2, full power processing converters were classified into series and
parallel connecting types. Similarly, there are also series connected partial power
converters to compensate the voltage variation in the PV string and parallel connected
partial power converters to balance current mismatch between PV modules in a string
[51, [33], [34].

Partial Power Path

Pout

Main Power Path

Fig. 3-12 The power path illustration for partial power processing architecture.
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%
Ntotar = 1 — p (1 —Nconw) (8)
PV

Partial power processing architectures pursue high efficiency DMPPT
conversion with a significantly reduced system cost. Partial power processing
converters must exhibit some special features and the control implementation is more
complexed. This section reviews suitable converter candidates, controller design
features and MPPT implementation requirements for applying partial processing

DMPPT architectures in PV applications.

3.4.1 Current Balancing Differential Converters

For series connected photovoltaic modules in a PV string, current mismatch
among modules can cause power loss for the entire PV string and possibly hotspot
problems. The mismatch mechanism was discussed in section 3.2 along with
conventional solutions and associated restrictions. All mismatches are discussed and

compensated at PV module level in this chapter.

Module level MPPT tracking can significantly boost the energy captured from
PV generators especially in conditions with varying sun irradiance. This benefit can
be outweighed by relatively high cost for a large number of full-power module level

converters, in a uniform sun distribution situation [16].

The concept of energy shuffling or current diverter from battery management
has been applied in PV systems to mitigate the influence. The so-called parallel
connected partial power converters (P-PPC) can equalize the PV panel voltages to

combat mismatch losses with reduced hardware cost [10].

Different from typical module level front end converters such as micro-inverters
and DC optimizers, partial power processing converters implement module level
MPPT by treating the PV string as a whole system. To show the difference of the main
power path and partial power path, the typical partial power processing configuration
is redrawn in Fig. 3-13. The differential current balancers will not split the main power
path of the entire PV string [33]. Most of the PV generated power flows through the
main power path and only a small fraction of power flows through the auxiliary
processors associated with mismatched modules. Thus, the power ratings of the

module level converters can be decreased which reduces equipment cost.
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Fig. 3-13 A typical partial power processing architecture diagram based on current
balancer.

In Fig. 3-13, a bidirectional dc/dc converter interlinks two adjacent PV modules
to balance possible current mismatch. This kind of dc/dc converter is in a converter
group termed current balancing differential converters, for discussion in this thesis.
The compensating mechanism of the mismatch current is depicted in Fig. 3-14.
Suppose PV Module 2 is shaded and its MPP current is less than the string MPP current.
Then the associated dc/dc current balancing converter will supply the current
difference between PV Module 1 and PV Module 2. The requirements for the current
balancer is the ability to provide bidirectional current output. The inverting buck-boost
and Cuk converters are candidates and connection examples are shown in Fig. 3-15.
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PV
Module 2

T

Fig. 3-14 Mismatch current compensated by the current balancing converter.
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The circuit schematics of current balancer based partial power processing
configurations are shown in Fig. 3-15. The buck-boost converter is implemented with
fewer passive components counts. Practically each PV module needs a capacitor
parallel connected to minimise any current ripple issue. The main advantage of the
Cuk converter is its continuous input and output currents. However, one extra energy
transferring capacitor and inductor are needed which increases equipment cost and
circuit complexity. For the connection type in Fig. 3-15 (b), it beneficially decreases
the MPP current ripple. Hence, large electrolytic capacitance may be avoided, with a
small film capacitance, which increases PV system lifetime, reduces cost, and

improves control response time.
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Fig. 3-15 Current balancing converters realised by

(a) inverting bidirectional buck-boost and (b) Cuk converters.

The number of converters equals the number of PV modules to guarantee the
following linear equations have a unique solution for distributed MPPT realization.

Ii = Ipyivr = Ipvi + Dicalp i + (1 — Dip1) 41 )
V..

D; = —F—— 10

' va,i+1 + va,i ( )

Imain = Ipv,n =Dy qlppn1= Ipv,l -(1- Dl)IL,l (11)

The duty cycle ratio can be calculated from its associated PV module output

voltage. There are only n-1 partial power dc/dc converters but n modules. A full power
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processing central converter is necessary to complete the required DMPPT. Energy
equilibrium needs to be achieved between the converters which necessitates careful

control strategy designed.

Another approach to realize current balancing in a PV string is to balance the
mismatched PV module current with the string current directly. As shown in Fig. 3-16,
isolated flyback converters and grounded buck-boost converters are inserted between
single PV module and the main DC bus. This type of configuration complicates the

control design and MPPT implementation [33].
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Fig. 3-16 Current balancing achieved between converter and DC bus. (a) Buck-boost DC-DC
converters and (b) flyback isolated converters.

The main limitation of the current balancer based DMPPT architecture is that a
full power processing central converter is always necessary for connection in high
power applications or grid integration. Usually, PV strings have to be parallel
connected to increase current output capability. To compensate the voltage differences
between several PV strings, voltage balancing differential converters are proposed

which are discussed in the following section.

3.4.2 Voltage Balancing Differential Converters

The partial power processing converter concept can be applied to voltage
compensation to realize high efficiency dc-dc energy conversion [35][36]. The concept
is realized by connecting a low power dc/dc converter in series with DC bus to increase

or decrease the corresponding bus voltage. As shown in Fig. 3-17, the dc bus voltage
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V2 is the sum of converter output and voltage source V1. This series connected boost
regulator (SCBR) shown in Fig. 3-17(a) is proposed in [37] to meet the demands for
application in small scale and inexpensive spacecraft. In this topology, the dc bus
voltage V. must always higher than the input voltage Vi, so the compensating

converter can be a basic buck-boost converter.

A similar dc bus regulator for spacecraft application is introduced in [38] and is
called a series connected buck boost regulator (SCBBR). By implementing the
operation principle of an autotransformer, the SCBBR combines the buck and boost
mode in a series connected partial power converter. The associated dc bus voltage V>

can be higher or lower than the input voltage V1.

SCBR C Bus
In+ Out+ DC Bus
V;

DC/DC In+ Out+
V, DC/DC
@)

Converter
e Out- Converter
_I__ In- Out-
vy

..||__|

(a) (b)
Fig. 3-17 Partial power processing topologies with voltage compensation function. @
Series connected boost regulator (SCBR); (b) partial power converter supplied by DC bus
voltage.

The series connected DC-DC converter can be sourced by the DC bus, as shown
in Fig. 3-17 (b). For applications in module level DMPPT PV systems, the voltage
source V1 can be the PV module MPP voltage and the V2 is the PV string voltage. The
architectures applying the series connected partial power converters (S-PPC) for PV
module level MPPT are shown in Fig. 3-18. The terminology S-PPC is proposed in [7]
and this converter type is defined as voltage balancers to emphasize their series voltage
compensating functions in this thesis. The converter voltage output can add (with a
non-inverting converter) or subtract (inverting converter) from PV module output
voltage. Thus a voltage balancer with bipolar output is desirable to maintain a fixed
DC bus while implementing DMPPT. This will facilitate the connection of several PV

strings in parallel to one central inverter. Another advantage of bipolar series
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converters is the flexibility of a variable number of PV modules and simple control

strategy realization.
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Fig. 3-18 PV Module integrated with series connected partial power converters. (@)

voltage balancer based on S-PPC sourced by DC bus and (b) voltage balancer based on S-PPC
sourced by single PV module.

Compared with full power processing DC-DC converters, the voltage balancers

have the following advantages [39]:

e High efficiency - up to 98%;
e High power density;
e Low power rating; and

e Fault tolerant to converter failure.

These merits are inherited from the partial power processing feature and the
special connection. To take advantage of these features, the voltage balancers should
not use galvanic isolation which increases converter weight and power loss. However,
to implement the architectures in Fig. 3-18, isolation is a requirement to avoid potential
short circuit or loss of the ability to handle partial power processing [35].

S-PPCs need a wide voltage ratio range in order to deal with the most
challenging shading scenarios. Generally, a complex topology with step-up and step-
down ability is used for S-PPC converter implementation. However, the conversion
efficiency is mainly dependent on the required voltage ratio which is a disadvantage
for this type of architecture. The concept of component load factor (CLF) is used to

compare the effective efficiency of different topologies. Converters with a low power
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rating yield low CLF values and may result in cost effective module level MPPT
[34][38].

The current and voltage balancing concept both exploit the fact that MPP voltage

varies little with changing sun irradiance but changes with temperature variation.

Unlike full power processing distributed module converters, the control
feedback design and MPPT algorithm for partial power converters are more complex.
It is not possible to decouple the controller for each converter and independent module
level MPPT for partial power converters is not possible. MPPT tracking for each sub-
section needs to interact with others. In such partial power processing architectures,
the main power path is the PV string and the control and MPPT strategy arranges the
current shuffling between mismatched modules and the normal PV modules or PV
string. The right number of MPPT units in suitable locations within a global
architecture can guarantee extraction of the entire potential power, plus offers system

stability.

It can be concluded that a partial power processing DMPPT architecture based
only on the S-PPC or the P-PPC is not suitable for efficient module level MPPT
implementation. To parallel connect PV strings with partial power converters, a fixed
dc bus voltage should be provided. It is necessary to combine the voltage and current
balancing ability in one PV system.

3.5 Summary

PV sources are intermittent, non-linear and produce power that varies with
environmental conditions. The mismatching mechanism discussed in this chapter
gives insight to why GMPPT tracking is important to increase PV system conversion
efficiency. While the traditional DMPPT architecture is widely recognized as a
promising solution, expensive hardware cost is the main obstacle for its application in
the real world. The partial power converter was introduced to replace the traditional
full power modular converter. The various partial power processing DMPPT
architectures can be grouped into two viz., current and voltage balancing structures.
However, an isolated full power processing central converter is a must for each PV
string for global MPPT implementation and every PV string’s output voltage is

restricted to the addition of the PV modules’ voltage at the maximum power point.
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Thus, it is necessary to create a novel architecture with both voltage and current

balancing ability to solve these problems.

In next chapter, a new partial power processing architecture is presented to
combine the benefits of voltage and current compensation ability in one PV system.

MPPT implementation will also be included within the analysis.
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CHAPTER 4
Proposed Parallel Connected DMPPT Architecture with Partial

Power Processing Converters

This chapter proposes a novel PV energy conversion architecture that achieves
distributed maximum power point tracking (DMPPT) with partial power processing
converters. Featuring both voltage and current compensation abilities, the per module
per MPPT structure is obtained and a dc power interface is created with a controlled
voltage level due to a series-connected voltage balancer. The proposed architecture
allows flexible ‘plug-and-play’ performance for each string to connect to a down
streaming inverter stage or a dc power network. A cost and size reduction can be
expected by using lower electrical rating and smaller size module integrated converters
(MICs). The operating mechanism, modelling, and control strategy of the proposed

system are analysed; and simulation results are presented to establish its effectiveness.
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4.1 Background

Partial power processing converters for efficient DMPPT to improve PV system
efficiency, have been widely discussed in academia and industry [1]-[4]. Maximum
power point mismatch between PV modules in a PV string can be caused by partial
shading, manufacturing tolerances, temperature variation, etc. The string current will
be restricted to the current of the PV module with the least current, without
compensation. In some extreme conditions, hot spots and permanent damage are

induced upon the whole PV system.

One partial power processing DMPPT architecture is designed to balance MPP
current mismatch between modules with dc-dc converters in a string. A typical
architecture with current balancing ability has been reviewed in Chapter 3. The
different MPP currents between neighbouring PV elements are balanced by small non-
isolated inverting bidirectional dc-dc converters. This is called a shuffling architecture
for its current shuffling ability between adjacent modules. The ground of the shuffling
converter is common to its associated PV modules, so isolation is only needed for the
dc link central converter [5]. To facilitate fully distributed MPPT, the MPPT units
equal the number of photovoltaic modules. Thus, the central converter is prerequisite

to fulfil the power shuffling loop and ensure a stable and accurate MPPT algorithm.

1 pcoc [— PV
Converter | Module
— PV Isolated
Converter | Module - Converter
— | DC-DC — PV
Converter Module
: i
: :

Fig. 4-1 RECC architecture

The returned energy current converter (RECC) based architecture in Fig. 4-1

features a shunt converter per module arrangement, while the output of all the
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converters are connected in parallel across the PV string [6]. String current
equalization is accomplished by compensating the current difference between the
mismatched modules and the overall string with shunt dc-dc converters. In contrast to

the shuffling architecture, the central converter is eliminated by the global MPPT

algorithm.
llC Bus ) _ .
L DC-DC J L I;"C'a]t;(‘; J
r Converter l_ Conv-erter
PV PV
Module Module

Fig. 4-2 PV balancer architecture

Neither of the previous two architectures have voltage compensation ability. One
PV string’s voltage is predetermined by the sum of its related modules’ MPP voltages.
An architecture based on a voltage balancing mechanism is shown in Fig. 4-2, in which
one module is series connected with one converter, called PV balancer, to compensate

the voltage difference between modules and the dc bus [7].

Compared with the larger current variation, MPP voltage varies less with
changes in sun irradiance and ambient temperature. Thus, the power rating of the PV
balancer can be reduced accordingly. However, in contrast with the mentioned current
balancing architectures, the inherent connection of PV modules of each string must be
reduced. Hence, it induces a grounding issue that only one module of the string can be
grounded which can cause a potential safety hazard for maintenance electricians and

consumers.

The proposed DMPPT architecture in this chapter balances both MPP currents

and the voltages of PV modules connected in one PV string.
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4.2 Implementation of the Proposed Architecture

4.2.1 Conceptual Illustration of the proposed architecture

The block diagram of the proposed architecture is shown in Fig. 4-3. This new
architecture inherits the merits of conventional partial power processing DMPPT
structures while avoiding their demerits. In Fig. 4-3, different to the PV balancer based
configuration [7], a bipolar output, bidirectional, dc-dc converter called a voltage
balancer, is series connected with a PV string, not a PV module, to compensate the
voltage difference between the string and the associated dc bus. The input to output of
the voltage balancer should be isolated which can be accomplished with isolated
converter topologies. The other option is to use non-isolated converters sourced by an
isolated external dc-dc converter. In the illustrated diagram, all the voltage balancers
are sourced by an external isolated dc source vin. Hence, several PV strings can be
parallel connected to a dc interface for further power conversion. For dc to ac
transformation, the inverter per string structure can be eliminated. A central inverter

can be dc bus sourced, decreasing inverter cost and improving conversion efficiency.

DC Bus

Voltage

T +
DC-DC
V.  Balancer

v * pcoc *
_ Converter

_ Converter

DC-DC DC-DC
Converter ,,.| Converter .,

PV
o0 00

DC-DC
Converter »

&
Module

Fig. 4-3 Proposed current and voltage balancing architecture.
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Within each PV string, the internal current balancing between adjacent PV
modules is realized with dc-dc converters, current balancers, which have the same
connection arrangement as the shuffling or RECC architecture [1]. For maximum
energy capture efficiency, the dc interface voltage is set to be approximately the sum
of modules MPP voltage under normal operation conditions. The DC voltage over each
PV string can be variable over a small range to adjust for the ambient temperature and
sun light change. Thus, the selected voltage balancer should have bipolar voltage
output to compensate a possible positive or negative voltage bias. To simplify the
design, the dc bus voltage can also be always greater than the sum of the MPP voltages.
Then the voltage balancers are simpler bidirectional unipolar converters.

With no mismatch, the full PV power flows through the PV modules without
any processing by the parallel connected current balancers. Ideally, the voltage
deviation between the dc interface and the PV string is small enough to be neglected
for which the voltage balancer will operate at a zero-voltage output. Thus, all the
auxiliary dc-dc converters in the new architecture function as partial power processers
to compensate mismatch between modules and the dc interface. Theoretically the
auxiliary processors in this architecture achieve zero power loss under normal

conditions.

Compared with DMPPT architectures based on full power processing converters,
the main power flow path is not seriously affected by the auxiliary converters. For
each PV string, the number of PV modules is equal to the number of related dc-dc
converters (voltage and current balancers) as shown in Fig. 4-3. So, all the MPPT units

are low power rated dc-dc converters.

To exploit all DMPPT system control degrees of freedom, an additional bipolar
voltage converter with bidirectional power flow capability is employed as a voltage
balancer to replace the traditional global MPPT central converter. Then the string is
suitable for multiple PV strings parallel connection to a common dc bus. Current
balancing dc-dc converters are necessary to eliminate the current mismatch of adjacent
PV modules within one string. The detailed requirements for such voltage and current

balancing converters will be investigated in the following sections. Several dc-dc

91



converter candidates will be analysed and compared to provide instruction for further

design.

For a PV string with n PV panels, theoretically, the most available power for the
whole string is equal to the sum of the maximum power of all the panels. To realize
this, a PV panel integrated converter is necessary to implement independent operation
during mismatching conditions. For each PV application, the reduced PV generated
power due to the various converter operating efficiencies needs to be considered.
Along with the equipment cost, size and lifetime, converter efficiency is an important
factor for converter topology selection. The efficiency/power density (n/p) Pareto
optimization concept can be applied to compare different PV panel integrated dc-dc

converters [3].

Similar to full power processing converters, partial power processing converters
can be classified into two connecting types. In this chapter, the features and
requirements for series connected voltage balancing converters and parallel connected
current balancing converters are discussed. Promising converter topologies will be

reviewed based on the proposed architecture.

As discussed in Chapter 3, the system efficiency of the DMPPT architecture
based on partial power processing converters is determined by the ratio of the
converter processed power and the full PV power [8]. System efficiency niotal is given
by equation (1), where P¢ is the power flowing through the converter and Ppy is the
full PV generated power. The partial power converter handles only a fraction of the
power, during mismatching. To pursue high system efficiency, applied partial power

converters can be selected to have high conversion efficiency in part load situations.

P
Ntotar = 1 — E (1 = Neonw) (1)

4.2.2 Circuit Realization for Voltage Balancers

The voltage balancing converters must be able to compensate the voltage
difference between the dc bus and the series connected PV string. For the proposed
architecture, the interleaved current balancers adjust the output voltage of each PV

module to deal with the mismatch. Ideally, the PV string voltage is the sum of the MPP
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voltages of all the series connected PV modules. The dc bus voltage is a fixed value

and several PV strings are parallel connected to the dc bus.

Theoretically, the PV string voltage can be higher or lower than the DC bus
voltage. But in most mismatching conditions, such as shading or temperature
influences, the voltages of the mismatched PV modules will be lower than the normal
PV modules. Thus, the number of PV modules in one PV string can be selected to
make the DC bus voltage always a bit higher than the PV string voltage. In this kind
of configuration, the voltage balancing converter can be a basic unipolar output voltage

topology such as a buck-type topology to compensate the voltage difference.

Converter topologies with bipolar output voltages can also be selected to provide
a more universal solution. Thus, the number of PV modules within one PV string can
be selected with more flexibility. The dc bus voltage can be approximately equal to
the PV string voltage level. When no mismatch occurs, the output of voltage balancer
can be near zero and the power processed approaching zero. Based on the previous
analysis, the system efficiency can be increased.

The voltage balancer fits into the catalogue of series connected partial power
converters (S-PPC). Different from conventional S-PPC, it does not need to be sourced
by its compensated PV string or PV module. It can be sourced by the dc bus or an
external voltage input source to simplify control and to provide converter design
flexibility [9]. The input and output of the voltage balancer can be decoupled which is

an advantage compared with most existing S-PPC.

Parallel connected voltage balancing converters need to be isolated from the dc
bus and each other. If a non-isolated topology is selected as the voltage balancer, an
external power supply such as multi-channel isolated power supply can be used to
source the various converters. Otherwise, an isolated topology is a must. To parallel
connect several PV strings to one dc bus, the series connected voltage balancers must
be ‘flipped’, if connected to the positive dc bus. (‘Flipped’ — as in Fig. 4-5, rather than
the converter input and output being reference to a common 0V rail, the reference is

the converter positive input rail.)

93



DC Bus

L 4 L L o —
| Froutend Tsotated el Non-Isolated [~ Non-Isolated |——
DC-DC DC-DC DC-DC
DC.DC
Converter T Converter f l_ (e | - ]— Converter |
K
PV PV PV
String String String
(@)
DC Bus
I L P e
Isolated |—- Isolated }— L—] Isolated |—-
DC-DC DC-DC DC-DC
Converter | Converter | — Converter |
J; -I; e e
PV PV PV
String String String

(b)

Fig. 4-4 Two main connecting types for voltage balancer.

(a) Type-I: Flipped non-isolated dc-dc converter sourced by external front-end isolated multi-
channel dc power source and (b) Type-I1: Isolated dc-dc converters sourced by dc bus.

Two main voltage balancing converter types are shown in Fig. 4-4. For a type |
architecture, non-isolated dc-dc converters are sourced by a front-end multi-channel
dc-dc converter which is an isolated step-down converter topology. The non-isolated
converters should be flipped connected for parallel connection. The type Il connection
type uses isolated step-down dc-dc converters all sourced by the common dc bus. If
the dc bus voltage is designed higher than the PV string voltage, the voltage balancers
need unipolar output voltage ability. If the dc bus voltage is designed close to the PV

string voltage, the voltage balancer should have bipolar output voltage ability.
In conclusion, the requirements for a voltage balancing converter are:

1) Minimum processed power in most mismatch conditions.

2) Compact design and reduced cost for implementation.

3) Adequate voltage compensating ability for PV string and DC bus.

4) Bipolar output voltage capability if the dc bus and PV string voltages are

similar.
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5) Electrical isolation from the dc bus.

6) Flipped connection if external power source is used.

Depending on system requirements, the series-connected dc-dc voltage
compensator must offer either a unipolar or bipolar voltage range such that its

processing power is either unidirectional or bidirectional.

I.  Unipolar output voltage converter topologies

A unipolar output voltage dc-dc converter suitable for Type | connection can be
a flipped buck converter as in Fig. 4-5 (a) [7]. To secure galvanic isolation as for Type
I1, the flyback converter topology is shown in Fig. 4-5 (b). These converters always

inject power down-streaming if they are not bypassed [2], [7].

F ° °F n:l >} oy

Vie TCan b Coui T Vou Viy TC, . ’ . Cour T Vour

o= SI'_"E"_'I /380 o o= SEE-._-I o"
(@) (b)

Fig. 4-5 Two topology representatives with unipolar output voltage capability. (a) Flipped buck
converter for type | architecture and (b) Isolated Flyback converter for type Il architecture.

I1. Bipolar output voltage converter topologies

If the series dc-dc compensator needs to contribute power to and absorb power
from the PV generation, it must provide bipolar voltage output, as the PV string current
direction is fixed. For the Type I configuration in Fig. 4-4 (a), the four-quadrant dc
chopper as in Fig. 4-6 (a) is a solution. An alternative is to use a flipped version of the
semi-quasi-Z source converter introduced in Chapter 2, see Fig. 4-6 (c) [10], [11]. To
add galvanic isolation when meeting Type Il converter requirements, the isolated full-
bridge DC-DC converter topology shown in Fig. 4-6 (b) is applicable, where the full-
bridge operates in an inversion mode, and a current source type rectification stage is
used in the secondary that can reverse the voltage for power reversal (current direction

Is maintained) [9].
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Fig. 4-6 Topology representatives with bipolar output voltage capability.
(a) Non-isolated four-quadrant DC chopper; (b) Isolated Full-bridge converter topology;

(c) Non-isolated semi-quasi-Z-Source converter topology.

4.2.3 Circuit Realization for Current Balancers

Inherited from the battery cell equalization concept, differential power
processing (DPP) converters have been adopted as an option to implement DMPPT
with reduced power loss [5][12]. In this thesis, the DPP is called a current balancer to
distinguish it from a voltage balancing converter. Different from a conventional DPP
based DMPPT architecture, the proposed architecture utilize a series connected partial
power converter instead of a full power processing central converter to complete the
MTTP algorithm [4].

DPP converters can be used at different stages, such as on the PV sub-string, PV
panel and even PV cell level to implement different level MPPT. The power
differences between their associated PV elements are processed by compensating the
current difference between each. Various electrical connections between converters,

different converter topologies and control strategies have been used.
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I. PV-DC Bus connection type

In the typical PV to dc bus connection shown in Fig. 4-7, the input of each DPP
converter is connected to one PV module and the output is connected between the DC
bus and ground. The DPP converter can add or subtract current to maintain module

level DMPPT during mismatched conditions.
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Fig. 4-7 DPP converter in PV-DC bus connection type.

The converter topology shown in Fig. 4-7 is an isolated flyback converter with
bidirectional input/output current capability. The implementation proposed in [5] uses
n-1 buck-boost converter topologies on a PV string of n modules. Each buck-boost
converter caters for its associated PV element and all other PV elements, and its
implementation requires a complicated control strategy. The recommended topology

is isolated with no direct connecting between the negative input and output.

The main limitation of a bidirectional flyback based architecture is the converter
output current coupling with the PV string current, which imposes control design
complexity. To simplify the architecture, other unidirectional topologies, such as
isolated LLC resonant converters and sepic converters, have been used. However,

these converters cannot implement real module level MPPT. Compared with
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bidirectional converters, more power is processed by a unidirectional converter which

reduces system efficiency.

Another method uses a boost converter series connected with the PV string to
decouple the string current from the converter output current [13]. The control design

is simplified and less power is processed by this variation.

The main challenges for a PV-DC bus architecture are a high voltage gain ratio
and difficulty in scaling up power ratings. String series connected dc-dc converters can

simplify the control design but may introduce control redundancy.

Il. PV-PV connection type

With PV-PV connection, each DPP converter connects two adjacent PV modules

and the MPPT duty ratio is controlled by one PV module.

This kind of architecture is commonly used. As shown in Fig. 4-8, for a PV string
with n PV modules, there are n-1 DPP converters. MPPT of the n" PV module is

performed by the string inverter [4].
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Fig. 4-8 DPP converter in PV-PV connection type.
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The most widely deployed DPP converter for PV-PV connection is the
bidirectional buck-boost topology, while an alternative is the resonant switched
converter [5], [14], [15]. These two representative topologies are illustrated in Fig. 4-8.
As for DPP converters for the PV-DC bus, suitable converters for a PV-PV architecture
should have the ability to supply or remove current from their associated PV elements
to compensate any mismatch. The control design should also consider converter
coupling. The optimum PV string current is unique for a given condition, with proper

controller design, and extracts the maximum available PV power.

Compared with the PV-DC bus converter, a non-isolated and more compact
topology is used for the PV-PV converter. The voltage rating is at the PV module level,
not the dc bus. It is assumed the cost can be reduced while the system efficiency can

be increased.

Various MPPT algorithms and control strategies have been proposed and
verified to increase control accuracy and assist scalability for large-scale power system.
The voltage balancing or voltage reference based control algorithm is simple but can
only achieve near MPPT. P&O or hill climbing algorithms can approach exact MPPT.
Distributed MPPT is implemented at DPP converter level and string inverter level
respectively and the control strategy needs coordinated speed and information sharing.
Usually string inverter MPPT is slower than DPP MPPT.

In additional to PV-Bus and PV-PV connection types, another variation for PV-
Bus connection is a PV-IP (Isolated Port) architecture, where an isolated bus is used
to optimize the extracted PV power. The DPP converter for this architecture should
also be isolated and bidirectional and the input and output power for the isolated bus
must balance. These imposes controller design complexity and may not achieve exact

DMPPT during all string current conditions.

Based on the previous discussion, the PV-PV architecture current balancer
approach is a reasonable choice for the proposed architecture. The voltage balancer
can replace the string inverter to achieve MPPT tracking for all PV modules. Then

several PV strings can be parallel connected for large power output.
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4.2.4 A Representative Circuit Schematic

An implementation of the proposed DMPPT architecture is illustrated in Fig.
4-9, and is used to illustrate the operating principle with two PV modules series
connected to form a PV string. The dc bus voltage is set to the sum of the MPP voltages
of the series PV modules at a 1 sun condition (AM1.5, 1000W/m? at 25 <C). A flipped
semi-quasi-Z source converter (G4)[16] with bipolar voltage output ability is the series
voltage balancer and a buck-boost converter is used as a shunt current balancer.
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Fig. 4-9 Implemented topology scheme example.

To improve conversion efficiency, the voltage balancing converter can be
sourced by an isolated step-down dc-dc converter fed from the dc bus. With distinct
current variations under MPPT, the resultant voltage shift is marginal in response to
changes in irradiance or temperature, which means the voltage balancer can effectively

compensate PV string voltage deviations at a low power.

In Fig. 4-9, the average inductor current of the buck-boost converter can be
considered a controllable current source that compensates MPP current difference of
the neighbouring PV element. Generally, the duty ratio of a buck-boost current
compensator can be expressed by its two adjacent PV voltages as in equation (2).

Vbyi

D =— PV
Y Veyi F Veyisa

)
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where Vpy i represents the voltage across the it PV module (i is a positive integer).
By controlling the duty ratio D, the i PV module can operate at its maximum power
output point. In the shuffling D-MPPT architecture, the number of the current
balancing converters is one less than the number of PV units. This is why a central
converter must be included to act as a global MPPT unit and it must process all the PV
power. In the new architecture, the voltage balancer acts as the last MPPT unit of the
overall PV string. Hence, the number of MPPT units equals the number of PV modules
so per module per MPPT can only be achieved with partial power dc-dc converters.
The converters only process the mismatched power between PV modules, so power

rating and equipment cost are reduced.

For PV string output voltage Vstringg COMmon dc bus voltage Vg, and G4

converter input voltage Vin, the voltage compensator duty ratio is:

_ Vi - Vstring
Z(Vdc - Vstring) - Vin

D, 3)

Various MPPT algorithms can be applied and the efficient perturb-and-observe
(P&O) method is chosen. The control challenge is that all the modules of one string
cannot be decoupled from one another, so the variation of one module’s MPP will
influence the whole string’s operation. Applying Kirchhoff’s Current Law, the current

relationship is:
Ipy; =Ipyiv1 —Ipi+ Di—qlp ;-1 + (1 = Diy)Ip 41 (4)

where the i PV module current is ipy, i and I, i is the buck-boost converter
inductor current. For control simplification, each i PV module is controlled by the i
current balancer, and the n™ module is controlled by the n" voltage balancer. The
control objective is to make each PV module operate at its local MPP. PV module
voltages and currents are measured periodically for the MPPT algorithm to generate a
controller reference. Because the PV module I-V curve has a one-to-one mapping

function, the reference can be the desired voltage or current.

In this application, distributed proportional integral (PI) controllers are used to
vary the duty ratio of the switches. Since it is difficult to decouple the PV modules,
the integral speed decreases from the 1% controller for the first buck-boost converter
to the n'" controller designed for the G4 converter. When the i PV module is perturbed
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and controlled to find its MPP, its neighbouring (i+1)x PV module is a stable dc input
source. The control speed of the top flipped G4 converter is the slowest.

When tracking the nth PV module MPP, the remaining n-1 PV modules are
regarded as operating at their individual MPPs, during which the G4 converter’s output
voltage is controlled to source the difference between the dc bus and the string. In this
architecture, the per string per central converter structure has been replaced by the
voltage balancer. Thus, one PV string can realize local control and distributed

protection without the necessity of string communications.

4.3 EMT Modelling for a Large-Scale PV Power System

A large-scale PV power system based on the proposed DMPPT architecture is
built by electromagnetic transient (EMT) modelling, for further analysis. Various
modelling options for the proposed large scale DMPPT architecture are reviewed and
compared. EMT model detail is described along with the applied MPPT algorithm and

control strategy.

4.3.1 Comparison of the different modelling techniques

The most accurate modelling for power electronic converters is practical
physical models with full details mimicking conduction and switching states. Large
computation resource is necessary and long simulation time is expected. For some
large-scale power systems, it is impractical to establish full scale physical switching
models with detailed dynamics. Accurate modelling is used when transient response

analysis is required [17].

Although transient response and dynamic details can be captured by detailed
physical modelling, it is inefficient and time consuming for large scale PV system

modelling if hundreds or even thousands of power devices are used.

High computing power, larger memory and long simulation time are main
barriers for implementing detailed physical switching models in large power systems.
To reduce simulation time, state space averaging modelling is widely used for pulse
width modulated (PWM) switching converters for ac modelling and controller design
which was first introduced as a unified modelling approach in [18]. By combining the
averaging technique and small signal equivalence, numerical equations and low

frequency linear circuit models can be obtained. The switching actions introduce both
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zeros and poles to the final output transfer function for feedback control analysis. The
detailed description of state space averaging can be found in [19] [20]. Small ripple
perturbation is applied to get the final model which includes steady state DC models

and dynamic AC small signal models.

In applications small ripple conditions cannot be satisfied; it is difficult to apply
conventional averaging models. A more general averaging modelling approach is
proposed in [21] to be applied in broader applications including resonant converters

which may not satisfy small ripple restrictions.

The simplified average modelling methodology can usually simulate dynamic
and static behaviour during normal operating conditions. However, it is difficult to
analyse details during abnormal power faults for its independence at every level [22].
To trade-off between the required dynamics and efficient simulation time in large-
scale power systems, electromagnetic transient (EMT) modelling is selected as a
candidate in this thesis for large scale PV system for comprehensive simulation of
normal and faulty operating conditions. The implementation of EMT modelling for the
proposed PV system is discussed in the following section. The validity and scalability

of the models are demonstrated.

4.3.2 An Efficient EMT model

Most EMT models are designed based on Dommel’s algorithm [23]. By
applying the trapezoidal integration method, each device element can be converted
into a Norton current sourced or Thérenin voltage sourced equivalent circuit. The
electrical characters for each node at the present time step is calculated with the
previous time step value. The accuracy of EMT model is decided by numerical
integration time steps.

In Fig. 4-11 (a), one PV string is illustrated with n-1 current balancers realized
by buck-boost converters. One dc-dc converter is series connected as a voltage
balancer to compensate the voltage difference between the PV string and the DC bus.
Because EMT modelling is only implemented for the current balancers, details of the

voltage balancer are not drawn.

To obtain the required EMT model, the mathematical model for each PV module

in a string should be derived first. The PV module is modelled as a voltage controlled
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current source. The output current and voltage of each PV module is used as the input

for the current balancer.

I. Mathematical model for PV module

The equivalent circuit for a basic PV cell can be used to give the mathematical
model of a PV module as shown in Fig. 4-10 [24]. This circuit consists mainly of a
current source determined by sun irradiance and a parallel connected diode which
generates dark current. These two parts dominate the I-V output of the PV module. The
photo current Ipn and diode reverse saturation current lq are influenced by the PV
module temperature. The series resistance Rs represents the internal loss and shunt
resistance Rsh mimics the influence of ground leakage current. Usually, the impact of
low series resistance and high shunt resistance values can be ignored to yield a
simplified PV cell model. Detailed mathematical model is simulated in Matlab
Simulink [25] to operate with the given EMT model for the proposed architecture.
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Fig. 4-10 PV module equivalent circuit.

Il. EMT model for current balancers

Taking the i current balancer as an example, the switches Si i and Sz j are a
complementary pair and controlled by gate signal gi (1=on, 0=0ff). As shown in Fig.
4-11 (b), the switches in the buck-boost converter cell are replaced by switched
resistors Ry j and Rz j in the EMT simulation based equivalent circuit. Ron and Rosr are
resistance values during the on and off states of switching devices.

Ri; = giRon + (1 — gi)Rosy
()
Ry i = (1= gi)Ron + giRosy
The small capacitance parallel connected with each PV cell is represented by a

Norton equivalent circuit in Fig. 4-11 (b). The voltage V¢ i across the capacitance is
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equal to the single PV cell voltage V,v i which is calculated by the EMT mathematical
model. To mimic the current balancing of the buck-boost converter, the current
through the inductor is represented by current source i_jin the EMT model.
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Fig. 4-11 EMT Model for one representative current balancer.
(a) One PV string with current balancer realized by buck-boost converter and

(b) EMP representation for each buck-boost converter.
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The current and voltage values of the inductor at the present time step can be
calculated by the state values of the capacitance and inductance at the previous time
step, as given in equation (6).

Ve i(t —At) Ve (- At) A G At)
. . 1 1
Rl_l RZ_l /Rl_i + /Rz_i

V() =
(6)

] ] At
i, i(t) =i, ;(t—At)+V, () T

The PV string with n PV modules, consists of n-1 current balancing converters
and one single voltage balancing converter. As indicated in Fig. 4-11 (a), current imain
mimics the contribution of each PV module to the PV string and current icomp IS the
compensating current from the lower half of the buck-boost converter to its associated
PV module. Initially the current imain_1 is equal to the PV string current flowing into
the DC bus and icomp_1 IS zero. They are used as mediate variables for state values

calculation which are given in equations (6) and (7).

lecomp 1 = 0

imain_l (t) = Io_dc(t — At)

. V() + Ve (6 — A ()
lcomp_i+1(t) - R2 ]
l

imain_i+1(t) = Io_dc(t —At) + icomp_i+1(t)

The voltage V¢ _jacross the capacitor is the same as the PV module voltage Vpy ;.
In this EMT model, the PV module is treated as a voltage controlled current source
and the current ipv_j of each PV module is obtained by a mathematical PV model. The
virtual current source ich_jis applied to represent the influence of the parallel connected

buck-boost converter.

Vei(t — At) ; ]
A—tC + lpv_i(t — At) — imgin i(t)

_ Ve i(t —At) =V, i(t)
Ry,

icni(t) =

(8)
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At
Ve i(®) = Vpyi(t) = ?ich_i(t)

The time step At for the discrete state variables for EMT modelling is restricted
by the PWM frequency of the buck-boost converter. Hence, the simulation time of
EMT cannot be decreased significantly. There is a trade-off between accuracy of
dynamic modelling and reduced simulation time. In this EMT model, the time step is
selected to be 1/100th the switching frequency.

Simulation performance comparison between the EMT model and a physical
switching model will be given in the next section. It is found that the EMT model can
save on simulation time and computation resource. Especially in the large power scale
D-MPPT architecture in this thesis, where single PV modules are controlled
independently, and many devices are incorporated. The flexibility and scalability of

the applied EMT model is also validated to show significant improvement.

4.3.3 MPPT Implementation and Control Strategy

The P&O MPPT algorithm is selected to give the voltage or current references
of each PV module, for its simplicity and high accuracy [26]. A fixed perturb value is
applied and an additional PI controller is used to force the dc-dc converter to track the
generated voltage or current reference. The other function of the PI controller is to

enhance stability and minimize oscillation during MPPT tracking.

The numbering order of PV modules in a PV string is 1 to n from top (dc bus
end) to bottom (OV reference). As shown in Fig. 4-12 (b), the output voltage and output
current of the first PV module is sensed for a P&O MPPT module that generates a
switching signal for the voltage balancer. For 2" to n" PV modules, the 1% to n-1%"
current balancers are used for their MPPT implementation. Hence, each dc-dc
converter corresponds to DMPPT realization for a single PV module.
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Fig. 4-12 P&O MPPT algorithm and PI control for switching signal generation.

In the proposed architecture, the i PV module is treated as the voltage source
for the i current balancing converter, and the switching of the it converter regulates
the i+1"™ PV module to obtain maximum PV energy output. The main challenge for

MPPT design is the interaction between the dc-dc converters.

The MPPT perturb values and the Pl control parameters are designed to give
good DMPPT performance [27], [28]. In this thesis, the first PV module MPPT is
applied to get the PV output current reference but not the voltage reference to regulate
the series connected voltage balancer, which proves to be a satisfactory solution.

4.4 Simulation Verification and Performance Evaluation

4.4.1 A Simple Two-Module PV System with Bipolar Output Voltage Balancer

To verify the proposed architecture, the simplest implementation is one PV
string with two PV modules. A switched simulation model is built based on the circuit

schematic as shown in Fig. 4-9.

The module type is 1SolTech 1STH-250-WH with its I-V and P-V curves plotted
in Fig. 4-13. At T=25<C, the parameters of each PV module are Vmpp=30.7V and
Impp=8.15A @1000W/m?, and Vmpp=30.5V and Impp=4.06A@500W/m?. The dc bus
voltage is set to the sum of the two module MPP voltages which is 61.4V @21000W/m?.
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Fig. 4-13 I-V and P-V characteristics of PV module.

To observe balancer performance, the sun irradiance of PV module #1 varies
from 500W/m? to 1000W/m? at t=0.5s, while PV module #2 maintains 1000W/m?
irradiance. Fig. 4-14 shows satisfactory MPPT tracking. From Fig. 4-13, when the sun
irradiance varies at 0.5s, the MPP voltage V1 changes slightly (from 30.7V to 30.5V),
while the MPP current drops from 8.15A to 4.06A. In Fig. 4-14, the proposed solution
acquires MPPT performance. The MPP voltages and currents are obtained and fast

tracking is obtained when the variation occurs.
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Fig. 4-14 PV module voltages and currents at MPP.
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The PV string output current is shown in Fig. 4-15 (a), and because of the
balancing converters, enables MPP currents from the two modules. Hence the whole
PV string can still generate maximum energy output. Because the MPP voltages differ
fractionally, the voltage balancer output voltage is approximately zero with minimal
variation, as in Fig. 4-15 (a). The input power of the G4 converter increases from 14W
to 20W in Fig. 4-15 (b), while the string’s MPP power varies from 500W to 374W
during this period. The input power of G4 increased as the voltage balancer needs to
output a higher voltage to compensate the difference of the fixed DC bus and the PV
string voltage. By voltage balancer compensation, the MPPT of the whole string can
be guaranteed and the DC bus voltage is a fixed value. These values establish that the

voltage balancer operates as a partial power converter.
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Fig. 4-15 Voltage balancer performance.
(a) Voltage balancer output voltage and PV string current and

(b) Power processed by voltage balancer

The mismatch in MPP currents 11 and 12 is compensated by the associated
current balancer with its power output shown in Fig. 4-16 (b). For the disturbance step,
the balancing current in Fig. 4-16 (a) is not exactly zero after 0.5s, but the current input
is 0.15A when the two modules operate at the same condition. For the large MPP
current variation of PV module #1, the power processed by current balancer is about
80W before 0.5s which is still much less than the PV string’s MPP power of 500W
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during this time. When the MPP currents match, the current balancer processes

approximately zero output, resulting in a significant power loss reduction.
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Fig. 4-16 Current balancer performance.
(a) Compensating current supplied by the current balancer and

(b) Power processed by the current balancer.

Based on simulation, the proposed architecture achieves partial power
processing while retaining the DMPPT mechanism. Without mismatch, the auxiliary

processors deliver (consume) neglected power and the full PV power flows through
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the PV string without processing. The main power flow path is minimally affect by the

associated converters, even under mismatched conditions.

4.4.2 Single PV String Power System Modelling

A single PV string with more PV modules is modelled in Matlab Simulink to
further observe DMPPT performance. The PV string consists 5 series connected PV
modules, hence four associated shunt current balancers. The unipolar buck converter
IS series connected to the dc bus to act as the voltage balancer. The EMT model is
compared with the physical switched device model to observe the module level
DMPPT efficiency.

I. PV Module Characteristics

Each PV module is realized by 3 series connected commercial modules,
1SolTech 1STH-250-WH. The PV module characteristics are shown in Fig. 4-17 and
Fig. 4-18 with varying sun irradiance and temperature. At T=25<C, the parameters of
each PV module are Vinpp=30.7V and Impp=8.15A @1000W/m? sun irradiance.
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Fig. 4-17 1-V and P-V characteristics of PV module varying with sun irradiance.

In Fig. 4-17, the MPP current and MPP power decreases to around half when the
sun irradiance drops from 1000W/m?to 500W/m?. But the MPP voltage changes little
which means it is reasonable for one voltage balancer to compensate the voltage

difference between the PV string and dc bus.

The temperature influence on the PV characteristics is mainly on the MPP
voltage which decreases from 92.1V to 75.37V as the PV module temperature

increases from 25<C to 65<C at 2000W/m? sun irradiance.
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Fig. 4-18 I-V and P-V characteristics of PV module varying with temperature.

I1. Modelling Comparison with a Unipolar Output Voltage Balancer

The single PV string system is integrated into a 460V ac grid through a central
inverter. Each PV string consists of five PV modules, and the MPP power output for
each PV module is 750W. The simulation results by EMT and the switched model use
Simulink for comparison.

In the physical switched model for a 3.75kW PV string, each current balancer is
realized with detailed switched devices. The PV module is simulated by Simulink with

a five-parameter circuit model. By default, there is an inner algebraic loop within the
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diode model of the PV model. Because a detailed power electronic converter is

implemented, this loop is broken to speed up simulation.

In the EMT model for the same configuration, the current balancer is realized
with its appropriate EMT model and the PV module is realized with a mathematical
model. Except for the difference in modelling of the PV module and the current
balancer, all other settings are the same for the EMT and switched simulation model.
It is anticipated that the EMT model can accelerate the simulation speed and produce

accurate simulation results under uniform and mismatched conditions.

For this single PV string system, the voltage balancer is realized with a unipolar
buck converter which is sourced by an external isolated 50V DC supply. In both EMT
and the switched model, the voltage balancer employs detailed switching devices.
When the environmental factors change, as discussed, the PV string voltage will
decrease, and the unipolar buck converter compensates the relatively small voltage
decrease, with a reduced cost. The current balancer is realized by a simple buck-boost
converter and the capacitance parallel connected to each PV module is 25uF. The DC
bus voltage is approximately equal to the PV string voltage at standard sun irradiance

and temperature. The specification for simulation modelling is listed in Table 4-1.
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Table 4-1 Specification for Simulation of Single PV String Power System

Parameters Values
Simulink Discrete Sample time 1.2518
Standard Sun irradiance 1000W/m?
Standard temperature 25C
Single PV module Vimp 92.1V
Single PV module Immp 8.15A
Single PV module Pmmp 750W
Series connected PV module number 5
Single PV String Vimp 460V
Single PV String Immp 8.15A
Single PV String Pmmp 3750W
Isolated DC Voltage for voltage

balancer >V
DC Bus Voltage Level 485V
Central Inverter Switching Frequency 20kHz

AC grid Voltage level

416V line-to-line RMS

Transformer Ratio

260/416

Voltage balancer (Buck)

Current balancer (Buck-Boost)

Parameters Values Parameters Values
Inductance 500pH Inductance 500pH
Capacitance 10F Capacitance 100F
Switching Switching
20kHz 20kHz
Frequency Frequency
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1. Performance Evaluation with Different Mismatch Conditions

With no mismatch, all the PV modules should operate at their specified
maximum values at 1000W/m? sun irradiance, which is 750W for each PV module.
Partial shading is one the primary causes for mismatch between PV modules. In this
thesis, different partial shading conditions are investigated to observe the performance

of the current and voltage balancers.

The voltage balancer output is 25V with no mismatch. When the sun irradiance
decreases, the PV string voltage will decrease which will be compensated by the

voltage balancer.

1. Partial shading of a single module

Supposing only one module is partly shaded at any time and the temperature is
25<C in this case study. The initial sun irradiance is 1000 W/m?for all the PV modules.
The full simulation time is 2 seconds, and only one module will be in a partial shaded
condition in this time period.

In the first scenario, the sun irradiance drops from 1000W/m? (MPP power
750W) to 500W/m? (MPP power 373W) at 1 second for modules 1 to 5 respectively.

The MPP output power for each module after partial shading is shown in Table 4-2.

Table 4-2 PV modules outputs for single module partial shading condition

PV module MPP power (Actual output / Ideal output) after mismatch / W

Mismatch Switched Model EMT Model

module 1 2 3 4 5 1 2 3 4 5

Module 1 | 372.45 | 747.05 | 747.96 | 748.14 | 748.04 | 373.1 | 748.7 | 748.7 | 748.7 | 749.1

Module 2 | 748.68 | 372.84 | 748.02 | 748.11 | 747.95 | 748.8 | 373 | 748.1 | 748.3 | 748.8

Module 3 | 748.68 | 748.63 | 372.92 | 748.05 | 748.34 | 748.8 | 748.6 | 373 | 7485 | 749

Module 4 | 748.08 | 748.05 | 748.52 | 372.93 | 748.39 | 748.7 | 748.6 | 7485 | 3729 | 7483

Module 5 | 748.24 | 748.18 | 747.76 | 746.62 | 372.24 | 748.8 | 748.6 | 7484 | 748.2 | 372.2

By comparing simulation results of both the physical switched model and the
EMT model, module level MPPT can be achieved at a high efficiency for both models.
The average ratio of the actual MPP power and the ideal MPP power is over 99.5% for
all modules. The EMT model simulation results match well with the physical model
simulation results. However, the EMT simulation time is much less than the physical
time. For the 3750W PV string and the 2 seconds simulation time setting, the EMT
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model takes around 26 seconds and physical model takes over 4 minutes. The solver
mode can also be a cause for this time difference. To get accurate simulation results, a
continuous mode is chosen for the physical mode.

The PV module MPP power is illustrated in Fig. 4-19 showing the simulation
results by the EMT model when the sun irradiance for module 3 drops from 1000W/m?
to 500W/m?.
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Fig. 4-19 PV modules outputs simulated by EMT model when single module partially
shaded and sun irradiance drops from 1000W/m? to 500W/m?.

In the second scenario, one module within the PV string is seriously shaded; the
sun irradiance is 100 W/m? after 1 second simulation time. Thus, the ideal MPP power
for the shaded PV module is 70W. The simulation result from the EMT model is shown
in Fig. 4-20 and the shaded module is module 1. The figure shows that high MPPT
tracking accuracy can be achieved even in this harsh partial shaded condition. In the
following sections, module level DMPPT ability is observed with several shaded

modules in a string to further verify the proposed design.
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Fig. 4-20 PV modules outputs simulated by EMT model with single module significantly
partially shaded and sun irradiance drops from 1000W/m? to 100W/m?

2. Partial shading of several modules

In this case study, several different modules are partially shaded in a string after
1 second. The full simulation period is 2 seconds, and the starting sun irradiance is
1000W/m? for each PV module at 25<C. For the first scenario, the sun irradiance drops
to 500W/m? for the shaded modules. The MPP power for each module after the
mismatch is shown in Table 4-3 with a comparison of EMT model and switched model.
Both models show a reasonably high MPPT tracking efficiency for different shading

combinations at this mismatching condition.

Table 4-3 PV modules outputs when partial shading condition happened for several modules

PV module MPP power (Actual output / Ideal output) after mismatch / W

Mismatch Switched Model EMT Model

module 1 2 3 4 5 1 2 3 4 5

Module 1,2 | 3728 | 372.7 | 747.5 | 7482 | 748.3 | 373 | 3731 | 748.4 | 7485 | 749.2

Module 13 | 372 | 747.5 | 372.3 | 748 | 748.4 | 372.8 | 747.8 | 372.6 | 748.4 | 748.9

Module 3.4 | 748.6 | 749 | 373 | 373 | 748.7 | 748.7 | 748.9 | 373.1 | 372.9 | 748.4

Module | 3718 | 3725 | 3722 | 7475 | 7481 | 372.9 | 372.8 | 372.7 | 747.8 | 7483
123

Module | 7484 | 3728 | 373 | 373 | 7483 | 7483 | 373 | 373 | 373 | 7486
23,4

Module 1,5 | 373 | 748 | 7483 | 7486 | 373 | 372.9 | 748.3 | 7486 | 7489 | 373
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To observe details of the PV modules outputs, the waveforms of the power
outputs of the shaded modules are depicted with switched and EMT models in the

following section.

In this mismatch condition, the sun irradiance of PV modules #1 and #3 varies
from 1000W/m? to 500W/m? at t=2s within the 5 seconds simulation period, while the
other PV modules remain at 1000W/m? irradiance. From manufacturer’s data sheets,
the MPP is 92.1V and 8.15A for each PV module at 1000 W/m?sun irradiance.

The physical switched model simulation result is shown in Fig. 4-21, where the
module output voltage and output current are around 91.5V to 92.3V and 8.12A to
8.18A separately in uniform conditions. When mismatch occurs at 2s, the output
current of module #1 drops to 4.1A and the output current of module #3 changes to
4.06A. The output current of the other three PV modules remains at about 8.15A with

negligible variation.
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Fig. 4-21 PV module output voltage and current with variation in sun irradiance for detailed
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Fig. 4-22 Single PV string output power for Switched Device model.

The complete string output power is shown in Fig. 4-22. The theoretical PV
string MPP power at 1000W/m? is 3750W and the simulated output power with the
proposed DMPPT architecture is 3696W which means a 98.56% MPPT conversion
efficiency. If a PV module is partially shaded with 500 W/m? sun irradiance, the MPP
module output power is 373W. In the specified mismatching condition (2 shaded
modules), the MPP power should be 2996W and the proposed architecture delivers
2972W. The MPPT efficiency during sun irradiance variation is 99.19%. Thus, MPP
voltages and currents are obtained with fast tracking during normal and mismatched

conditions, for the proposed architecture and MPPT algorithm.

For the same mismatching condition, the EMT model simulation results are
shown in Fig. 4-23 and Fig. 4-24. The power output curve for the whole string in Fig.
4-23 shows MPPT efficiency. For a uniform normal operating condition, the efficiency
IS 99.81% and the efficiency is 99.90% with modules 1 and 3 mismatch. The output
voltage and current for each PV module in Fig. 4-23 demonstrates that the correct

maximum power points are rapidly identified after sun irradiance variation.

Compared with the detailed switched model, the EMT model gives satisfactory
simulation results with only negligible differences, while the simulation time for the

EMT model is reduced. For the single string system, a 5 seconds simulation period for
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the switched model takes 65 seconds and EMT only takes 42 seconds for the same
computing resource. It can be anticipated that the EMT model will be much faster and
save computing resources when simulating larger power scale PV systems. In the
following section, a 45kW PV power system with the proposed architecture is analysed
with the EMT simulation model.
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Fig. 4-23 Single PV string output power for EMT model.

124



100

80

g 95 ”
=
€ = laasanananag =
g 60 3 “ ‘
£
= g |
o
2- 85 |
@ |
2 I}
£ " |
o
>
i
1.99 ; 201 Z,:IZ 203 2.04 Z.:).’l Z,Iﬂl 2.:17 2.08
Timelsecond
20 -
loy
T
0 4
1 I I I I I 1 1 I
0.5 1 1.5 2 25 3 3.5 4 4.5 5
Time/second
9
100
98- Module 1 sF Module 1
96 -
94 - 7
= 92
°
3 g
@ c
@ 90 - g6
g 5
g (5]
> g3
86 - 5r
84 -
82- ar
80 -
3
0 0.5 1 1.5 2 25 3 35 4 4.5 5 0 0.5 1 15 2 25 3 3.5 4 4.5
Time/second Time/second
9
95 Module 3
s~ Module 3
90 - T
3 <
2 =
g Eel
g E
£ S
Ses- ©
5
80 -
4
3
0 0.5 1 1.5 2 25 3 35 4 4.5 5 0 0.5 1 1.5 2 25 3 3.5 4 45
Time/second Time/second

Fig. 4-24 PV module output voltage and current with variation in sun irradiance for EMT
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It has been established that the EMT model attains as accurate simulation results
as the switched model. A harsh mismatch condition is simulated with the EMT model
to observe DMPPT performance. The sun irradiance of modules 1, 2 and 3 change at
a time point to 100W/m2. The MPP power of each module is shown in Fig. 4-25. The
whole string MPP power reduces from 3570W to only 1710W; half the power is lost.
The unshaded two PV modules output near 750W and the shaded three modules output
over 96% of the desired MPP power. This established that the proposed design can

still achieve high module level DMPPT in a harsh shaded condition.
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Fig. 4-25 PV module output for mismatch happens at three modules at the same time

4.4.3 Multi-String Multi-Inverter PV Power System

To further evaluate the performance of the proposed architecture in a more
complex power system, a 45kW PV system is modelled using the EMT method. The
block diagram is shown in Fig. 4-26 with three 15kW central inverters connected in
parallel to the ac grid. Each 15kW inverter is sourced by four PV strings within which

the proposed architecture is applied. All the partial power converters have the design
specifications in Table 4-1.
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Fig. 4-26 45kW PV DMPPT power system with 12 PV strings connected in parallel.

To observe DMPPT efficiency, two partial shading conditions are subjected to
the simulated PV system at 0.2s for PV string #2 and 1s for PV string #5 to #8
separately. The mismatching condition and simulated MPP power results are list in
Table 4-4. The simulated power is close to the desired available MPP power for the
mismatched PV string. The power output curve for the whole system is shown in Fig.
4-27. The energy conversion efficiency is satisfactory and verifies the effectiveness of
the proposed distributed control and MPPT algorithm. Compared with conventional
DMPPT architectures, 12 PV strings only require three central grid integrated inverters.
A single-string single-inverter configuration is avoided which means a significant cost

and size reduction.
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Table 4-4 PV string generated power output variation under specified mismatching conditions

PV String No.

Mismatching Condition

Available
MPP Power

Simulated
MPP Power

MPPT

efficiency

#2

at 0.2s, Sun Irradiance for PV
Module 2 drops from 1000

W/m?2 to 500 W/m?

3373W

3368W

99.86%

#5-#8

at 1s, Sun Irradiance for all PV
modules inside the PV string
drops from 1000 W/m? to 500

W/m?

1865W

1865W

100%

Fig. 4-27 45kW PV power system output with sun irradiance variation.
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This chapter presented a new D-MPPT architecture based on partial power

processing converters for parallel-connected PV strings. The operating principles and

converter design requirements were presented. Based on the voltage and current

balancing concept, a set of typical converter candidates were analysed with possible
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implementing methodologies. The features for their application in the proposed
architecture were given for a comprehensive comparison and design guide. A
representative circuit diagram was discussed to provide an example for possible

distributed control design and MPPT implementation.

The proposed architecture is intended for medium to large scale PV systems. To
verify the design feasibility, several modelling methodologies were reviewed. An
efficient EMT model was applied with conceptual analysis and mathematical
expression. The applied control strategy and MPPT algorithm were applied to design
three different power level PV systems. From the simplest two module system to a
complicated 45kW multi-string multi-inverter system, the adopted architecture was
established to have efficient and effective DMPPT ability. Simulation results confirm

the feasibility of the proposed approach.
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CHAPTER 5
Plug-in Repetitive Control Strategy for Impedance Source

Converters: an Islanded Mode Case Study

In this chapter, a modified plug-in repetitive control scheme is presented for
HOWO-ISCs with accurate reference tracking (hence low distortion), fast dynamic
response, and enhanced robustness. By using zero-phase-shift finite impulse response
filters in both the internal model of the repetitive controller and its compensation
network, the proposed method achieves zero steady-state error and an extended closed-
loop bandwidth. For HOWO-ISC cases, this method outperforms conventional
proportional-integral (PI) control, which has considerable steady-state error. It also
eliminates the need for parallel loops of several frequencies when proportional
resonant control or orthogonal transformation based Pl schemes are used to remove

lower order distortion.

The design process and performance analysis of the proposed repetitive control
strategy are based on a modified three-phase HOWO-1SC configuration with a reduced
number of switches. The islanded mode is selected as the case for control
implementation. Simulation and experimental results confirmed the feasibility and

effectiveness of the proposed control approach.
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5.1 Background

Chapter 2 highlighted that HOWO-ISC based inverters have transfer functions
giving low bandwidth, a penalty of increased passive elements and right-half-plane
zeros, which result in lower order distortion of the ac output power. Specifically, high-
order wide-output (HOWO) ISC topologies have non-minimum phase characteristics
with extra phase lagging effects, which imposes limitation on the control design for
achieving high loop-gain (low tracking error) and sufficient stability margin [1]. Hence,
areliable control strategy with accurate reference tracking ability is demanded for ISCs,
which enables them to precisely execute the system level command for power flow
regulation in an interconnected energy network, such as those involving maximum

power point tracking [2].

In an ac system, conventional instantaneous value based proportional-integral
(PI) control cannot achieve zero steady-state tracking error. Thus, PI control in the
synchronous reference frame (SRF) using frequency decoupling, is employed [3] in
the three-phase SQZS converter. However, to cancel the resonant peak in the transfer
function, the active bandwidth needs to be reduced to a low level which weakens the
dynamic performance. Also, parallel control loops for each frequency are adopted to
guarantee output power quality, which leads to undesirable interaction between the
different loops due to the frequency decoupled model approximation. Similarly, to
save on mathematical transformations, parallel proportional resonant (PR) control
loops are applied to the Cuk type three-phase inverter in [4] to achieve sufficient
harmonic rejection. Since each PR control loop targets only a specific frequency
component, multiple control loops are needed, where the loops may interact. This
complicates the controller and its efficiency. Nonlinear schemes such as sliding-mode
control have been employed in differential mode sepic and Cuk converters [5][6]. The
target variable usually cannot be directly controlled; so a proper sliding surface,
combining several state variables, has to be selected. High-pass filters are required to
derive the transient signal of the control input in a time-variant ac system. Also, the
sliding surface coefficient is influenced by parameter mismatch and load variation,

which affects the practical performance.

Repetitive control, based on the internal model principle, is able to attenuate

periodic disturbances, and has been adopted in power electronic converter applications
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[2], [7]-[11]. In [8], plug-in repetitive control is directly adopted for the SPWM two-
level inverter in an uninterruptable power supply (UPS), to ensure low distortion,
robust output voltage. In [9], parallel plug-in repetitive control with reduced data
memory is used in a bridgeless rectifier topology. The modular multilevel converter
(MMC) circulating current can also be eliminated by repetitive control [10][11].
However, unlike the mentioned topologies, HOWO-ISC transfer functions usually
have right-half-plane (RHP) zeros, time-variant zero-pole locations, and high resonant
peaks. These factors impose higher demand on the design of the digital filter and

compensator parameters over that for a lower order converter model.

This chapter presents a generic design of a digital plug-in repetitive control
strategy for a family of HOWO ISCs with emphasis on the analysis of the zero-phase-
shift (ZPS) filter and compensation network to achieve an extended closed loop
bandwidth (improved dynamic response) and minimized reference tracking error. In
the proposed strategy, an inner Pl control loop and a zero-phase-shift (ZPS) finite
impulse response (FIR) compensator are employed to stabilize the converter model
plant with improved error convergence speed. Another ZPS low-pass FIR filter is
incorporated in the internal model feedback path of the repetitive controller to
attenuate the high frequency gain. In this manner, robustness of the overall system is

ensured.

The islanded mode SQZS converter has a higher order transfer function than in
a grid-connected mode due to the pole caused by the output capacitor [12]. This will
compensate the internal model design for the repetitive controller [9]. Unlike the SSTP
configuration with zero-sequence component cancellation, the FSTP converter
requires phase independent control for distortion immunity over the full baseband
range, including the zero-sequence harmonics. Based on these two points, the islanded
mode SQZS FSTP inverter is used as the illustrative case study to verify the repetitive

controller design.

This chapter is organized as follows: A representative ISC based inverter is
discussed in section 5.2 with operational principle analysis and small signal modelling.
Then the design process of the proposed control strategy is described in section 5.3
using a selected case study with a novel three-phase SQZS converter configuration

having a reduced number of switches. Simulation and experimental verification form
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section 5.4, and finally, outcomes and observations are highlighted in section 5.5, in

summary.

5.2 Operation of the Four-Switch Three-Phase SQZS Inverter

In this section, the operation principle of a three-phase inverter with reduced
switches is analysed. Based on the generic SQZS converter configuration, this four-
switch inverter offer boosting output voltage ability. Thus, voltage utilization of the dc
input supply can be improved which is useful for PV application. By using small signal

analysis, modelling and control requirements are given.

5.2.1 Operation Principle of the FSTP Inverter

The FSTP SQZS inverter can be depicted as in Fig. 5-1, where two SQZS
converter output terminals and the dc negative (zero) reference are connected to a
three-phase balance load. In this arrangement, the total device and passive component
count is reduced. If Vqc is the dc input voltage, Vi is the peak value of the desired
output phase voltage, and w is angular fundamental frequency; in order to achieve the
output voltage as in (1), the modulation references for the two SQZS converters are

expressed by (2).
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Fig. 5-1. SQZS-based FSTP Inverter.

From Fig. 5-1, the two SQZS converter output voltages in the FSTP
configuration are equal to the line-to-line voltages Vag and Vcsg, respectively. With the

voltage gain of the SQZS topology, its maximum ac output voltage magnitude is Vic;
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thus, in an FSTP arrangement, the peak phase voltage Vm is 0.5774Vqc, which is higher
than %:Vqc in the conventional three-phase two-level inverter (using six switches,
without triplen injection, but the same as with triplen/SMV injection). Also, compared
to the sepic based FSTP inverter [5], this scheme has a pure sinusoidal ac common
mode voltage (no dc component) between its ac side neutral point and the dc-link
negative terminal. This eases the insulation design for an interfacing transformer in a

grounded system.

Van(t) =V sinwt
_ 2
jVBN(t) =V, sin(wt — §7r) 1)

2
LVCN (t) =V sin(wt + En)

V,(t) = V3V, sin(wt + %n)
¢ @)
V.(t) = V3V, sin(wt + En)

In contrast to SSTP inverters, where the zero sequence components cannot
propagate onto the line-to-line voltage, their FSTP counterparts require each converter
output voltage to be a purely fundamental component. This requires the control
strategy of ISC based single-phase or FSTP configurations to have sufficient harmonic
rejection over all baseband frequencies.

5.2.2 Modelling of the SQZS converter

The SQZS converter topology is redrawn in Fig. 5-2, where L1 (with parasitic
resistance r1) and C; form the impedance source network; L, (with parasitic resistance
r2) and C, form the second order output filtering stage; Vqc is the input voltage and R
is the load impedance in an islanded mode. The two switches operate in a
complementary manner with the duty cycle of Sy as the control input, which can be
decoupled into a steady-state value J plus its small perturbation A in classical small

signal dynamic analysis.
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= kR,

Fig. 5-2. SQZS converter topology.

Then linearizing, the generic small-signal transfer function G(s) of the SQZS
converter is (3), where Avo represents the small voltage increment caused by the duty

cycle perturbation Ad around the steady-state value.

Similarly, applying this perturbing and linearization method to the steady-state
equation of the voltage transfer ratio M and duty cycle 6 in (4), the dynamic
relationship between Am and AJ is as in (5). Therefore, to view the voltage transfer
ratio as the controller output signal, the equivalent plant of the SQZS converter for
control design can be rearranged as in (6) and Fig. 5-3. Then the dc steady-state gain
of the plant transfer function Gym(s) (s=0) becomes independent of duty cycle variation
(neglecting inductor parasitic resistance).

Avy(s) _ Vac Ay + Ays + Ays?
A6(s) 8 By + Bys + Bys? + B3s3 + B,s*
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AZ = ClLlR
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3
B0=52(R+T1+T2)_(26_1)T1 ( )
B1 = Sz(CzRTZ + Lz) + (6 —_ 1)2(62RT1 + Ll) + CITI(R + Tz)
B, = §2C,R(Ly + L) — (26 — 1)C,L1R + C1Li (R + 1)
+CiLyry + CiCoRTT
B3 = 61C2RL1T2 + ClczRLzrl + ClLlLZ B4_ = CICZLleR
1
e 4
J 2—M “)
_ A6(s) e
Gom(s) = 222 _ k() - 6(s) = 626(s) ©)
vm Am(s)
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H o converter
Control output
(transfer ratio) |*
Control output Am! Ao AV,
R - K > G(s) p—»
(transfer ratio) : ) () :

" Gym(s):Equivalent plant
(b)
Fig. 5-3. Relationship between voltage transfer ratio and duty cycle in SQZS converter:

(a) the signal transformation and (b) small-signal equivalent plant for controller design.

In quasi-steady-state analysis of the SQZS inverter, the voltage transfer ratio M
should be modulated as a pure sinusoidal waveform as in (7), where Ay, is the ratio of
the converter ac side voltage magnitude (line-to-line voltage for the FSTP inverter)
over the dc-link voltage. Then, from (4), the duty cycle can be estimated by (8) when

ignoring the internal inertia of the SQZS converter.

M(t) = A, sinwt @)
_ 1
2—M(t) 2—Apsinwt

5(t) = €))

The passive element parameters of the SQZS converter are usually determined
by the voltage and current peak ripple constraints, as discussed in [13][4][5]. With
these principles, the FSTP SQZS inverter specification for this study is shown in Table
5-1.

In Table 5-1, with the shown dc-link and ac side line-to-line voltages, Am = 0.8;
hence, the duty cycle of each SQZS converter module varies approximately between
0.36 and 0.83, based on (8). Then, by substituting the parameters in Table 5-1 and
varying the steady-state duty cycle 8, a family of Bode plots and pole-zero plots for
the transfer function Gym(s) result as in Fig. 5-4.
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Table 5-1. Rated Values for the FSTP SQZS Inverter.

Power rating P 2 kw
Per phase load R 2.5 Q
Input dc voltage Ve 125 \Y
AC line-to-line peak
voltage V3V 100 v
Inductor Ly 0.5 mH
and L '
Capacitor G 10 LF
P and C,
.SW|tch|ng frequency f, 30 KHz
(sampling frequency)
Fundamental f, 50 Hy
frequency

From Fig. 5-4(b), when the duty cycle is less than %2, RHP zeros emerge, leading
to non-minimal phase system performance with significant phase delay, as shown by
the phase-frequency Bode plots in Fig. 5-4(a). Thus, a phase-leading compensation
network is required to increase the phase margin and improve the dynamic response
[14]. Also, in the amplitude-frequency Bode plots of Fig. 5-4(a), the resonant peak

increases with increasing duty cycle.
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Fig. 5-4. SQZS inverter characteristics with duty cycle variation:

(a) Bode plots of Gum(s) and (b) pole-zero map.

This time-varying performance with duty cycle is in-line with the topologically
asymmetrical operation of the SQZS inverter (also other ISCs) for generating bipolar
voltage. For example, in the SQZS inverter, the positive voltage level is generated
directly by the dc-link; while the negative level is derived from the energy stored in

the impedance network.

From (6), by using the transformation block K(s), the dc steady-state gain of
Gwm(s) is independent of the J variation compared to (3); however, the gain of Gum(s)
in the low frequency range (s#0) is of concern for a dc-ac inverter system and changes
with duty cycle variation. Consequently, the SQZS converter (and other ISCs) has a
time-variant gain effect on the modulating signal along a fundamental period, which
means lower order harmonic distortion will appear if the modulating signal is purely
the fundamental component. But the real SQZS duty cycle trajectory should deviate

from (8) if a pure fundament output voltage is generated.

Thus, the SQZS control strategy (and other HOWO-ICSs) should have sufficient
harmonic rejection ability to ensure power quality. In this chapter, repetitive control
with periodic disturbance attenuation is adopted to address this problem. Compared to
its application in the two-level converter (such as in UPS [8]), the challenge of using
this method in a HOWO-ISC is mainly the design of the digital ZPS filter and
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compensation network for a time-variant plant, which can stabilize the converter and
increase the effective closed-loop bandwidth. The detailed analysis and design
procedure are based on the FSTP SQZS inverter.

5.3 Design of Plug-in Repetitive Controller

In this section, based on the design specification illustrated on section 3.3, a
digital repetitive control is implemented for the FSTP SQZS inverter. The FSTP
inverter requires independent control of the two converter modules to ensure voltage
reference tracking as in (2), but only one inverter needs to be considered in the control
design process. Fig. 5-5 illustrates the proposed digital plug-in repetitive control
strategy for the SQZS inverter with Vg representing all external disturbances. The
proposed control scheme employs a repetitive controller outer layer and a PI controller

in the inner layer.

_I_

r 1 |Am A
0 Pl(z) Vv — K(z) G(z)
e

v+
=
p—

G.yf2) Goulz)
Inner Layer

e

Quter Layer

Fig. 5-5. Proposed Plug-in Repetitive Control Scheme.

Theoretically, an ideal plant for repetitive control should have an amplitude gain
close to unity (0dB) in the low frequency range (before the cut-off frequency) and then
rapidly fall off, monotonically [11]. Therefore, the inner PI controller in Fig. 5-5 is
adopted to stabilize the converter transfer function Gym(z). However, PI control is not
able to achieve zero steady-state error for the ac signal; thus, the fundamental error
and lower order harmonic distortion (baseband frequency range) cannot be eliminated.
Also, since the converter model in the negative half cycle has RHP zeros as in Fig.
5-4(Db), its dynamic response with only PI control is slow. To provide sufficient closed-
loop bandwidth as well as harmonic rejection capability, a FIR ZPS compensator S(z)
and an outer layer repetitive controller with a FIR ZPS low-pass filter Q(z), are

employed in Fig. 5-5 to provide fast and accurate voltage reference tracking [8].
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5.3.1 Compensation Network for Modifying the Converter Plant

In Fig. 5-5, the inner layer compensates the converter plant (close to the ideal
case), for the outer layer repetitive controller.

By forward difference mapping from the s-domain to the z-domain, the discrete
transfer function of the normal PI controller can be transformed into (9), where Ts is
the sampling (switching) period. Then, if Gym(z) represents the z-plane transformed
version (forward difference mapping) of the transfer function Gum(s) in (6), its closed-
loop z-domain transfer function Gp(z) with P1 control is expressed by (10). To suppress
the resonant peak of Gym(z) in Fig. 5-4(a) over the full duty cycle range, the PI control
parameters should be sufficiently small due to the RHP zeros when the duty cycle falls
below %%; hence the dynamic response of the inner closed-loop is slow. For the
specification in Table 5-1, the PI parameters are selected as P=0.4, =600, which sets
the cross-over frequency of the open loop transfer function Gym(z)PI1(2) to about 200Hz,
ensuring sufficient stability margin to adapt to a wide load range variation and other
disturbances. Then, the amplitude Bode plot of the inner closed-loop system Gp(z),
with dc-link voltage normalization, drawn in Fig. 5-6, still has high resonant peaks and

is not a qualified plant for repetitive control.

1
PI(2)=P+1xT,—— 9)

GP(Z) _ va (Z) -Pl (Z) /Vdc

" 1+G,, (2)-PI(2) IV, (10)
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Fig. 5-6. Magnitude Bode plot of Gp(z) with only PI control.

To eliminate the high resonant peaks of Gp(z) for large duty cycles, an additional
compensator is required. Considering the low phase margin caused by the RHP zeros
and the floating position of the resonance peak due to its time-variant performance, the
traditional second-order low-pass filter with additional phase delay and a fixed
resonance frequency ZPS notch filter is not applicable to the SQZS inverter [8]. Instead,
to mitigate a set of resonant peaks for a wide duty cycle range in the SQZS inverter
without deteriorating the phase margin (dynamic performance), a m order FIR ZPS
compensator S(z) as in (11) with no phase lag, is employed. For the design case of
Table 5-1, the resonance frequencies vary approximately between 1.5kHz and 2kHz
asin Fig. 5-4(a); thus, a 17 order FIR ZPS filter S(z) with a cut-off frequency of 1.5kHz
is designed in MATLAB to suppress the resonance peak to below 0dB. The S(z)
parameters for this case are listed in Table 5-2.

S(@) = TPoai(z + 279 (11)
Table 5-2. Coefficients ai for the FIR ZPS compensator S(z) in (11), m=17
a0=0.02442; a:=0.00104; a,=0.00196;
a3=0.00329; a4,=0.00508; as=0.00736;
a6=0.01015; a7=0.01343; ag=0.01714;
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a9=0.02120; a10=0.02548;a11=0.02985;
a12=0.03413; a13=0.03816; a14=0.04174;
a15=0.04472; a16=0.04697; a17=0.04836.

Further, to achieve sufficient phase margin and a fast dynamic response, a k step
leading unit z¥ is inserted to compensate the phase-lag, particularly for the RHP zeros.
Due to the data storage of repetitive control, this leading unit will not result in a non-
causal system and allows a faster PI controller to improve the dynamic performance.
Then, the SQZS inverter repetitive control plant can be expressed by (12), in which
stability is guaranteed and the transient performance is enhanced. Specifically, k is

selected to be 9 in this design case.
Geq(2) = 2*5(2)Gy(2) (12)

With all parameters now known in this case study, the amplitude Bode plots of
Geq(z) change with duty cycle ¢ can be displayed as in Fig. 5-7(a), where all the
resonant peaks have been suppressed below 0dB. Also, the phase responses of the
original plant Gun(s) in Fig. 5-4(a) reveal that the most severe phase lag occurs at the
smallest duty cycle, which is approximately 0.33 in this case (1>0>'4 then +1>M>-1).
The phase responses of Geq(z) with k=9 and S(z)Gp(z) without phase-leading
compensation are both displayed in Fig. 5-7(b), where the leading unit z¥ is able to
significantly increase the phase margin to realize an improved closed-loop bandwidth.
A compensated equivalent plant suitable for repetitive control can now be achieved,
asin (12).

145



0 _
H Gy
500 - i :
— [ —S()
%.100755"?_g=g-ig il
— : — a=(). :Gr_’
2 | —oss [ Cu
% —5=0.65 |
=075
= : :
200
10° 10° 10 10°

-
o
=]

Phase (degrees)
&N
o (o=
o o

Fig. 5-7. Compensation effects: (a) magnitude response of Geq(z) and S(z); (b) phase compensation

at 0=0.35.

5.3.2

The repetitive controller with a fast feed-forward path is shown in the outer layer
of Fig. 5-5 . The discrete implementation of the internal model of repetitive control is
expressed by (13), where K, is the gain coefficient to adjust the tracking error
convergence rate and Q(z) is a low-pass filter to guarantee stability at high frequencies
[15]. By periodic integration, any repeatable disturbances can be accumulated in the

output; thus high gains for these periodic signals can be achieved in (13), where N is

o

Frequency (rad/s)

()

Frequency (Hz)
(b)

Internal Model Design for Plug-in Repetitive Control

the number of sampling points within one fundamental period.
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Z_NKT

Grp(2) = 1—0()z-N (23)

Based on Fig. 5-5 and (13), for the modified plant Geq(z), the voltage tracking
error Er(z) is expressed in (14). To ensure repetitive controller stability, the condition
in (15) should be satisfied according to the small gain theorem [16]. This reveals that
the magnitude of |H(ef“’TS)| should always be less than unity when o changes from

zero to f; (Nyquist frequency).

(1-Gp())(zV-0(2))

_ (-Gp@)E"-Q(@)
ZN—[Q(Z)_KrGeq (Z)] Vref (Z)

Er(z) = N le@ K@) 4@ (14

[H(e7™)| = [Q(e7T) = Ky Geq(e7*™)|
= |Q(e/*T5) — e/9KTsK, S(e/T5) G, (e7T5)| < 1

where w € [0, TES],TS =% (15)

In practice, to ensure sufficient stability margin, Q(z) can be selected as a close-
to-unity constant (such as 0.95) or a low-pass filter, which is able to ensure sufficiently
high magnitude gain in Gp(z) within the baseband. Thus, provided the reference
voltage Vrer and disturbance Vg are both purely repetitive as in (16), by viewing Q(z)
as 1 in the low frequency range and substituting it into (14), the tracking error Er(z)
can be expressed by (17). This means that after each fundamental period, the
magnitude of error Er(z) can be attenuated to H(z) times its previous value. Therefore,
to ensure stability and increase the convergence rate, H(z) must fall within the unity

circle and should be as small as possible.

27" Va(2) = Va(2)
{Z_N Vier(2) = Viep(2) (16)
zN - Er(z) = H(2) - Er(2) 17)

In the frequency domain, (14) can be rewritten as (18) with T(e/s) being
expressed by (19). By decreasing the magnitude of the term T(e/“T), the harmonic
rejection ability can be enhanced, and the steady-state error of the repetitive controller
is minimized. Specifically, zero steady-state error can be achieved at frequency w,
where Q(e/¢Ts) = 1.
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|Er(e7°T5)| = |T(e/°T)|.|(1 = G, (e79T) ) Vyer (€7°T5)|

—|T(°T)|.|(1 = G, (e/T5))V,(e/°Ts)| (18)
. _ jwTs
T(e]wTs) = % (19)

For better convergence performance, Q(z) should not introduce any additional
phase delay into the control loop. Therefore, for low distortion in the SQZS converter
output voltage, a FIR structure ZPS low-pass filter is designed for Q(z) with a 3kHz
cut-off frequency, for the case in Table 5-1. The expression of Q(z) is indicated in (20)
with the coefficients calculated in MATLAB, listed in Table 5-3.

Q(2) = Xitobi(z' +27) (20)
Table 5-3. Coefficients bi for the FIR ZPS low-pass filter Q(z) in (20), n=6.

00=0.59961; b1=0.21864; b,=-0.01795;
b3=0.0063; bs=-0.00624; bs=0.0008;
be=0.00007.

To highlight the effect of Q(z), the stability constraint of (15) is plotted in Fig.
5-8, where the vector H(e’/®Ts) should not exceed the unity circle. Due to the design
demand, in low frequency range, Q (e/“7s) should be close to 1 as interpreted by the
solid line in Fig. 5-8. Also, with the compensated converter plant of (12),
K, G,,(e’/“"s) maintains an approximate unity magnitude gain (when K=1) and small
phase delay within the baseband frequency range. These imply that |H(ef“’TS)| is
sufficiently small and the repetitive controller can achieve steady-state error mitigation
and fast convergence in its effective bandwidth. For the specific case in Table 5-1, the
designed gain of the FIR ZPS filter Q (e/“Ts) in (20) and Table 5-3 can be maintained
as 0.98 up to 2 kHz, which is satisfactory to ensure sufficient lower order harmonic
rejection. With increasing frequency, the phase delay of G,, (e/®Ts) increases, while
its magnitude decreases. This makes the KrGeq(ef“’Ts) vector rotate closer to the
imaginary axis, as shown by the dashed line in Fig. 5-8. Due to the high frequency
attenuation effect of Q(z), the unity circle around the terminal of vector Q(z) moves
left (dashed line) with an increase of frequency, which helps maintain the stability

margin by ensuring sufficient distance from H(e/“Ts) to the new circle (dashed line).
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For the spectrum range above the cut-off frequency, the magnitude of Geq(z) falls off

rapidly, as in Fig. 5-7.

A .
>

Imag Axis

",' jeo Ts ,""
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A -
\\\ »

H( ei(uTs ) !
‘ rGeq eiw"'sj'

Fig. 5-8. Operational stability explanation.
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Fig. 5-9. Vector H(e/*Ts) locus.

The proportional gain of the repetitive controller Ky is usually a real number less
than 1. A larger K, produces faster error convergence but less stability margin, as it
will determine the length of K,.G,,(e/*™) (thus, also H(e/*™)) in Fig. 5-8. The
trajectory of H(e/®"s) in the complex plane is drawn in Fig. 5-9 for K,=1 at the
operational points of minimum and maximum duty cycle ¢. The stability margin is
guaranteed with the selected control parameters for the SQZS inverter design case

defined in Table 5-1.
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Fig. 5-10. Open loop gain Grp(z)Geq(z) amplitude response.

With all the design parameters known, the discrete open loop transfer function
of the SQZS inverter with the proposed plug-in repetitive control strategy can be
expressed as G, (ef‘”TS)Geq (e’/®Ts), and its amplitude gains under the full duty cycle
variation range are shown in Fig. 5-10 (K= 1). The repetitive controller can attenuate
the lower order distortion in the baseband by increasing its open loop gain at integer
times the fundamental frequency. Due to the use of FIR ZPS compensator S(z) and
low-pass filter Q(z), high frequency disturbance can be suppressed significantly. The
effective bandwidth is extended compared to conventional methods, as shown in Fig.
5-10.

5.4 Simulation and Experiment Verification

To validate the proposed control scheme, simulation and experimentation on the
FSTP SQZS inverter are performed.

5.4.1 Simulation Tests

The simulation model of the topology in Fig. 5-1 is based on the specification in
Table 5-1; thus, the desired output line-to-line voltage peak value is 100V (57.7V
phase voltage) from the FSTP SQZS inverter. Initially, it operates with only the inner
Pl controller of Fig. 5-5, with parameters P=0.4 and 1=600, which is achieved by

considering the relative stability indicators.
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Fig. 5-11. FSTP-SQZS inverter with P1 controller:

(a) output phase voltage waveforms, (b) fundamental magnitude and low order harmonic
distribution for phase A output voltage; and (c) steady state error caused by PI control.
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The results in Fig. 5-11 show considerable fundamental component tracking
error and low order harmonic distortion (mainly 2" order); and the calculated
baseband (up to 20" order) total harmonic distortion (THD) is 5.3%. This is consistent
with the theoretical analysis of the PI controlled SQZS converter with low bandwidth

and non-uniform gains at different operating points.

To eliminate the low order harmonic distortion and improve the reference
tracking accuracy, repetitive control is employed, initially without compensator S(z)
but the P1 parameters remain the same. The repetitive controller has a magnifying
effect on the magnitude gain, including the resonant peaks. Due to the absence of S(z),
the proportional gain of the internal model K has to be decreased to guarantee stability.
In this case, Ky is chosen to be 0.01. From Fig. 5-12(b), increased fundamental voltage
magnitude and reduced 2" order harmonic distortion can be achieved. However, in

Fig. 5-12(c), the error convergence rate is relatively slow due to small K.
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Fig. 5-12. FSTP-SQZS inverter using repetitive control without compensator S(z) and
Kr=0.01: (a) output phase voltage waveforms, (b) fundamental magnitude and low order
harmonic distribution for phase A output voltage; and (c) error convergence process.

By incorporating compensator S(z) into the control loop, the proportional gain
K of the repetitive controller is increased. With S(z) based on Table 5-2 and K,=0.8,
Fig. 5-13(b) shows that the fundamental voltage is able to precisely track the reference
and low order harmonic components can be eliminated; hence, almost zero steady-
state-error is obtained; and the error convergence rate significantly improves with a
settling time of less than 0.2s, as illustrated in Fig. 5-13(c).
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Fig. 5-13. FSTP-SQZS inverter using the proposed repetitive control scheme including
S(z) and Kr=0.8: (a) output phase voltage waveforms; (b) fundamental magnitude and low order
harmonic distribution for phase A output voltage; and (c) error convergence process.
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Fig. 5-14. Error convergence comparison for the plug-in repetitive controller with
different parameters: (a) Q(z)=0.95, K:=0.8, (b) Q(z) is low-pass filter, Ki=0.4, and (c) Q(z) is low-
pass filter, Ki=0.8.

The impact of K, and Q(z) is analysed with the error convergence process in Fig.
5-14, where it is deduced that a higher K shortens the settling time, but its maximum
value is restricted by the stability constraint shown in Fig. 5-8. When Q(z) is 0.95, zero
steady state error cannot be achieved due to its attenuation effects on the low frequency
loop gains, which finally degrades the ability for lower order harmonic rejection.
Comparison between Fig. 5-14(a) and (c) reveals that Q(z) significantly influences the

steady-state error.
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5.4.2 Experimental Results

A MOSFET based SQZS FSTP inverter is used for practical operational
validation purposes. Due to the high voltage stress on the power switches in the SQZS
converter (and other 1SCs), the dc-link voltage and ac line-to-line peak voltage are
scaled down to 40V and 32V (power rating is 200W) respectively, while the other
parameters are maintained as in Table 5-1. With this arrangement, the original pole-
zero positions of the SQZS converter design case are unchanged. Since the control
design diagram in Fig. 5-5 has a 1/Vqc stage to normalize the converter model to unity
(with 0dB open-loop gain in the baseband), the previously selected parameters for the
PI controller, S(z), phase-leading compensator, and the internal model (Q(z) and Ky),
remain valid (provided the 1/Vqc stage is included).
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Fig. 5-15. Photograph of the experimental rig.

The control strategy of the FSTP SQZS inverter is realized in a Texas Instrument
TMS320F280335 DSP platform with a sampling frequency equal to the switching
frequency (30 kHz). The power switches are RFP4668PBF MOSFETS and the overall

experiment setup is shown in Fig. 5-15.
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Fig. 5-16. Experimental results with conventional Pl control: (a) three-phase output
voltage and (b) fundamental magnitude and low order harmonic distribution for phase A output
voltage.

Initially, conventional PI control for the FSTP SQZS inverter is tested with the
results in Fig. 5-16, where the achieved fundamental magnitude is much lower than
the desired reference. Also, due to an inadequate bandwidth, the voltage waveform

deviates from a pure sinusoid due to considerable 2" order harmonics.

Next, the three-phase output voltage and FFT analysis with the proposed

repetitive control and 2.5Q resistive load are given in Fig. 5-17, where all low
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harmonic components are less than 1% of the fundamental except a residual dc

component due to the transducer zero-point 1% calibration error.
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Fig. 5-17. Experiment results using proposed repetitive control strategy for FSTP-SQZS
inverter: (a) three-phase output voltages; and fundamental magnitude and low order harmonic
distribution for the output voltages of (b) phase A; (c) phase B; and (d) phase C.

Fig. 5-18 shows the output voltage and current waveforms under different load
conditions. In Fig. 5-18(a), the single-phase output voltage with 2.5Q resistive load is
displayed; and Fig. 5-18(b) shows the line-to-line voltage and line current with a 5Q
plus 10mH inductive series load. For an unbalanced load, the three-phase line-to-line
voltage in Fig. 5-18(c) is able to maintain balanced; while the load current becomes
unbalanced as in Fig. 5-18(d). To examine the dynamic performance of using the
proposed repetitive controller, Fig. 5-18(e) demonstrates the transient performance of
the SQZS inverter output voltage when the load is step changed from 6Q to 3Q. The

converter output voltage quickly tracks the reference.
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Fig. 5-18. FSTP-SQZS inverter with different load conditions: (a) phase voltage and current with
2.5Q load; (b) line-to-line voltage and converter output current with 5Q+10mH load; (¢) balanced
three-phase line-to-line voltage with unbalanced load (5.6Q2 for phase A and C, 3Q for phase B);
(d) three-phase unbalanced current; and (e) voltage transient performance during load step
change (60 to 3Q).

These experimental results imply that both the steady-state and dynamic
performance of the SQZS inverter can be improved by using the proposed plug-in

repetitive control scheme with a ZPS compensation network.

Fig. 5-19(a) and (b) show the output voltage and current waveforms of the SQZS
inverter using Pl control under a typical rectifier nonlinear load. Due to limited
bandwidth and poor harmonic rejection ability, the output voltage deviates from its
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reference with inadequate fundamental component magnitude and significant low
order harmonics. In Fig. 5-19(c) and (d), with the proposed repetitive control strategy,
the desired fundamental magnitude is maintained, and the dominant low order

harmonics are suppressed.
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Fig. 5-19. Experiment results with a nonlinear load (diode rectifier with 300pF capacitor and 10Q
resistor): for PI control (a) voltage and current waveforms; and (b) fundamental magnitude and
low order harmonic distribution; and with repetitive control (c) voltage and current waveforms;
and (d) fundamental magnitude and low order harmonic distribution.

5.5 Summary

In this chapter, a generic digital plug-in repetitive control strategy has been
proposed for a series of high-order wide-output range impedance source converters
(HOWO-ISCs). A four-switch three-phase (FSTP) semi-quasi-Z-source (SQZS)
islanded mode inverter was adopted as a representative case study. The time-variant
characteristics for HOWO-1SCs with non-uniform gains in their transfer function over
a fundamental period were analysed, which leads to inherent lower order harmonic

distortion in the output voltage during open-loop operation.
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The proposed repetitive control strategy eliminates the reference tracking error
for the HOWO-ISCs using a single loop, which outperforms conventional
proportional-integral (P1) and proportional-resonant (PR) methods with multiple
parallel loops for suppressing all low order harmonics. In the proposed scheme, with
the designed finite impulse response (FIR) zero-phase-shift (ZPS) compensator and
phase-leading unit, an extended bandwidth is obtained by overcoming the initial phase-
lag caused by right-half-plane (RHP) zeros. Also, the internal model of the repetitive
control unit offers increased loop gain with a wide frequency range. Therefore,
accurate reference tracking, fast convergence rate, and robust stability can be achieved.
A design procedure for the proposed controller has been presented for a FSTP-SQZS
islanded inverter, which has been validated by simulation and experimental results.
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CHAPTER 6 Conclusions

6.1 General Summary

As an energy source with infinite reserve, solar energy is a demanded topic in
academia and industry to help solve the global fossil fuel energy crisis. Large scale
grid integrated PV power systems are the main player in the global electricity market.
To increase the energy conversion efficiency in conventional centralised PV systems,
implementation of distributed maximum power point tracking approaches is a
promising solution. High equipment cost is the main barrier for the development of
conventional large scale DMPPT PV systems. To implement DMPPT technologies
efficiently in large scale PV systems, some general problems have been analysed, and
present solutions have been reviewed. In this thesis, a novel DMPPT architecture with
partial power processing converters was presented, with a distributed control strategy

for better balance between cost and efficiency.

Impedance source converters with voltage boosting ability are widely used in
PV systems. A general problem is the low order distortion when applied in ac
applications. Another topic in this thesis is the application of plug-in repetitive control

to solve this general problem.

Chapter one presented background to the development of photovoltaic
renewable energies around the world. The state-of-the-art PV technologies, especially
for the PV materials, were reviewed and compared. New PV materials are waiting to
help improve competitiveness for PV electricity in the global market. Grid integrated
PV systems are the main player in the PV industry and can be classified by different
standards such as by power level, inverter type, and MPPT implementation. The future

trend is to deploy MPPT with finer granularity which means research is needed at the
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module level and even cell level DMPPT architectures. The main challenges for wider

deployment of PV generators were presented and thesis research objectives were listed.

Chapter two reviewed conventional distributed maximum power point tracking
architectures for which full power processing PV module integrated converters are
used. PV module integrated converters are categorised into two types according to the
converter power portion processed. The different architectures can be further divided

according to the connection types.

Compared with the partial power processing conversion type, the full power
processing conversion type is more readily controlled and many mature architectures
have been previously designed. The most important international standards and
requirements for grid-integrated PV power systems were discussed, including possible
influences on normal operation of the utility grid. Based on these requirements, a set
of typical parallel connected micro-inverter topologies and series connected module
converter topologies were reviewed. For single phase PV applications, parallel
connection types are widely used, and the issue of power decoupling was analysed.
Isolated topologies can provide adequate amplification for low PV voltage and avoid
grounding issues. Many novel transformerless step-up topologies have been
introduced in the past to pursue higher efficiency and lower cost. Typical
representative transformerless converters were compared. For series connected
module level PV systems, cascaded dc-dc and dc-ac converters are mainly applied in
higher voltage level three-phase or single-phase PV systems. Control features and
MPPT implementation have also been discussed. All the converters reviewed must
deal with all the power generated by the PV modules which is the main reason for high

equipment cost in these conventional DMPPT architectures.

The operation principles of impedance source converters have also been
reviewed. The main constraints for higher order wide output ISCs were discussed. To
solve the general problem for controller design for this type of converters, a repetitive

control strategy is given in chapter five of the thesis.

Chapter three reviewed typical partial power processing DMPPT architectures.
The non-linear output characteristic of PV cells is analysed with mathematical
illustration. Then the mismatch loss mechanism is illustrated for series and parallel

connected PV cells to highlight the necessity for a distributed MPPT design. The main
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MPPT techniques used in mismatched conditions were compared and the main goal
was to comprehensively review three different partial power processing MPPT

architectures.

The concept of partial power processing DMPPT is discussed and architectures
based on this concept were reviewed. These existing architectures are classified into
two groups according to their balancing differential converters. The main drawback is

an inverter per string structure which hampers scalability and cost reduction.

Chapter four introduced a novel DMPPT architecture based on only partial
power processing converters. By combining voltage and current balancers in one PV
string, the per PV string per central converter configuration is avoided. Thus, several
parallel connected PV strings can be integrated onto ac grid via one central inverter.
The possible converters which can be utilized as auxiliary processors were reviewed
in terms of the required connecting types. No mismatch - no power processing has
been realized with a distributed control strategy. A developed EMT model is used for
performance evaluation. The simulation results verified the proposed novel

architecture, which shows satisfactory DMPPT ability.

Chapter five investigated controller design for impedance source converters with
high-order wide-output features. Compared with conventional two-level converters,
these high order converters have advantages when applied in PV inverters to achieve
voltage boosting with either output voltage polarity. Improved dc-link voltage
utilization is anticipated. The intrinsic passive impedance network within this kind of
converter imposes low order distortion of the ac output power which gives rise to
control difficulties. A generic plug-in digital repetitive control scheme was presented
for HOWO-ISCs to solve the prominent second harmonic problem. The islanded mode
is selected as the case in this chapter to implement the proposed control methodology.
Simulation and experimental validation of a topology based on a semi-quasi Z source
converter establishes accurate reference tracking, fast dynamic response, and enhanced

robustness.

6.2 Author’s contribution and future research plan

The main contribution and significance of this thesis can be summarised as:
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Anovel DMPPT architecture was presented to realize module level MPPT with
only partial power processing converters. For each PV string, the string inverter
is replaced by a voltage balancing converter with a reduced power rating.
Several PV strings can be parallel connected to one central inverter for
expanded power scalability. Distributed control and MPPT are realized.

A modified generic digital control method was developed for impedance
sourced converters which can be used in PV applications for their voltage
boosting abilities. The low order harmonic problems were solved with

simulation and experimental verification.
Based on the achieved research, some recommendations for future research are:

The family of impedance source converter usually suffers from high voltage
stress on a single switch, and a sufficiently high switching frequency is needed
to achieve a wide control design flexibly such as the repetitive controller. These
imply that the silicon power switches will incur relatively high losses. Future
approaches will be adopting the silicon carbide MOSFET to boost the power
efficiency of such converters, and its grid-connection mode will also be tested.
Analysis of incorporating energy storage devices into the proposed DMPPT
architecture and experimental testing, can be carried out. Additionally, the
system performance can be evaluated if the DMPPT partial power converters

are applied and integrated in at PV cell level.
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Appendices

Appendix A. Test Rig Details for FSTP-SQZS Inverter

The DSP control system

=

3

Fig.A-1. The TMS320F28335 DSP platform.

As in Fig.A-1, the Texas Instrument (T1) TMS320F28335 is adopted to implement the
plug-in repetitive control method and generate the PWM signals for the FSTP-SQZS

inverter.
The sensor system

The voltage and current sensor boards are shown in Fig.A-2 and Fig.A-3, respectively.
For the voltage transducer, the measurement resistance R-meas should be in the range
of 100 to 350 ohms for a DC circuit supply of #15V. A value of 150 ohms £1% is
used. The transducer primary current is taken as 10mA by selecting suitable resistors.
While for the current transducer, the measurement resistance R-meas should be in the
range of 50 to 150 ohms for a DC circuit supply of #15V, and a value of 100 ohms =+
1% is a used. A signal calibration circuit in Fig.A-4 based on the op-amp NE5534 is
employed on both boards following the transducer outputs.
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Fig.A-3. LA55P current transducer and signal calibration board (2 out of 3 channels are used).
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I11.  The overall setup of test rig

Fig.A-5 shows the overall test rig for the FSTP-SQZS inverter with plug-in repetitive

control strategy. It consists of:

e Common DC-link capacitor

TMS320F28335 DSP controller

Two SQZS inverter legs with impedance source networks

ov

3
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Amplifier circuit for signal calibrations in both transducer boards.




Gate drivers
Voltage and current transducer

Resistive and diode-rectifier loads

Auxiliary voltage source

Fig.A-5. The photo of the test rig for FSTP SQZS inverter.
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Appendix B. Sample Code for Verifications

The EMTP model for buck-boost converters in a PV string

function [Vcx,Ve,iL,Power] = DMPP(Vc_t,iL_t,dt,cap,ind,Ron,Roff,g,l0,ipv) % Vc _t is the previous
value of each PV panel, lo is total output current = imain(1)

N = length(ipv);

% N PV modules in series, from top to bottom, noted as 1 - N

% 1
% 2
% 3
% ..
% N-2
% N-1
% N

% the 1st panel is the input of a buck-boost differential power regulator with its output into panel 2
% then, panel 2 is the input of another buck-boost feeding panel 3

% oo

% finally, the N-1 is the input of last buck-boost compensating panel N

% the left uncompensated panel (panel 1 in previous settings) is controlled by an extral

% central converter or balancer (partial power)

icomp = zeros(1,N); % icomp is the input compensation current contributed by previous buck-boost
differential power regulator

% so, icomp(1)always 0

% positive direction is flowing into PV panels

imain = zeros(1,N); % positive direction defined from bottom to top, imain(1) equals to output current
to the external dc-dc, lo

Ve = zeros(1,N); % Vpv
% ipv = zeros(1,N); direct output current of PV panels, from bottom to top

iL = zeros(1,N-1); % buck-boost inductor current, iL(N) is always 0, positive direction is flowing into
PV panels

Rswl = zeros(1,N-1); % resistance of input side switch in the buck-boost
Rsw2 = zeros(1,N-1);

Power = zeros(1,N); % power output of each PV panel

Vx = zeros(1,N-1);

Vex = zeros(1,N);

%****************

icomp(1) = 0; % just emphasize, no actural change after initilization of icomp=zeros(1,N)
imain(1) = lo;
% Vc(1) =30.7*3;

forii=1:N-1
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% ipv(ii) = Vc_t(ii); % PV modeing function Qp*****x*kxkikkikkhkkrihrsirrrx0p

Rswl(ii) = g(ii)*Ron+(1-g(ii))*Roff; % if g(ii)==1

Rsw2(ii) = (1-g(ii))*Ron+g(ii)*Roff; % if g(ii)==1

Vx_temp = (Ve_t(ii)/Rswi(ii)-Ve_t(ii+1)/Rsw2(ii)-iL_t(ii))/(L/Rswi(ii)+L/Rsw2(ii)):

iL(ii) = iL_t(ii))+dt/ind*Vx_temp; % backward

icomp(ii+1) = (Vx_temp+Vc_t(ii+1))/Rsw2(ii);

imain(ii+1) = lo+icomp(ii+1); %imain(ii)+icomp(ii+1)-icomp(ii);%imain(ii)+icomp(ii+1)-

icomp(ii);

ic_temp = ipv(ii)-imain(ii)-(Vc_t(ii)-Vx_temp)/Rsw1(ii); % capacitor current only stored

temporarily
Vc(ii) = Vc_t(ii)+dt/cap*ic_temp; % backward
Vex(ii) = Ve(ii)+ic_temp*0.01;
Power(ii) = Vex(ii)*ipv(ii);
Vx(ii) = Vx_temp;

end

%ipV(N) = Ve _t(N); Yp*rsdddtdbdktdokdktiokkx
Vc(N) = Vc_t(N)+dt/cap*(ipv(N)-imain(N));
Vex(N) = Ve(N)+ic_temp*0.01;

Power(N) = Vex(N)*ipv(N);
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Appendix C. Perturb and Observe or Hill-Climbing algorithm

The power and voltage relationship of a typical PV module is shown in Fig.A-
6. The peak power needs to be found with a MPPT algorithm. Perturb and observe
(P&O) or so called hill-climbing method is based on observation of the P-V curve.
When the PV module operating point is at the left of the MPP, the output voltage or
current needs to move up-right to the MPP as shown in Fig.A- 6. Otherwise, the
operating point needs to move in the up-left direction. The final objective is to set the

output power at the maximum point.

A

P/I
I-V Curve Py

 J >
I/mp,') V

Fig.A- 6 Power-voltage curve of a PV module.

To implement P&O in a PV system, sensors are required to measure the PV
module output voltage and current at specified time intervals. Then the calculated
power and present voltage or current are compared with the previous values. The

operation mechanism is described by the following equations.

A fixed perturbation value AV is defined previously according to system features.
If the measured power is larger than the previous power value and the PV voltage is
larger than the previous voltage measurement; then the operation point is at the left of
the MPP, hence the reference voltage to the controller is achieved by adding the

perturb value AV. The other conditions can be derived similarly.

Vpy (t) = Vpy (t — At) + AV (1)
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{va(t) > Ppy(t — At) Vpy(t) > Vpy(t — At)}
Ppy (t) < Ppy(t —At) Vpy(t) < Vpy(t — At)

Vpy (£) = Vpy (¢t — At) — AV

{va(t) > Ppy(t — At) Vpyp(t) < Vpp(t — At)} (2)
Ppy (t) < Ppy(t — At) Vpy(t) > Vpy (t — At)

The reference voltage Vpy, is given to a control loop to adjust the PV module
output voltage and usually a PI controller is used. Another direct method is to oscillate
the converter duty cycle for fast tracking P&O. The PV converter duty cycle is
increased or decreased at a specific perturbation value according to the P-V
characteristics. The main problem for P&O is confliction between fast tracking and
steady state oscillation. Large perturb values mean a faster MPPT tracking speed
which is desirable for PV with an intermittent nature. However, lower steady state
oscillation needs smaller perturbation for higher PV efficiency. There is a trade-off
between dynamics and steady state operation for P&O algorithms.

From Fig.A- 6, the rate of PV power variation decreases while the operation point
approaches the MPP. To improve fixed P&O performance, several adaptive P&O
strategies have been proposed. The main concept is to adjust the perturb value
according to the power change rate for fast tracking at large power varying conditions.
When the MPP is achieved, the active P&O decreases the perturb value to reduce
steady state oscillations. By using adaptive P&O, a generic design frame can be

established without dependence on a specific PV system feature.

At present, P&O based MPPT is the most widely used commercial technique for
simplicity and ease of implementation. Different methods have been analysed to

realize adaptive tracking for better performance.
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Abstract: High-order wide-output (HOWO) impedance-source converters (ISCs)
have been presented for ac inverter applications that require voltage step-up
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converters are able to achieve voltage boosting with either polarity, leading to
improved dc-link voltage utilization compared with the conventional two-level
converter. However, HOWO-ISCs suffer from transfer functions giving low
bandwidth, a penalty of increased passive devices and right-half-plane zeros,
which result in lower order distortion of the ac output power. In this paper, a
modified plug-in repetitive control scheme is presented for HOWO-ISCs with
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Abstract: This paper proposes a new photovoltaic energy conversion architecture
that can achieve distributed maximum power point tracking (D-MPPT) with only
partial power processing converters. Featuring both the voltage and current
compensation abilities, the per module per MPPT structure has been obtained
without involving full power processing central converters. A flexible higher dc
voltage power interface to the inverter stage or other dc power network is
achieved with flexible plug-and-play performance for the streaming power
conversion units. Based on the ‘no mismatch, no processing’ principle, a cost
reduction can be expected with lower electrical rating and smaller size for the PV
module integrated converters (MIC). The power balancing principle, MIC
operating mechanism, control strategy and performance evaluation are analysed.

Simulation results verify the feasibility of the proposed approach.

A. Darwish, Yachao Wang, D. Holliday and S. Finney, "Operation and control
design of new Three-Phase inverters with reduced number of switches,” 2016
International Symposium on Power Electronics, Electrical Drives, Automation
and Motion (SPEEDAM), Anacapri, 2016, pp. 178-183, doi:
10.1109/SPEEDAM.2016.7525993.

Abstract: DC/AC inverter topologies having reduced numbers of switches to
reduce costs, total inverter size and switching losses have previously been
proposed. In addition, these topologies reduce the likelihood of semiconductor
switch damage, and have lower common-mode currents. This paper proposes new
designs for inverters with reduced switch numbers. For three-phase systems, the
proposed inverters use four switches instead of the six used in the traditional
three-phase Voltage Source Inverter (VSI). Compared to the traditional Four-
Switch Three-Phase (FSTP) inverter, the proposed FSTP inverters improve the
voltage utilisation factor of the input dc supply, without the need for triplen
injection. Sliding-mode control is used to demonstrate the dynamic response and
robustness of the inverters. Also the paper presents new single-phase inverters
with two switches instead of the four used in the traditional VVSI. The capability

of suppressing the 2nd order current harmonic from the input dc side is discussed.
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The basic structures of the proposed inverters and their operation, switch ratings,
controller  design  with  supporting  mathematical equations, and
MATLAB/SIMULINK results are presented. Practical results, based on
laboratory prototype circuitry controlled using a Texas Instruments
TMSF280335 DSP, are presented to demonstrate the design flexibility and
operation of the proposed topologies.
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