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Abstract

The installations of PhotoVoltaic (PV) systems, including grid-connected PV systems,
have experienced a significant increase in the past few decades. More PV capacity is
expected for the future power grid to be of intelligence and flexibility. This thriving
scenario also raises concerns about the availability, quality and reliability of the whole
power grid. Consequently, grid codes/standards are continuously being revised to host
more PV energy in the grid. Ancillary services required initially by wind power systems,
e.g. fault ride-through and grid support, are becoming more preferable in PV systems
today than they were. In addition, achieving high efficiency and high reliability is
always of importance for PV systems in order to reduce the cost of energy. Both goals
can be enabled by advanced control strategies for PV systems, which are typically
based on power electronics technology. In the light of those issues, the Ph.D. project
has investigated and evaluated next-generation transformerless inverters for single-phase
grid-connected PV systems, and proposed advanced control strategies to enhance the PV
penetration with reduced cost of energy. The research work mainly includes two parts:
1) Modelling and Evaluation of Single-Phase PV Systems and 2) Advanced Control
Strategies for Single-Phase PV Systems.

The first part, including Chapters 2 and 3, describes the entire models of the most
promising transformerless PV candidates (models of PV modules, inverters, and filters)
in Chapter 2. Then, a thorough evaluation of those topologies in terms of e.g. efficiency,
reliability, leakage current mitigation ability, and reactive power injection capability
has been presented in Chapter 3, where a multidisciplinary assessment approach with
characterized features of energy production estimation and lifetime prediction based on
mission profiles (e.g. solar irradiance level and ambient temperature) has been proposed.
Grid detection and synchronization techniques have also been discussed in Chapter 2,
since they are of importance in the control of single-phase systems both in normal
operation mode with maximum power point tracking and under grid faults.

According to those investigations, advanced control strategies, which are able to
ensure a flexible, reliable and efficient power conversion from PV systems in different
operation modes, have been proposed and implemented in Chapters 4 to 6. The first
discussed advanced control strategy is about the low voltage ride-through control of
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X Abstract

single-phase PV systems, which can contribute to the grid voltage stability and the
avoidance of energy losses during low-voltage grid faults. Then, a constant power gen-
eration control (reduced power control) strategy has been introduced in Chapter 5 with
the purpose to accept more PV energy without violating the distribution grid capacity.
Other benefits of constant power generation control have also been explored in that
chapter. Finally, thermal optimized control strategies are discussed in order to improve
the reliability of PV inverters, and thus an extended lifetime of the entire system is
expected.

It has been found from the research work that the penetration level of PV systems
will be much higher with the demand of clean power generation, leading to an evolution
of grid standards. The presented verification results reveal that the proposed advanced
control strategies can underpin the increase of power electronics based PV systems.
It is expected that the outcome of this work documented in this thesis would make a
contribution to the development and implementation of new single-phase grid standards
regarding PV interconnection and novel control strategies in the future. Finally, a more
wide-scale adoption of PV energy can be realized with reduced cost of energy.



Danske Abstrakt

Installationen af solcelle (PV) - systemer, herunder nettilsluttede solcelleanleeg, har
oplevet en markant stigning i de seneste artier. I det fremtidige elnet forventes en-
dog mere PV kapacitet og disse systemer skal vaere bade intelligent og fleksible. Dette
voksende kapacitets scenarie rejser ogsa bekymringer om tilgaengelighed, kvalitet og
palidelighed af hele elnettet. Derfor er net-tilslutnings standarderne lgbende blevet
revideret for at muligggre endnu mere PV energi til elnettet. Hjslpefunktioner, som
i forste omgang har veeret kraevet til vindkraftsystemer, fx fejl ved spaendingsdyk og
normalt net stgtte, forventes ogsa at blive anvendt i solcelleanleeg i fremtiden. Hertil
kommer at hgj effektivitet og hgj palidelighed altid er vigtig for solcelleanlaeg for at
kunne reducere prisen pa den producerede energi. Begge mal kan realiseres ved nye
avancerede styre strategier for solcelleanlaeg, som baserer sig pa effektelektronik. I lyset
af disse udfordringer, har Ph.D. projektet undersggt og evalueret den naeste generation
af transformerlgs invertere til en-fasede nettilsluttede solcelleanlaeg, og har foreslaet nye
avancerede kontrol- strategier til at forbedre PV udbredelsen med reducerede omkost-
ninger til energien. Arbejdet i afhandlingen omfatter primeert to dele: 1) Modellering
og evaluering af en-fasede solcelleanleg og 2) Avancerede kontrol strategier for en-fasede
solcellesystemer.

Den forste del, som er beskrevet i kapitel 2 og kapitel 3, omhandler beskriver mod-
ellene af de mest lovende transformerlgse PV omformere (PV moduler, invertere, og
filtre). Derefter er der foretaget en grundig evaluering af disse topologier i form af
effektivitet, palidelighed, lackstrom, og reaktiv effekt kapacitet i kapitel 3. Desuden
er der foretaget en tveerfaglig vurdering af de forskellige funktioner i forbindelse med
estimering af energiproduktion og levetid forudsigelse baseret pa solcelle systemernes
mission profiler (f. eks. solstraling og rumtemperatur). Detektion og synkronisering
af net-tilslutningen er ogsa diskuteret i kapitel 2, da de er af betydning for kontrol af
en-fasede systemer bade i normal drift med maksimal power point tracking og under
netfejl.

Avancerede kontrol- strategier som vil veere i stand til at sikre en fleksibel, palidelig og
effektiv effekt konvertering fra solcelleanlaeg i forskellige driftstilstande er blevet fores-
laet og gennemfort i kapitel 4 til kapitel 6. Den fgrste diskuterede kontrol strategi
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xii Danske Abstrakt

omhandler styring under lav speending af en-fasede solcelleanlseg, og som kan bidrage
til el-nettets spaendings-stabilitet og reduktion af energitabet under denne fejl. Derefter
er der foreslaet en konstant el-produktion kontrol (reduceret power kontrol) strategi i
kapitel 5 med det formal at acceptere mere PV energi uden at overstige el-distributions
nettets kapacitet. Andre fordele ved konstant el-produktion kontrol er ogsa blevet un-
dersggt f. eks. at levetiden forgges. Endelig er termisk optimerede styringsstrategier
diskuteret med henblik pa at forbedre palideligheden af PV invertere, og dermed kan
forventes en forleenget levetid pa hele systemet.

I dette projekt er det konkluderet at udbredelsen af solcelleanlaeg vil blive meget hg-
jere i fremtiden i forbindelse med at efterspgrgslen af mere ren el-produktion er stigende,
hvilket samtidig fgrer til en videreudvikling af eksisterende net-standarder. De praesen-
terede resultater viser, at de nye foreslaede avancerede kontrolstrategier kan understotte
veeksten i effektelektronik baserede solcellesystemer. Det forventes, at resultatet af dette
arbejde giver et bidrag til udvikling og implementering af nye en-fasede net standarder
vedrgrende PV tilslutning til nettet og samt implementering af nye kontrol strategier.
Endelig vil en sadan mere storstilet udbredelse af PV energi medfgre en yderligere re-
duktion of energi-prisen for solenergi.
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Part 1

Preamble

This part is the preamble of the documented Ph.D. project, which includes one chapter
- Chapter 1. Introduction.

1 Introduction

This chapter firstly presents the background and motivation of this research project. It
also includes a short state-of-the-art of grid-connected PhotoVoltaic (PV) technologies,
followed by the objectives and limitations of the project. Then, the thesis structure is
presented to give a better understanding about the flow of this research work. All the
publications related to this work are listed at the end of this chapter.

1.1 Background and motivation

Solar PV energy is of increasing competitiveness and utilization in power generation
systems as an alternative to fossil energy resources [1-7]. It has been reported that
the global cumulative PV capacity is now more than 136.7 GW as shown in Figure
1.1. This strong market is mainly shared by the European countries, such as Germany,
Spain and Italy, in contrast to other countries. Even so, driven by a common target of
lowering cost of energy in most countries, electricity generation from PV systems will
take a major share in the future.

For instance, recent reports show that many countries have set ambitious goals for
the next few decades to accept highly penetrated PV systems as a part of their renewable
energy systems. The European Commission has set a “2020” renewable target, in which
it is stated that 12% of European electricity demand will be supplied by PV systems
by 2020 [1]. Even Denmark, which has quite limited sunshine in the winter, is also
accelerating the pace of PV installations and reshaping its future renewable energy
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Figure 1.1: PV cumulative installation capacity world-wide share in 2013 (%).

structure. Moreover, Japan has set a national goal of 60 GW of PV capacity by 2030,
and the total installed PV capacity in U.S. reached 3.3 GW in 2012 [8-11]. Thus, it
can be seen that there are increasingly world-wide expectations for energy production
by means of solar (PV) energy systems.

Nevertheless, the high penetration level of PV systems especially imposes new chal-
lenges for the Distributed System Operators (DSO) and the end-consumers. It may
introduce significant impacts on the availability, quality and reliability of the electrical
grid, since it makes the distributed networks more decentralized, uncontrollable and
heterogeneous [12,13], leading to discussions of appropriate adoption of PV power sys-
tems. Consequently, on one hand, grid regulations are continuously updated so as to
enhance the PV hosting capacity in distributed grids [12,14-28]. On the other hand, it
calls for an emerging development of advanced control strategies accordingly.

Current active grid requirements are applied mostly to three-phase systems con-
nected to Medium-Voltage and/or High-Voltage (MV/HV) grids for grid stability con-
cern [14,29,30]. Whilst, for single-phase systems, the demands are focused on is-
landing protection and energy maximization, and there are not so many demands on
the Fault Ride-Through (FRT) capability [31-38], which may also induce instability
of the entire grid as the PV systems may contribute a large amount of short-circuit
power [19-22, 31,39, 40]. Therefore, it is essential to assess the grid fault effects on
the control of single-phase grid-connected PV systems, and also to develop advanced
control strategies to further enable an increase of the penetration degree of PV sys-
tems with cost-effective solutions. In addition, the basic requirements, related to active
power output, frequency control dependent on active power, power quality and voltage
stability, should also be fulfilled by every generating system [23,24,26,41]. The major
demands for a grid-connected PV system are summarized in Figure 1.2, which shows
the requirements at different levels of the system.

As the interface of PV generators (i.e. PV panels) and the grid shown in Figure 1.2,
power electronic technology (i.e. PV inverters), is one key to achieve the above require-
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Figure 1.2: Demands for a grid-connected PV system.

ments associated by the advanced control strategies, while it has also been one of the
most often life-limiting components of PV systems and produces harmonics. Firstly,
in order to reduce switching harmonics injection from power converters, an alternative
and attractive solution is to use an LCL-filter in the PV system [42,43]. As for the low-
order harmonics, advanced control methods could be employed to suppress the injected
harmonics [15,41]. Furthermore, transformerless inverters could be adopted to meet
the demands like high efficiency, small size and weight, and low price [12, 16, 44-48].
Moreover, the stresses of those topologies differ with the operating environmental con-
ditions (e.g. mission profiles and voltage sags). By appropriate design and optimization
of the DC-link capacitor and the control system, both electrical and thermal stresses
on the capacitor and the power electronics devices can be realigned [12,15,49]. As the
electrical redistributions will affect the power losses, the efficiencies of those topologies
are changed. Since the thermal stress is the most observed factor that induces failures
of the power electronics system [50-53], improvement of the entire system reliability,
being an emerging requirement for PV systems in order to reduce the cost of energy,
can be achieved by internal thermal optimization and control.

1.1.1 Overview of grid-connected PV configurations

According to the state-of-the-art technologies, there are mainly four configuration con-
cepts [6, 16,21] to organize and transfer the PV power to the grid, as it is shown in
Figure 1.3. Each of the concepts consists of series of paralleled PV panels or strings,
and they are configured by a couple of power electronics converters (DC-DC converters
and DC-AC inverters), depending on the output voltage of the PV panels.

A common central inverter is generally adopted for the residential or utility PV sys-
tems of tens kWp, in order to achieve lower conversion losses and lower cost. Figure
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Figure 1.4: Utility-scale PV power plant configuration based on central inverters.

1.4 presents an example of large-scale PV power systems for commercial or utility ap-
plications with central inverters and DC-DC converters. The major disadvantages of
this configuration include that the wiring requires high voltage DC cables (and thus
arc protection), and the common Maximum Power Point Tracking (MPPT) for many
panels and module mismatching may increase the energy losses [6,16,54,55], especially
in a harsh operating environment where the solar irradiance level changes at a rapid
rate, and maybe also in dirty areas. In contrast, the string inverter is more promising,
because it can achieve MPPT control separately, leading to a better total energy yield.
Yet, there are mismatching issues in the PV panels connected in series as well, and
thus, the module inverter is introduced, which acts on an individual PV panel with a
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Figure 1.5: Control functions of a single-phase grid-connected PV system.

single MPPT. The main disadvantage of a module inverter is the low overall efficiency.
Another grid-connected PV technology is an intermediate solution between the string
inverter and the module inverter technologies, being multi-string inverter, and it com-
bines the advantages of both technologies. This configuration is flexible with a high
overall efficiency because each PV string is controlled separately.

Since PV systems are still dominant in residential applications with much lower
power ratings (e.g. several kWs) compared to wind turbine power systems, at present,
single-phase topologies are more widely-used solutions for PV applications, where a
DC-DC converter is adopted to boost up the PV panel voltage within an acceptable
range of the PV inverter, as it is shown in Figure 1.5. The boost converter also extends
the operating time when the solar irradiation is very low, and offers the flexibility of
extracting the maximum PV power (i.e. MPPT), which is an essential demand for PV
systems as shown in Figure 1.2. Hence, the single-phase string-inverter configuration is
analyzed in this project, and the focuses are highlighted in Figure 1.5. Notably, even
for large-/utility- scale PV power plants, three single-phase configurations with center
or string inverters are preferred by some industries for reliability concern [12,14,56].

As for grid-connected PV systems, the galvanic isolation for safety is one impor-
tant issue, and another is related to the conversion efficiency, as shown in Figure 1.2.
Traditionally, an isolation transformer can be adopted either at the grid-side with low
frequencies or as a high frequency transformer as shown in Figure 1.6(a) and (b). Both
PV technologies are available on the market with an efficiency of 93-95% [12]. In con-
trast, transformerless systems (Figure 1.6(c)) are increasing in popularity because of
the achievements in higher efficiency. However, when the transformer is removed from
a grid-connected PV system, safety concerns (e.g. leakage current) will arise since the
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lack of galvanic isolations, which leads to the necessity to reduce the leakage current,
e.g. by including passive damping components, by modifying the modulations, or by
adding extra switching devices to realize the isolation [47,57,58]. Besides low conver-
sion losses, transformerless topologies are lighter than their counterparts used in PV
systems, which may also lower the cost.

A vast number of different transformerless topologies have been developed [12, 44,
45,49,57-60], and the success of them in Europe has also proved the impact of efficiency
improvement. It should be pointed out that the first priority of a transformerless in-
verter is to avoid the generation of leakage currents by means of the aforementioned
solutions or with the incorporation of advanced control strategies. In order to further
increase the penetration level of PV systems, transformerless topologies will be even
more widely adopted in the future. Consequently, those transformerless inverters are
required to comply with relevant directives and standards, and thus pave the way for
next-generation PV systems to take a major part in electricity generation.

1.1.2 Project motivation

With more national objectives which have been initiated to solve the emerging energy
crisis, more distributed generation systems, especially PV systems, are expected to be
installed and will be hooked up to the grid. As a result, those PV systems will feed
a large portion of fluctuating power into the grid at various connection-points along
the distributed electrical lines. Additionally, an increase of PV energy adoption also
comes with a set of new challenges for the system operators as discussed above. Hence,
new, stringent and specific grid demands are expected to come into force to guide the
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integration [5,20-22,47]. Besides, achieving high reliability of power electronics devices is
always of paramount interest. This reliability (lifetime) demand for next-generation PV
systems will be further strengthened in order to guarantee reliable PV power generation
with reduced cost of energy. In those cases, it would be desirable for the inverters
to have enhanced functionalities complied with grid codes/requirements by retrofitting
existing PV systems or considering a replacement of all PV systems.

However, current active grid standards seem to largely require low power (e.g. sev-
eral kWs) single-phase PV systems to operate at unity power factor with MPPT control,
and disconnect from the grid under grid faults. In the case of a wide-scale penetration
of single-phase PV systems in the distributed grid, the disconnection under grid faults
may contribute to: a) voltage flickers, b) power outages, and c) system instability.
Meanwhile, due to intermittency, the output power will fluctuate, and thus leading to
additional maintenance and operational costs, and even early replacement. Those as-
pects have to be coped with in the design and operation of next-generation PV systems.

Actually, PV systems can make significant contributions to an efficient and reli-
able electricity generation without violating the conventional grid infrastructure. Key
benefits can be obtained from advanced control of PV systems, such as a) mitigation
of voltage variations, b) avoidance of PV generation loss due to anti-islanding shut-
down, ¢) improvement of system stability, d) achievement of improved power quality,
e) increasing de-centralization of power generation, and f) extension of lifetime of the
converter. As the core of a PV power conversion system, the PV inverter has to perform
“smart” functionalities imposed by both the system operators and consumers like what
the conventional power plants can do. It should be pointed out that, in contrast to
the conventional power systems, the PV inverters are inertialess, which may affect the
frequency controllability. Nonetheless, those advanced functionalities of next-generation
PV inverters can be enhanced by means of intelligent control strategies.

The above considerations initiated the research project. In summary, the major
motivation of this project is to examine the appropriation of enabling advanced PV
functionalities in order to accept more PV energy, and thus to develop advanced control
strategies to ensure a more wide-scale adoption of PV systems in the future grid.

1.2 Project objectives and limitations

1.2.1 Research questions and objectives

In order to enhance the grid integration of PV systems with lowered cost of energy, the
PV penetration degree will be further increased in the future energy mix. It also rises
emerging challenges that need to be dealt with:

o What benefits will be brought by an even high penetration of PV systems in addition
to carbon-dioxide emission reduction?
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— Can highly-penetrated single-phase PV inverters be improved to better support
the future grid infrastructure?

— What control strategies can be developed to cater for more PV installations and
also to obtain the potential benefits?

— Are there any solutions to further reduce the cost of solar PV energy?

With those research questions, one objective of this PhD project is to evaluate and
improve the performance of single-phase transformerless PV system also including reli-
ability issues when the mission profiles are taken into consideration. The primary goal of
this project will be focused on the analysis and control of single-phase transformerless
PV systems in different operation modes based on the former evaluation, and conse-
quently, advanced control strategies are proposed to further increase the penetration
level of PV systems. The objectives of this project are solved in details by:

Modeling and Evaluation of Transformerless Inverters-

This focuses on an assessment of several mainstream transformerless PV inverters in
terms of efficiency, low voltage ride-though capability, and reliability based on real-field
mission profiles. To reach this goal, the electrical models of the inverters, the thermal
models of the DC-link capacitors and power electronics devices used in transformerless
topologies are established. Hence, optimization of the whole systems with reduced cost
of energy can be conducted to meet the requirements such as high reliability, high
efficiency, small size and weight, and low price.

Propose and Refine Grid Detection and Synchronization Techniques-

In order to guarantee a correct generation of the reference signals for single-phase PV
systems in different operation modes, there must be an accurate and fast grid condition
monitoring technique. A state-of-the-art synchronization method applied in single-phase
PV systems will be done in this project. Proposals or refinement of existing techniques
are expected.

Advanced Control of Single-Phase Grid-Connected PV Systems-

A benchmarking of possible control strategies for single-phase PV systems in different
operation modes will be carried out. Advanced control strategies will be proposed
and developed according to the evaluations and comparisons. The proposed control
strategies are supposed to help the PV system to ride-through grid faults, to ensure the
power quality and stability in different operation modes, to better support the grid, and
as a consequence to further increase the penetration degree of PV systems.

1.2.2 Project limitations

There are many ways and many topologies available in the literature and on the market,
but only three mainstream single-phase transformerless topologies are considered in this
project. The evaluation methods developed in this project can later be adopted for
different topologies and other renewable energy systems, even in three-phase systems,
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but minor adaptations and modifications might be necessary with a better knowledge
of mission profiles.

All the experiments included in this project were carried out on commercial inverters,
which are supplied by DC power sources. This is not a real representation of PV strings
or modules. It is effective only when an assumption of an accurate and robust MPPT
control is assured. As for the reliability verifications, far more research is required since
the lifetime tests are time-consuming, and accelerating lifetime tests have not been done
either. The mission profiles used in this project have a sampling period of around 200
ms. The processed data for evaluations may affect the accuracy of the results.

Although the discussions in this project are based on a high penetration level of
single-phase PV systems, only a typical residential PV system with the power of several
kWs is studied in this project. All the developed control strategies are conducted on this
system at this power level. The interactive effect of large-scale aggregated PV systems
at a system-level on the power grid also calls for further investigations.

1.3 Thesis outline

The final outcomes of this project are documented in the form of Ph.D. thesis, including
a report of the project and a collection of the selected publications through the entire
study. In the Report, a summary of this research work is presented, whilst in the
Selected Publications, relevant papers derived from this project during the Ph.D.
study period are collected selectively. The thesis structure is shown in Figure 1.7.

As shown in Figure 1.7, the Report consists of seven chapters, which can be di-
vided into four main parts. The first part is the preamble, which includes one chapter -
Chapter 1. Introduction. The second part- “Modelling and Evaluation of Single-Phase
PV Systems” covers two chapters. Chapter 2. Modelling of Single-Phase PV Systems
presents the models of the PV systems, and also the synchronization techniques. A
benchmarking of synchronization techniques is also included. Chapter 3. Evaluation of
Single-Phase PV Inverters is focused on the evaluation of mainstream transformerless
PV inverters in terms of efficiency and reliability. The third part is entitled “Advanced
Control Strategies for Single-Phase PV Systems”, covering three chapters. Chapter 4.
Control of PV Systems in Different Operations presents the basic control and advanced
control strategies for single-phase grid-connected PV systems in the normal operation
and under grid faults. Chapter 5. Constant Power Generation Control Concept is fo-
cused on the constant power generation control of single-phase PV systems to enable a
wide-scale adoption of PV energy in the line without expanding power grid infrastruc-
ture. Chapter 6. Thermal Optimized Control Strategy deals with the thermal optimized
control method to further increase the reliability of the PV systems and thus to reduce
the cost of energy. The Report is ended with one chapter - Chapter 7. Summary and
Outlook, which gives the conclusions, summarizes the main contributions, and presents
research perspectives enabled by the documented project.
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The Selected Publications is a collection of relevant disseminations based on this
project. It includes several peer-reviewed Journal Papers (published or accepted) and
Conference Contributions.

1.4 List of publications

A list of the papers derived from this project, which are published till now or have been
submitted, is given as follows:

Journal Papers
J1. Y. Yang and F. Blaabjerg, “Low voltage ride-through capability of a single-stage

single-phase photovoltaic system connected to the low-voltage grid,” International Jour-
nal of Photoenergy, vol. 2013, 9 pages, 2013. [Open Access]. DOI:10.1155/2013/257487.

J2. Y. Yang, F. Blaabjerg, and Z. Zou, “Benchmarking of grid fault modes in single-
phase grid-connected photovoltaic systems,” IEEE Trans. Ind. Appl. (also in Proc. of
ECCE’12), vol. 49, no. 5, pp. 2167-2176, Sept./Oct. 2013.
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J3.

J4.

J5.

Jé.

J7.

J8.

Y. Yang, F. Blaabjerg, and H. Wang, “Low voltage ride-through of single-phase
transformerless photovoltaic inverters,” IEEE Trans. Ind. Appl. (also in Proc. of
ECCE’13), vol. 50, no. 3, pp. 1942-1952, May/Jun. 2014.

Y. Yang, P. Enjeti, F. Blaabjerg, and H. Wang, “Suggested grid code modifications
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Part 11

Modelling and Evaluation of
Single-Phase PV Systems

Referring to Figure 1.5, the second part of the Ph.D. thesis includes two chapters.
Chapter 2. Modelling of Single-Phase PV Systems presents both electrical and thermal
models of the selected transformerless PV systems as well as synchronization techniques.
A benchmarking of synchronization methods is also discussed. Chapter 3. Evaluation
of Single-Phase PV Inverters is focused on an evaluation of three transformerless PV
inverters in terms of efficiency, leakage current rejection, and reliability.

2 Modelling of Single-Phase PV Systems

This chapter focuses on modelling of single-phase PV systems. Firstly, a discussion
of the PV module model and commonly-used MPPT algorithms is given, followed by
a description of three transformerless topologies, including thermal models for power
devices and capacitors, and a basic comparison of grid-side filters. Then, synchronization
techniques are discussed and evaluated. A summary is provided at the end.

2.1 PV module model and MPPT control
2.1.1 Modelling of PV panel

As the core and source of a PV power conversion system as shown in Figure 1.5, PV pan-
els are directly or indirectly connected to the DC-AC inverter, where a boost stage may
be necessary depending on the input voltage level of the inverter. For grid-connected
applications, the typical input voltage is within a range of 200 ~ 800 V, e.g. 400 V for
single-phase systems. Thus, a series of PV panels are required to feed string/central

17
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Figure 2.1: A PV module: (a) from PV cells to module and (b) PV cell model.
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Figure 2.2: Characteristics of a PV panel (65 W): (a) different solar irradiance
levels at 25 °C and (b) different ambient temperatures at 1000 W/m?.

inverters. Likewise, a PV panel/module is an assembly of many PV cells connected
in series (increased output voltage) and in parallel (increased output current), as it is
shown in Figure 2.1, where a single-diode model of the PV module [61-63] is also given.
Thus, the output characteristics of a PV cell can be expressed as,

i = i — i [exp(P2 ey | o L (21)
where iy, and v,, are the PV cell output current and voltage, respectively, i,5 is the
photo-generated current and is proportional to the solar irradiance level, ig is the satu-
ration current of the diode, ¢ is the charge of an electron, n is the ideality factor of the
p — n junction, kp is the Boltzmann constant, T is the cell temperature in Kelvin, R,
and R, are the PV cell series and shunt resistances, respectively, and R, < R,,.

As it has been shown in Figure 2.1 and Eq. (2.1), the generated current iy, of a
PV panel, and thus the output power, are significantly affected by the solar irradiance
level and the ambient temperature. To study those characteristics, the PV panel with
the parameters shown in Table 2.1 is adopted in this project. Figure 2.2 shows that
the I —V and P —V characteristics are non-linear and also vary with different ambient
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Table 2.1: Parameters of a solar PV panel used in this project [64].

Rated power (25 °C, 1000 W/m?) Prpp = 65 W
Voltage at the maximum power point Vinpp = 17.6 V
Current at the maximum power point  Ip,pp = 3.69 A
Open circuit voltage Voc =21.7V
Short circuit current Isc =3.99 A

Sample /;, V; and Calculate AP, AV
A P=P(k)-P(k-1), A V=V(k)-V(k-1)

Traditional P&O

| Calculate Power Ratio P=P,,/P,., |

Vslp:VslpZXP T
— Y
Vg=Vsp1%P;

Modified Part

Figure 2.3: Flowchart of a modified Perturb and Observe (P&0) MPPT algorithm.
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conditions. Due to the non-linear property and the environmental dependency of the
PV panel, an MPPT algorithm is necessary to ensure that the maximum solar energy
is captured and converted — also for the sake of reduction of cost of energy.

2.1.2 Modified P& O MPPT control

It can be seen in Figure 2.2 that the P — V' curve of a PV panel is of “hill” form under
a given condition (e.g. 25 °C, 1000 W/m?). Thus, the P — V curve can be divided
into three segments: a) uphill — a positive dp/dv, when the PV panel is working as a
constant current source, b) downhill — a negative dp/dv, and ¢) the-top — dp/dv = 0,
which corresponds to the Maximum Power Point (MPP) for a given ambient condition
[65]. Many MPPT algorithms are proposed based on this “hill” characteristic, such
as the Perturb and Observe (P&O) method and the INcremental Conductance (INC)
method [62-67]. Those are the most commonly adopted MPPT algorithms. However,
the main drawbacks of them are the power oscillations around the MPP in the steady-
state condition and poor accuracy under rapid solar irradiation changes.

Hence, a modified P&O MPPT algorithm is introduced to overcome these problems
[63]. Figure 2.3 shows the flowchart of the modified MPPT algorithm, where I, V,
and P = IV are the instantaneous current, voltage, and power of the PV panels. The
operating principle is described as: when |AP| > Py, X P,, the step-size is Vip1; and
it could rapidly track the power; otherwise the step-size is Vipo (smaller), and the
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Figure 2.4: Performance of the modified P&0O MPPT algorithm (ambient
temperature 25 °C): (a) tracked PV power and (b) MPPT instantaneous efficiency.

proposed method should be able to offer a more accurate tracking response. Here, P,
is the power threshold for selecting different step-sizes, and P, is the power ratio of the
maximum power P, under different conditions and the nominal maximum power P,,,,.
The power ratio P, is introduced considering low solar irradiation cases, where a large
step-size will contribute to large power variations.

Simulation results of a 4.1 kW single-phase grid-connected PV system [63] with a
trapezoidal solar irradiance profile are presented in Figure 2.4. As shown Figure 2.4(a),
the modified MPPT algorithm can go back to steady-state quickly and operate around
MPP with smaller power variations when compared to the traditional method. Thus,
there should be less power losses (higher tracking efficiency as shown in Figure 2.4(b)),
and the amplitude of the injected grid current should be more stable. However, it should
be pointed out that the characteristics shown in Figure 2.2 are only for an individual
PV panel or module. If many PV panels are adopted to increase the output power, the
MPPs may be different because of panel mismatch. Moreover, the partial shading of
the panels increases the MPPT difficulty [62]. Thus, a robust MPPT algorithm should
be able to maximize energy yield even with mismatch and partial shading issues.

2.2 Single-phase transformerless configurations

2.2.1 Single-phase transformerless inverters

Besides the PV panels, the PV inverters are responsible for the power conversion.
Among various PV topologies, the single-phase Full-Bridge (FB) inverter is a widely
adopted topology due to its simplicity, and it is shown in Figure 2.5, where an LCL-
filter is used for the power quality concern. According to the discussion in § 1.1.1, either
high-frequency or low-frequency transformers can be used for galvanic isolation but at
the cost of overall efficiency and system volume. Thus, from an efficiency point of view,
transformerless topologies are much more promising for the next generation PV systems,
and also will be more widely used in Europe [12,68].
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Figure 2.6: Common mode voltage of a FB inverter with different modulation
schemes: (a) unipolar modulation scheme and (b) bipolar modulation scheme.

However, the lack of galvanic isolation may induce high leakage currents in trans-
formerless PV inverters. To avoid this, the instantaneous Common Mode Voltage (CMV,
veamv ) has to be constant, since the CMV will introduce a common mode current iy
(leakage current). The relationship can simply be described as,

) dvevry Cp d(vao +vBo)
_ _ o +vBo) 2.2
icmv = Cp 0 5 a (2.2)

in which vao and v are the voltages of the two midpoints of a FB inverter shown in
Figure 2.5 and Cp is the stray capacitor between the PV panels and the ground.

A vast of transformerless inverters have been proposed to eliminate or at least reduce
the leakage current while maintaining a high efficiency, e.g. by including passive damp-
ing components and/or by modifying the modulation methods [14,44-47,57,59,60]. As
for the FB inverter, there are mainly two modulation schemes: a) unipolar modulation
scheme and b) bipolar modulation scheme. The former modulation strategy will gen-
erate a varying CMV as shown in Figure 2.6, which makes it not suitable for use in
transformerless systems. In addition, leakage current elimination can also be achieved
either by disconnecting the PV panels from the inverter (bypassing at the DC side) or
by providing a bypass leg at the AC side.
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Figure 2.7: Mainstream single-phase transformerless inverters: (a) H6 inverter, (b)
HERIC inverter, and (c¢) H5 inverter.

For instance, the H6 inverter patented by Ingeteam [57,69] (shown in Figure 2.7(a))
disconnects the PV panels from the inverter at the DC-side using four extra devices
(two switching devices S5 D5, S¢Dg and two diodes D7, Dg), while the Highly Efficient
and Reliable Inverter Concept (HERIC inverter shown in Figure 2.7(b)) by Sunways [70]
provides an AC bypass using two extra switching devices (S5 D5 and SgDg). Another ex-
ample of transformerless inverters by providing DC-bypass is the H5 inverter [71] shown
in Figure 2.7(c), where it adopts an extra device (S5Ds5) to realize the disconnection.
The H5 technology has been successfully implemented in SMA’s products. Notably,
there have been other transformerless topologies reported in the literature. Some are
based on the multi-level topologies [12,14,72,73], and some are derived by optimizing
traditional transformerless inverters [72,74]. In this project, the FB inverter with bipolar
modulation, the H6 inverter, and the HERIC inverter are chosen for comparison.

2.2.2 Modelling of the FB inverter and grid filters

Considering possible stability and power quality problems, an inverter model (e.g. small-
signal models) is important for the control of PV systems in different operation modes
[75-81]. Besides, small-signal analysis is also an effective way to get the knowledge of
the interactive effect between the paralleled PV inverters. For simplicity, the following
derives the mathematical model of a FB inverter with an L filter, as it is represented
in Figure 2.8(a), where the bipolar modulation is adopted in order to reduce leakage
current. In a switching period, Tj,,, the state equation can be expressed as,

i
L%:vdc—}ug—vg, 0<t<dls,

o (2.3)
Ld—;’ = —vge — Rig —vg, dTsy <t < Ty

in which L, R are the inductance and resistance of the L-filter, 74, v, are the grid current
and voltage, d is the duty cycle, and vg4. is the DC-link voltage.
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Figure 2.8: (a) Single-phase FB inverter with an L-filter and (b) small-signal model.

Then, during this switching interval, the averaged state-space model of Eq. (2.3)
can be obtained as Eq. (2.4) by averaging the state equations with the duty cycle as the
weighting factor. This averaged state-space model is nonlinear and can be linearized as
Eq. (2.5) by applying small-signal perturbations.

i
L% = (2d — 1)vge — Rig — v, (2.4)
. 2D — 1 Wie - 1
= EE—) c d - 2'
30(5) = 20 s) + potd(s) g (25)

where “*” denotes the small disturbance term. According to Eq. (2.5), the transfer func-
tions can easily be obtained, e.g. the duty cycle to the current, G;4(s) = ig(s)/a?(s) =
2V4./(Ls + R). The small-signal model of the FB inverter with an L-filter is shown in
Figure 2.8(b). Similar derivations can be applied to the PV inverter with other filters.

Regarding the grid interfaced filters, appropriate design can contribute to a satisfac-
tory Total Harmonic Distortion (THD) of the injected grid current as required by the
grid interconnection standards, e.g. IEEE Std. 929. Since the input voltage of the filter
is a pulse width modulated signal, v;,,, which contains switching frequency harmonics,
the grid-interfaced filter has to a) reduce the high switching noise and b) convert the
pulse width voltage to an almost ripple-free current [54]. As shown in Figure 2.9, there
are at least four types of grid interfaced filters. The L-filter is the simplest one, but it
has a poor high-order harmonic attenuation performance as it is shown Figure 2.10. The
LC-filter with an extra capacitor, C, in parallel with the grid is introduced to absorb
the high frequency components, but it is effective only the grid impedance is higher than
the capacitor impedance [54]. To solve the above issues, high-order filters, e.g. LCL-
filter and LLCL-filter [43,82], are proposed with reduced size and improved performance.
However, in a closed-loop control system, instability may occur due to high-order filter
resonances, which requires to be passively or actively damped [42,83-85].

Compared to the LCL-filter, the LLCL-filter can contribute to a smaller grid-side
inductance, Ly, and also a better rejection of the switching frequency harmonics [82].
However, the higher (e.g. double-switching) frequency harmonic attenuation ability is
degraded as it can be observed in Figure 2.10. Hence, in this project, the LCL-filter is
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Figure 2.9: Typical grid interfaced filters: (a) L-filter, (b) LC-filter, (¢) LCL-filter,
and (d) LLCL-filter.
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Figure 2.10: Magnitude response (Gf(s)) of three grid-connected filters.

adopted as the grid interfaced filter for simplicity as well. The design details of those
high-order filters are presented in [43], [84] and [85].

2.2.3 Thermal models of power devices and capacitors

Power losses on the power electronics devices are inevitable, which will heat the devices.
Temperature changes of the power devices will affect the reliability, as the temperature
fluctuation has been one of the most observed factors that cause failures of power devices
(e.g. IGBTs) [50,51,53]. It has been reported that the power electronics devices and
the capacitors are two of the most life limiting components in a PV system [50, 86]. In
order to develop reliability-oriented control strategies and thus achieve a reduced cost of
energy during lifetime, more efforts should be devoted to the thermal modelling of power
devices and capacitors, as the accelerating tests are normally quite time-consuming.
Ideally, all the solar PV energy should be transferred to the power grid. However,
there are power losses e.g. on the passive components and the power devices. The power
losses, which mainly include switching losses and conduction losses, of the power devices
will cause temperature rise at certain points (e.g. the junction inside the device) due to
the thermal impedances. In other words, the electrical performance (electrical model) of
a power device, and thus a PV inverter, is coupled with its thermal behavior (thermal
model) through the power losses, as shown in Figure 2.11. Then, the instantaneous
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Figure 2.11: Thermal model of a power device in a FB inverter.

temperature of the power device can be expressed as,

Tis/p)(t) = Prot(s/p)(t) Zin(s/p)(j—ec) (1) + Te(t)

(2.6)
T.(t) = [Prots(t) + Piotp(t)] - [Zin(e—n) (t) + Zin(h—a)(t)] + Ta(t)

in which,

Tj(s/py is the IGBT /diode junction temperature,

Pioi(s/py is the IGBT /diode total power losses,

Zin(s/D)(j—c) is the thermal impedance from junction to case,

Zitn(c—n) 18 the thermal impedance from case to heat-sink,

Zih(h—a) 18 the thermal impedance from heat-sink to ambient,

T, is the case temperature, and

S represents the IGBT and D denotes the diode.

Eq. (2.6) shows that the ambient temperature will also influence the junction tempera-
ture. It means that the PV power converters even with low power losses may have high
junction temperatures when operating in a harsh environment (e.g. desert).

In respect to the thermal impedance from junction to case (Zi,(s/p)(j—c)), it can be
modelled as a Cauer RC network [64,87], which is a physical-material-based and realistic
representation of the impedance, and thus it can reflect the thermal transient behavior
of an IGBT module more accurately [87]. However, the Cauer model requires an in-
depth material level knowledge. Thus, it is normally converted into a Foster model, of
which the thermal parameters can be found in the data-sheets of the power devices.
As it is shown in Figure 2.12, the analytical function of the thermal impedance can be
described as [88,89],

Zins/py-o)t) = > Rupi(1—e /™). (2.7)
i=1,2.3,4

According to Eq. (2.6) and Eq. (2.7), it is illustrated that the steady-state mean
value (t — o00) of the junction temperature is dependent on the thermal resistance
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Figure 2.12: Thermal impedance (Figure 2.11) models: (a) Cauer model and (b)
Foster model [87, 88].

Table 2.2: The thermal parameters of an IGBT module from a leading manufacturer.

Impedance Zih(j—c) Zin(c—n)
i 1 2 3 4 -
) =
IGBT Rini (k/W)  0.074 0.173  0.526  0.527 0.7
7i (s) 0.0005  0.005 0.05 0.2 0
) =
Diode Rini (k/W)  0.123 0.264 0.594 0.468 0.7
7i (s) 0.0005  0.005 0.05 0.2 0

Ryp;; while the dynamic behavior of the junction temperature is affected mainly by the
thermal capacitance C; (time constant 7; = C;Ryp;). Moreover, the case temperature
(T¢) has a much slower dynamic response than that of junction temperature (T}) due to
much larger time-constants of the thermal impedances (Zy(c—pn) and Zyp(n—q)) [88,90].
The thermal parameters for the IGBT modules used in this project are listed in Table
2.2, and the PV inverter prototypes are shown in Figures 2.5 and 2.7.

Similarly, due to the power losses on the Equivalent Series Resistor (ESR) of the
capacitors in a PV system, failures may occur when the hot-spot temperature of the ca-
pacitor goes beyond the limitation during operations. Hence, the decoupling capacitors,
shown in Figure 2.13(a), are also very important for a reliable operation of PV systems.
Figure 2.13(b) shows both electrical and thermal models of the decoupling capacitors
in PV systems. Unlike the multi-layer model of power devices, the thermal model of
capacitors is basically simple. Normally, only the thermal resistance, Ry, is considered,
and it can be found in the data-sheets. In respect to capacitor sizing, it is determined
by the following constraints:

P, b,

AV,~ —2  and i, =
27 foC'V., G172

(2.8)

where P, is the average power supplied to the grid, fy is the fundamental frequency of
the grid, AV, is the peak-to-peak ripple of the decoupling capacitor voltage V., C is
the capacitance of the capacitor, and i, ryg is the Root-Mean-Square (RMS) current
flowing through the capacitor, as it is shown in Figure 2.13(b). It should be pointed out
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Figure 2.13: Capacitors in PV systems: (a) decoupling capacitor location and (b)
electrolytic capacitor models [91].

that Eq. (2.8) is not applicable to the filter capacitor (e.g. the capacitor in an LCL-
filter) design, where for example the reactive power absorbtion and resonant frequency
have to be taken into account [43,82].

2.3 Synchronization in single-phase systems

Synchronization plays an important role in the control of single-phase systems, especially
under grid faults where it also acts as grid condition monitoring. A good synchronization
system should respond fast and accurately to grid disturbances, e.g. voltage drop, phase
jump, and frequency jump, and also good harmonic rejection ability. The reported
synchronization techniques in recent literature can be divided into two categories -
mathematical analysis methods (e.g. Fourier analysis) and Phase Locked Loop (PLL)
based methods, which are nowadays of much attractiveness. A basic PLL structure
is presented as Figure 2.14, which consists of a Phase Detector (PD), a Proportional-
Integral (PI) based Loop Filter (LF) and a Voltage-Controlled Oscillator (VCO). Thus,
the small signal model of this system can be obtained as,

O(s) kps + k;
= 2.
O(s) s2+kys+k (2:9)

where (:)(5), ©(s) are the output and input phase respectively, and kj, k; are the pro-
portional and integral gains of the loop filter. The details of the PLL modeling can be
found in [12]. From Eq. (2.9), the settling time can be given by ts = 9.2/k,, which is
adopted to evaluate the performance of different PLLs.

Among various reported single-phase PLL methods, the main difference is the config-
uration of the PD, intuitively, being a simple sinusoidal multiplier [92,93]. However, this
process will produce a double-frequency term in a single-phase system, as it is shown in
Figure 2.15. Applying the Park transform to an Orthogonal Signal Generation (OSG)
system is another way to extract the phase error of PLL systems. Hence, the task will
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Figure 2.15: Performance of a basic PLL system: (a) sinusoidal multiplier PD and
(b) PLL output frequency error in the case of a voltage sag (45 %).

be shifted to establish the OSG system. For example, the T'/4 Delay PLL [12,15] intro-
duces a phase shift of 7/2 rad with respect to the fundamental frequency of the input
voltage, vy. One other possibility is to use Adaptive Filters (AF), which can self-adjust
the output according to an error feedback loop. Two popular PLLs - the Enhanced
PLL (EPLL) [92,94] and the Second Order Generalized Integrator based PLL (SOGI-
0OSG) [12,15,95,96], are based on the combinations of adaptive filters with a sinusoidal
multiplier and an OSG system, respectively. The mechanisms of the above mentioned
PLL systems are shown in Figure 2.16 , where “~” denotes the corresponding estimated
value of the input voltage, v, = V;,, sin(f) with 6 = wt + ¢ being the phase of the input
voltage, and T is the fundamental period of the voltage.

As it is shown in Figure 2.16, an important feature of the EPLL is that the output
signal 9, is locked both in phase and in amplitude compared to the other PLL methods,
where the amplitude of the grid voltage can be calculated as: Vi =V v+ Ug. The T'/4
Delay PLL is the simplest one among the other two, while the SOGI-OSG PLL actually
adopts two-weight AFs, and thus it will present a better harmonic rejection performance.
In order to find the most suitable solution for the single-phase grid-connected PV system
in different operation modes, the above synchronization methods are compared when
the grid suffers from the disturbances, e.g. a voltage sag and a phase change, and the
control structure of the system is given in Appendix A.1. The benchmarking results are
shown in Table 2.3 and Figure 2.17.
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(a)

Figure 2.16: PD structures of three PLL systems: (a) T/4 Delay PLL, (b) EPLL,
and (¢) SOGI-OSG PLL.

Table 2.3: Benchmarking of the selected PLL techniques.

PLL technique ‘ T/4 Delay PLL ‘ EPLL ‘ SOGI-OSG PLL
settling time (ms) 4.7 7.8 8
Voltage sag (0.45 p.u.)
frequency error (Hz) 0.26 0.91 0.62
settling time (ms) 75 120 72
Phase jump (490 °)
frequency error (Hz) 16.1 16 19.1
settling time (ms) Oscillate 186 111
Freq. jump (+1 Hz)
frequency error (Hz) (-1.2, 1.2) 8.4 10.4
Harmonic immunity NO * % 1 S ¢
OSG mechanism (easy for power calculation) YES NO YES
Implementation complexity * * % * %k

Notes: the more %, the better the harmonic rejection ability or the more complicated the PLL is.

As it can be observed in the benchmarking results, the performances of these PLL
methods are not satisfactory during the voltage sag. The T'/4 Delay method can follow
the amplitude change quickly (a quarter of the grid nominal period approximately),
while it cannot be a good synchronization technique when the grid is subjected to
frequency variations. The EPLL method presents a slow dynamic variation as shown
in Figure 2.17. In respect to the power control of the single-phase systems, the EPLL
method is not suitable for calculating the active power and the reactive power because,
but it can be used to control the instantaneous power [94]. The SOGI-OSG PLL can
track the input voltage with better performance, especially when the grid presents a
frequency variation/jump as shown in Table 2.3. It can be concluded that, together
with a fast detection unit, the SOGI-OSG PLL is the most promising candidate for
single-phase applications in different operation modes.
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Figure 2.17: Performance of the three selected PLLs under a grid voltage sag (0.45
p.u.): (a) grid voltage profile vy [100 V/div], (b) grid voltage amplitude from PLLs [30
V/div], (¢) PLL output frequency error [2 Hz/div], and (d) locked phase [2r rad/(5
divs)], time [40 ms/div].

2.4 Summary

This chapter presented the modelling of single-phase PV systems, from a PV cell to a
PV panel, to transformerless inverters, and to the interfaced filters. As for the control of
grid-connected PV systems, MPPT algorithms and synchronization methods have been
addressed as well. For the reliability assessment of PV systems, the thermal models of
power devices and capacitors have also been discussed. Those models are used in the
following chapters.

In order to overcome the poor performance of P&O MPPT algorithm under rapid
environmental changes, a modified P&O MPPT method has been introduced in this
chapter. It adopts two perturbing step-sizes, which are determined by the power track-
ing error, and thus can reach the MPP faster and more efficiently. Regarding the syn-
chronization, different methods have been compared in the case of grid disturbances.
The comparison demonstrates that the SOGI-OSG PLL technique is the promising
candidate for single-phase systems under grid faults. The benchmarking results also
provide a possibility to select the appropriate synchronization techniques for different
applications.
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3 Evaluation of Single-Phase PV Inverters

In this chapter, three transformerless inverters discussed in § 2.2 (Full-Bridge with a
bipolar modulation scheme (FB-Bipolar), H6 inverter, and the HERIC inverter) are
evaluated in terms of efficiency (power losses), leakage currents rejection capability, and
also somehow reliability. A mission-profile based multi-disciplinary analysis approach is
proposed firstly in this chapter for those evaluations.

3.1 Mission profile based analysis approach

As discussed in previous chapters, efficiency and also reliability are becoming of exceed-
ing interest in order to reduce energy losses, lower maintenance cost, and extend the
service time, and thus to achieve a reduced cost of energy [20,21,50]. Conventional
efficiency analysis is focused on the calculation of power losses on the system under a
certain constant condition, e.g. constant DC-link voltage, vg. = 400 V, without con-
sidering the impact of mission profiles (e.g. solar irradiance level, PV system location,
and ambient temperature). Moreover, the extra power devices in transformerless in-
verters will contribute to a redistribution of the power losses as discussed previously.
As a consequence, the energy production will be affected. In regards to reliability of
PV systems, currently, too much reliance has been put on the outdated handbooks, e.g.
MIL-HDBK 21, or the calculated results of Mean-Time-Between-Failures (MTBF) or
Mean-Time-To-Failure (MTTF) [50,97-100]. It is difficult to find the root causes of
failures from the results of the reliability analysis, and thus it makes less contributions
to the design and control of PV systems. Prediction of the lifetime of power devices and
an entire PV system requires the knowledge of failure mechanism at the device physical
level, e.g. involving analysis of the mission profiles [50].

3.1.1 Analysis procedure of the proposed approach

With accumulative real-field experience and the introduction of more and more real-time
monitoring systems, better mission profile data is available in various kinds of power
electronic systems (e.g. PV inverters) [89]. This offers the possibilities to predictably
analyze the lifetime of a certain inverter more accurately and provides a possible estima-
tion of energy production from PV power systems in certain applications. As mentioned
above, the solar irradiance together with the ambient temperature is various in different
sites and in different seasons, where the efficiency changes will occur in the PV sys-
tems even with a high performance transformerless technology. Hence, it is necessary
to investigate the transformerless inverters not only in a short-term (e.g. constant con-
dition) but also in a long-term duration (mission profile based investigation) in such a
way to predict the PV energy production and the inverter lifetime. In light of those
considerations, a multi-disciplinary evaluation method considering mission profiles (i.e.
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Figure 3.1: Mission profile based multi-disciplinary analysis method for single-phase
transformerless PV inverters.

solar irradiation and ambient temperature) for single-phase transformerless PV systems
is proposed. The analysis procedure of this method is represented in Figure 3.1.

As it is observed in Figure 3.1, the mission profiles (e.g. yearly data, monthly data
and/or daily data) are taken as input variables of the proposed evaluation method. The
selected different transformerless inverter topologies are simulated in PLECS based on
their thermal models, which have been presented in details in § 2.2.3 in Chapter 2.
In this way, the mission profile is translated to device loading, including power losses
and temperature profiles. According to the proposed analysis procedure in Figure 3.1,
the Common Mode Voltage (vonrv ), the loss distribution in the power devices and the
junction temperature loading of the power modules, including mean/max junction tem-
perature (T, /Tjmaz) and temperature cycling (AT}), can be obtained as the outputs
of this proposed analysis method. As a result, the energy production can be calculated,
the leakage current can be evaluated according to Eq. (2.2) under constant conditions,
and the lifetime of a certain transformerless power device/inverter under this mission
profile can be obtained by applying appropriate stress interpretation to a dedicated life-
time model. Then, a benchmarking of the topologies could be done in terms of efficiency,
energy production, leakage current rejection ability, and reliability.
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Figure 3.2: Mission profile decomposition for the proposed multi-disciplinary analysis
approach: (a) decomposition procedure, (b) detailed structure for short-term mission
profiles, and (c) look-up table based structure for long-term mission profiles.

3.1.2 Implementation of the analysis method

The mission profile based analysis approach can be adopted for analysis of mission pro-
files at different time scales, e.g. a yearly mission profile or an hourly mission profile. As
for short-term mission profiles (milliseconds to several seconds), both power losses pro-
file and temperature loading profile can directly be obtained from the simulations with
a physical-electrical system model. However, for a long-term mission profile (normally
longer than few minutes due to ambient or operating condition changes), especially with
a high data-sampling rate (e.g. 200 ms), it will be a time-consuming process, or even
impossible, to capture the full loading profile under this mission profile. As a conse-
quence, look-up tables are adopted to accelerate the evaluation process [51,64], which
requires appropriately decomposing the mission profile at different time scales. Figure
3.2 shows the decomposing procedure for a long-term mission profile.

It is seen in the decomposition procedure that the original mission profile is decom-
posed with a period of 5 under the assumption that in this short period the mission
profile is constant and so that the system can go into steady state within this period 5.
As a consequence, in each time interval of ¢4, the mission profile (e.g. M F; and MF5)
can be treated as a short-term mission profile, where the analysis approach shown in
Figure 3.2(b) is applicable. Notably, under the decomposed short-term mission pro-
file, the power losses and thermal cycles are mainly at the fundamental frequency with
identical cycle period, t/,,. However, as it is shown in Figure 3.2(a), there is stress dif-
ference (e.g. the stress difference AS between M F} and M F5) among those short-term
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mission profiles, and this will also introduce stresses on the power devices. Therefore,
a long-term mission profile is reconstructed using the average stress from short-term
mission profiles (e.g. M Fy and M F»). Finally, the look-up table based approach shown
in Figure 3.2(c) can be applied to extract long-term loading profiles.

Actually, look-up table based analysis method has been widely used in the power
electronics simulations [51, 64, 101]. However, the accuracy of the proposed analysis
method is dependent on the decomposition period, ¢4, and the curve-fitting algorithm.
If ts is too large, the accuracy is degraded due to the loss of short-term mission profile
effects; while too small, it will become a time-consuming process with increased accu-
racy. The value of the decomposition period is determined by this consideration and
the system time-constants. For example, ;= 1 minute is appropriate for most power
electronics systems normally with a response of milliseconds, during which the junction
temperature of the power devices can reach the steady-state as well. Figure 3.3 shows an
example of the implementation of the analysis approach to acquire the loading profiles
by simulations. In addition, for a long-term mission profile (e.g. a year), the resultant
decomposed mission profiles are still of a large period (e.g. 365x24x60 mins = 525600
mins), contributing to a time-consuming process. An effective solution adopted in this
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proposed approach is called “time scaling-down”, which squeezes the real-world time,
as it is shown in Figure 3.4, where tyq is the scaled-down period of the decomposed
long-term mission profiles with a period of ¢, and ¢y, p and #),p are the original period
and the squeezed period of the whole given mission profile (e.g. one day, one month, or
one year), respectively. A scaling ratio is defined as N = t,/tsq > 1.

3.2 Efficiency and leakage current rejection comparisons

3.2.1 Definitions and mission profiles

According to Figures 3.1 and 3.2, only considering the power losses on the switching
devices, the instantaneous conversion efficiency can be calculated as,

o Pzn(t) - Ploss(t)

n(t) = W0 -100% (3.1)

and thus the energy production through the mission profile is obtained as,

tmp Nty p Nty p
B / Pt (1)dt = / [Pon(t) — Prows (D)t = / Puo(tn®ldt  (3.2)

where P;,(t) is the PV output power with MPPT control, P,ss(t) is the total power
losses on the inverter, Py, (t) is the inverter output power, and N, typ, and ty,p are
defined previously.

Regarding the leakage current rejection capability, the CMVs of the selected trans-
formerless inverters are compared since they are responsible for the generation of leakage
currents. According to Eq. (2.2) and Figures 2.5 and 2.7, the CMV is given by,

VA0 + VBO

. (3.3)

veMV =
According to Figure 3.2, the leakage current rejection capability of the three PV inverters
is evaluated under constant conditions (i.e. special cases of short-term mission profiles).
As it can be seen in Figure 2.4, the MPPT efficiency is highly affected by the ambient
conditions. Since the major objective is to evaluate the performance of PV inverters
under a mission profile, for simplicity, the efficiency of MPPT for the PV inverters is
assumed constant, being 99%. Correspondingly, the maximum power profile v.s. the
output voltage of the PV panels under different ambient temperatures can be obtained
as shown in Figure 3.5, where the PV panels consist of 46 BP 365 PV modules [64] (2
strings x 23 modules of each string), being the rated maximum power of 2990 W and
the nominal voltage of 405 V at maximum power point under standard test conditions
(25 °C, 1000 W/mm?). The PV panel parameter is shown in Table 2.1. A real-field
yearly mission profile shown in Figure 3.6 is used for the evaluations, and the sampling
frequency is 5 Hz.
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Figure 3.6: A real-field yearly mission profile from October 2011 to September 2012:
(a) solar irradiance and (b) ambient temperature.

3.2.2 Evaluation results

According to Figures 3.1 and 3.2, the efficiency and leakage current rejection of the
three transformerless inverters are firstly evaluated under constant ambient conditions
in order to build up the look-up tables. The control structure of the three PV systems
and their parameters are provided in Appendix A.1. The evaluation results are shown
in Figures 3.7 and 3.8, where the switching frequency is 10 kHz.

Figure 3.7 shows that the loss distributions on the power devices are quite differ-
ent among these inverters, which illustrates why the efficiency of the transformerless
inverters is different. Although the H6 inverter can effectively avoid the generation of
a varying CMV, the extra devices (S5D5 and SgDg) contribute to almost 51.9 % of the
total power losses, and thus the efficiency is slightly decreased in contrast to the FB-
Bipolar PV system, as it is shown in Figure 3.7. The total power losses of the HERIC
inverter are the lowest among three transformerless inverters under a constant input
power and constant ambient conditions. It means that the efficiency of the HERIC
inverter is the highest, which is proved by the results presented in Figure 3.8.
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Figure 3.9: Total power losses on the power devices of three PV inverters under: (a)
a yearly mission profile and (b) a daily mission profile (cloudy day).

Based on the above evaluations, a look-up table was built up, and thus the selected
inverters can be assessed under a real-field long-term mission profile shown in Figure
3.6. Notably, here, only the power losses are compared under this mission profile,
and the original mission profile is decomposed with a period of t; = 5 mins. The
performance of the PV inverters under a yearly mission profile and a daily mission
profile is demonstrated in Figure 3.9, which shows that the additional power devices in
a transformerless PV inverter will introduce a redistribution of power losses, and thus
lead to a redistributed thermal profile. It also shows that the efficiency, and thus the
energy production, will be affected by topology modifications and the mission profile.

In order to verify these effects, the annual energy yield of the three PV inverters
is roughly calculated according to Eq. (3.2), and the results are shown in Figure 3.10.
It can be observed that the PV system with HERIC inverter can produce more energy
than the other two through a whole year due to its higher efficiency. Moreover, the
annual energy yield from an H6 system is slightly higher than the FB-Bipolar inverter.
This is because the average solar irradiance and ambient temperature of the mission
profile are approximately 800 W/m? and 10 °C as shown in Figure 3.6. Within those
ranges, the H6 inverter can achieve a higher efficiency than the FB-Bipolar inverter
according to Figure 3.8. Hence, from the total energy production and leakage current
rejection points of view, the H6 inverter is better than the FB-Bipolar inverter, and the
most promising topology is the HERIC inverter. However, the extra power devices in
the H6 and HERIC inverters might be the most stressful components under this mission
profile, and thus the inverter reliability is challenged.
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3.3 Reliability assessment considering mission profiles
3.3.1 Mission profile translation to loading profile

As discussed previously, the mission profiles have a significant impact on the efficiency,
power loss distributions, and energy productivity of the system (i.e. PV inverters).
According to Eq. (2.6) and Figure 3.1, the redistributed power losses will cause tem-
perature rise due to the thermal impedances. Junction temperature loadings, mainly
including mean junction temperature and junction temperature cycle amplitude, have
been of clear contributions to power device failures [50,51]. Besides, failures of capaci-
tors are related to the hot-spot temperature. Hence, it is better to acquire the thermal
loading profiles under a mission profile in order to predict the lifetime.

The application of the proposed analysis approach to translate the mission profile
into thermal loading profiles of the power devices and capacitors requires look-up tables.
Similar to the process done for efficiency and energy production analysis, constant op-
erating conditions are studied first in order to build up the look-up tables. Figure 3.11
shows the thermal behavior of the power devices of the three transformerless PV invert-
ers under a constant test condition, where v,,,, = 405 V, Py, = 2.99 kW, and T' =
50 °C, and the system control structure is shown in Appendix A.2. It has been demon-
strated in Figure 3.11 that the mean junction temperatures of the power devices of the
HERIC transformerless topology are significantly lower than the other two topologies,
and thus it offers the most potential to further reduce the current rating and cost of
the power devices. Figure 3.11 also shows that the thermal loading of the extra devices
(i.e. S5 and Sg) of the H6 inverter is higher than that of the HERIC and FB-Bipolar
topologies. This is in consistence with the power loss distributions.

According to Figures 3.3 and 3.5, a look-up table was built up, which takes the mis-
sion profile (solar irradiance is within a range of 0 ~ 1500 W /m?, ambient temperature
is within a range of -25 ~ 50 °C) as input, and outputs the loading profile on the devices
in terms of mean junction temperature 7,,, maximum junction temperature T}, 4, and
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Figure 3.11: Thermal loading of three PV inverters under a constant condition (vpmpp
=405V, Pypp = 2.99 kW, T = 50 °C): (a) FB-Bipolar, (b) HG, and (¢) HERIC.

junction temperature cycling amplitude AT};. The thermal behaviors of the PV topolo-
gies under real-field mission profiles shown in Figure 3.6 are represented in Figure 3.12,
where the decoupling period ts is of 5 mins. It is observed that, although the thermal
stress on the four power switches of a H6 transformerless inverter (S; ~ Sy in Figure
2.7(a)) are reduced compared to that of the FB-Bipolar topology, the additional devices
(S5 ~ Sg in Figure 2.7(a)) are under much higher thermal loading, similar to the case
in Figure 3.11. Thus, in terms of reliability (expected lifetime, e.g. 30 years), the H6
inverter is not very suitable for use. As for the HERIC, it can maintain high efficiency
with less thermal stress on the additional devices as shown in Figure 3.12.

Since the DC decoupling capacitors are of importance in single-phase PV systems
and serve as energy storage elements to perform functions like power balancing, ripple-
voltage limiting, and sufficient energy provision during the hold-up time of the system
[102], many efforts have been made to enhance the performance of DC-link capacitors.
However, the mission profile effects on the DC-link capacitors have not been covered
yet. As the decoupling capacitors can be placed at different locations in single-phase
PV systems (see Figure 2.13), the thermal loadings will be affected. In order to find out
those effects and thus design reliable decoupling capacitors, referring to Figure 2.13 and
the system shown in Appendix A.2, a real-field daily mission profile has been translated
to the stresses of the DC-link capacitors, which is shown in Figure 3.13.

As shown in Figure 3.13, the capacitors at the PV side have experienced a wide range
of voltage stress (e.g. from 335 V to 415 V) under this daily mission profile, because
they are directly “exposed” to the mission profile. Moreover, the PV-side capacitor in a
single-stage system are under large voltage variations (AV =& 11.5 V) compared to that
in a double-stage system (AV = 4.6 V) , since it has to maintain the voltage level and
also cope with extracted power from the PV panels, as seen from Figure 3.13 (b) and (c).
In contrast to those capacitors, the capacitor at the inverter input side (inverter-side) in
a double-stage system is of stable voltage stress (i.e. 400 V), but also large ripples (e.g.
AV = 6.5 V) which could be alleviated by tuning inverter control parameters. Thus,
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Figure 3.12: Thermal behaviors of the power devices of three PV inverters under:
(a) a yearly mission profile and (b) a daily mission profile (cloudy day).

from the design point of view, the capacitors at the PV side should have the ability to
handle a wide range of voltage stress, and the inverter control parameters should be
tuned appropriately to reduce voltage ripples. Those results have demonstrated that
the mission profile has a significant impact on the capacitor stresses as well, and this
impact should be taken into account in the design phase of a PV system, which has not
yet been considered in the past.

3.3.2 Lifetime models

After the translation of the decomposed long-term mission profiles, the temperature
loading profiles appearing in the power devices or capacitors should be appropriately
extracted according to a specific lifetime model. For example, the Coffin-Manson model
(extended Coffin-Manson model) [50,51,87,103-105] can be given by,

Ny = A(AT;) "ePe/ (ke Tim) (3.4)

in which A and n are the model parameters obtained by experimental measurements (e.g.
accelerating tests), kp is the Boltzmann constant, and E, is the activation energy. This
lifetime model indicates that the number of cycles to failure Ny is only dependent on
the temperature cycles, including cycle amplitude AT} and mean junction temperature
Tj. Those values can easily be obtained under short-term mission profiles, as it is
shown in Figures 3.2 and 3.11, while for long-term mission profiles after decomposition,
counting algorithms are used to exploit the temperature loading profile. There are many
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Figure 3.13: Stresses of the decoupling capacitors in a FB-Bipolar system under a
daily mission profile: (a) a daily mission profile (clear day), (b) PV-side capacitor in a
single-stage system, (c¢) PV-side capacitor in a double-stage system, and (d)
inverter-side capacitor in a double-stage system.

cycle counting algorithms reported, e.g. level crossing counting, rain-flow counting, and
simple range counting methods [51,105,106]. Then, the lifetime can be calculated with
the extracted information, as it is illustrated in Figure 3.14.

However, it has been found in other lifetime models that Ny is also affected by the
cycle period (t,,), bond-wire aspect ratio (ar), and the diode (fgioqe) [103,104,107].
Hence, a detailed lifetime model has been introduced in [107] and it can be given as,

o _ C + (ton)? E,
Ny = A(AT;)* (ar)P12Ti+6o {C(—i—O{V)} exp (M) Sdiode (3.5)
im

where A, «, By, f1, v and C' are the model parameters that can be obtained by means of
curve-fitting using numerical simulation or experimental results. For instance, in [107],
a least square curve-fitting method was adopted for parameter extraction of the lifetime

model based on the power cycling test results. The extracted parameters of an IGBT
module are listed in Table 3.1.



Chapter 3. Evaluation of Single-Phase PV Inverters 43

o . 2 p Timax
5 Sh‘ort_-te‘rm Co S > T mint ar
o ME Figure S ! P Life Model Estimated
S i N Sl 3.2(b) = <ty ! MAW-T Lifetime
2 |uF  — ' g mw MU AT Ti, ton based on
= Vo ) § Miner’s rule

time time
o 2
5 3 ( )
a Fi 8 Cycle .
= igure 4 ) Life Model
5 3.2(c) 5 Counting
8 g T//’n AT}, T/my tan
s 2 . J

- [ -

time time

Figure 3.14: Loading exploitation for lifetime calculation according to Figure 3.2.

Table 3.1: Parameters of the lifetime model (Eq. (3.5)) of an IGBT module [107].

Parameter  Value Unit Experimental condition
A 3.4368 x10'*
a -4.923 - 64K < AT; < 113K
-9.012 x1073 -
A1 9-012 10 0.19 < ar < 0.42
Bo 1.942 -
C 1.434 -
0.07s < ton < 63s
~ -1.208 .
fdiode 0.6204 -
E, 0.06606 eV 32.5 °C < Tjm < 122 °C
ks 8.6173324x107°  eV/K

According to the Miner’s rule [50,51,105,106], the accumulated Life Consumption
LC (i.e. damage due to the stress) is linearly dependent on the contributions from
different thermal cycles, which can be expressed as,

n;
LC = Z N, (3.6)

?

in which n; is the number of cycles at the stress AT};, and Ny; is the corresponding
number of cycles to fail according to the lifetime model, e.g. Eq. (3.5). As a consequence,
the lifetime LF of the power devices can be calculated as,

typ
LF = — 3.7
76 (3.7)
where t)/p is the mission profile period as defined previously.
In respect to the lifetime models of decoupling capacitors, they are of more simplicity
compared to the lifetime models of power devices. The failures of the capacitors are
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related to the internal hot-spot temperature, and thus the capacitors will be degraded
during operations. Eq. (3.8) presents some lifetime models of capacitors considering
those aspects for different applications [91].

v Taz — Th
(4.3 —3.3x Vc) L, x2 10 , Case 1, L, = 1000 hours;
LF v Tmax - Th
c= (4.3 —33x V) Lox2 10, Case2 L, = 2000 hows; )
Tmax - Th
L, x?2 10 , Case 3, L, = 24000 hours.

in which V. and V,, are the operational and rated voltages of the capacitor, respectively,
Tinaz is the maximum operating temperature, T}, is the hot-spot temperature, and L,, is
the lifetime at maximum operating temperature with maximum allowable ripple current
at Thnae applied.

3.3.3 Reliability evaluation results

With the lifetime models and the extracted temperature information from the thermal
loading profile, the lifetime of the power devices and capacitors can be calculated ac-
cording to the proposed analysis approach shown in Figures 3.2 and 3.14. In this section,
firstly, the reliability of the power devices of the selected PV inverters is calculated as
a representative demonstration of the proposed method. The yearly thermal loading
profiles shown in Figure 3.12 are analyzed. The rain-flow counting results are shown in
Figure 3.15.

As it can be seen from Figure 3.15, the number of cycles of both mean junction tem-
perature and junction temperature cycling amplitude are in agreement with the power
loss distributions. The additional devices of the H6 inverter (S5 ) have a larger number
of cycles compared to the other power devices of this topology (Si~4), which means
those devices to realize a rejection of leakage currents are the most critical components
of the H6 inverter. Consequently, a choice of more reliable power devices as the extra
ones is required when designing a PV system with H6 inverter adopted. In contrast,
this is not the same in case that a HERIC inverter is adopted in this PV system, as it
is proved in Figure 3.15(c), where the number of cycles of the power devices (S1.4) is
smaller than that of the FB-Bipolar inverter under the same mission profile.

With the counting results, the life consumption and thus the lifetime of the power
devices can quantitatively be calculated according to Eqgs. (3.5) to (3.7) on condition
that the parameters given in Table 3.1 are reliable. However, those parameters are
extracted under specific conditions (e.g. 0.07 s < ton < 63 s) for a certain power device,
and thus they are not suitable to use for a quantitative calculation of the lifetime for
the power devices used in this study. Nonetheless, a qualitative comparison can be done
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Figure 3.15: Rain-flow counting results of the thermal loading profiles shown in
Figure 3.12(a) (Blue: Si.4, Red: Ss¢): (a) FB-Bipolar, (b) H6, and (¢) HERIC.

by normalizing the life consumption so that the parameter dependency is reduced. The
normalization of the life consumption can be given as,

Uz

- C - (ATji)a(ar)ﬁlATji [C + (tONi)W] exp (kB]%;mi) 39
T LC Z n; 39
T (AT (ar) " STHC + (tp ) exp (o)

jmil

where LC' is the normalized life consumption, LC” is the base LC for normalization
(e.g. life consumption of the power devices of the FB-Bipolar topology), and «, f1, 7,
kp and E, are the lifetime model parameters listed in Table 3.1.

According to Eq. (3.9) and the counting results presented in Figure 3.15, the nor-
malized LC of the three PV inverters under the same mission profile is shown in Figure
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Figure 3.17: Lifetime prediction of different capacitors in a single-stage single-phase
PV system under various ambient temperatures.

3.16, where the life consumption of power devices of a FB-Bipolar inverter is chosen as
the base value for normalization. It can be seen from the results that the extra power
devices of a H6 inverter consume much more life of the entire inverter in contrast with
those of a HERIC inverter. This comparison further confirmed that the HERIC inverter
would be the most promising solution for single-phase PV systems in terms of reliabil-
ity. Moreover, by comparing the rain-flow counting results with the normalized life
consumption shown in Figure 3.16, another interesting conclusion can be drawn is that,
although there are a few cycles of large temperature cycling amplitude (e.g. ten cycles
of 55 °C ~ 65 °C for the devices S5 ¢ in Figure 3.15(b)), they do contribute much more
damage (e.g. 0.4% in Figure 3.16(b)). The large cycling amplitudes are mainly induced
by the mission profile. Those results are also in agreement with the loss distributions.
As for the reliability of capacitors, a demonstrative case for 1 kW single-stage single-
phase PV system has been studied, where three different types/configurations of ca-
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Table 3.2: FEvaluations of the three single-phase transformerless PV inverters.

Transformerless topology FB-Bipolar H6 HERIC
Number of power devices Four Six Six
Efficiency 97.61% 97.67% 98.29%

SDi~a: 100 SDq~g: 48 SDq~g: 27
Loss distribution (%)* 1 % Tt 7 Tt 7

- SDs6: 52% SDs¢: 73%
Leakage current (CMYV) Low Very low Very low

S1~a: 1.0 Si~a: Moderate (0.98 Si~ar L 0.76
Device current stresses (p.u.)? tra il VO eré e ) 1~ai Low ( )

- Ss~6: Very high (1.66)  Ss.s: Very low (0.37)

Si~4: High fs Si~4: Line freq. Si~a: High fs
Device switching freq. (fs) 1~a: High f e 1‘ne red 1 .lg /

- Ss~e6: High fs Ss~6: Line freq.

t Conversion efficiency by only considering the losses on the power devices.
Rated power: 1 kW, DC voltage: 400 V, T = 25 °C.

I Loss distributions of the power devices in percentage of the total power losses.
Rated power: 3 kW, DC voltage: 405 V.

i Base value - device current stresses of the FB-Bipolar.
Rated power: 1 kW, DC voltage: 400 V, T' = 25 °C.

pacitors with their lifetime models given by Eq. (3.8) are used. It can be seen in the
results (Figure 3.17) that the mission profile has significant impacts on the capacitor
lifetime. The capacitor of “Case 3” shows a satisfactory reliability performance within
a wide ambient temperature range compared to the other two capacitors. In the case of
an adoption of those two capacitors, derating operations have to be enabled in order to
meet a minimum lifetime requirement, as it is discussed in [91]. Similar to the reliability
analysis of the power devices, the long-term mission profile effect on capacitor reliability
can also be analyzed using the proposed approach.

3.4 Summary

This chapter has proposed a mission profile based multi-disciplinary analysis approach,
and an evaluation of three transformerless PV systems in terms of efficiency, energy
production, leakage current rejection capability, and the emerging reliability, has been
carried out using the proposed method. A summary of those comparisons has been
given in Table 3.2. It can be observed from the results that, although the elimination
or reduction of leakage currents can be achieved by those inverters with a satisfactory
efficiency, some of the extra-devices that are used for disconnection of the PV panels
or the PV inverters might be exposed to higher temperature loading. The thermal
loading will further introduce failures of the power devices, and thus challenge the
system reliability. Therefore, much attention has to be put on the thermal design of
those critical components in a PV inverter in order to reduce the cost of energy. It can
be concluded from the comparison that, in terms of efficiency and reliability, the HERIC
inverter is the most promising topology for next-generation PV systems.



48 Part II. Modelling and Fvaluation of Single-Phase PV Systems

Besides the power electronic devices, the DC-link capacitors also play an essential
role in PV systems. A comparison of the stresses of the capacitors adopted at different
locations in single-phase full-bridge PV system has been discussed in this chapter as
well. It can be concluded from the comparison that the DC capacitor at the PV panel
side is under much more stress during a daily operation compared to the capacitor
at the inverter input. This is because that the output current of the PV panels is of
ambient condition dependency. Therefore, the design of both decoupling capacitors and
power devices/inverters should take the effects from mission profiles into account, and
many trade-offs, which have not yet been considered in the past, have to be taken care
of in next-generation PV systems in the future. At the end of this chapter, a lifetime
prediction example of capacitors has been presented.



Part 111

Advanced Control Strategies
for Single-Phase PV Systems

In the third part of the Ph.D. thesis, advanced control strategies for single-phase PV sys-
tems have been presented. This part includes three chapters. Chapter 4. Control of PV
Systems in Different Operations discusses the basic control as well as the advanced con-
trol strategies of single-phase grid-connected PV systems both in MPPT operation mode
and under grid faults. Reactive power injection strategies and a novel power calculation
method are also proposed in this chapter. Chapter 5. Constant Power Generation Con-
trol Concept introduces a new hybrid power control strategy - constant power generation
control method for single-phase PV systems considering the distributed grid capacity.
Other benefits of this control concept are also discussed in this chapter. Chapter 6.
Thermal Optimized Control Strategy presents an advanced control method to flexibly
control the junction temperature of the power devices, and thus to further improve the
reliability.

4 Control of PV Systems in Different Operations

This chapter addresses the basic control as well as the advanced control strategies for
single-phase grid-connected PV systems in different operation modes. Firstly, grid-
integration standards/requirements are reviewed, and thus suggestions on grid standard
modifications are proposed in order to accept more PV systems in the grid. Then, a
benchmarking of the most commonly used current controllers is presented, followed by
the advanced control of PV systems under grid faults, including reactive power injection
strategies. In order to enhance the performance of single-phase PV systems in different
operation modes, a new power calculation method has been proposed in this chapter.

49
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Figure 4.1: Basic grid requirements: (a) response to abnormal grid voltage
conditions and (b) current harmonics requirements defined in IEC 61727 for PV power
systems with rated power lower than 10 kW considering a low penetration level [24].

4.1 Grid-interconnection standards
4.1.1 Evolution of PV grid-integration codes/standards

Grid-integration requirements are the essential guidelines for the design, control and
operation of grid-connected PV systems. The grid standards originally addressed el-
ementary demands, as shown in Figure 1.2. For example, most of the grid-connected
PV systems should cease to energize the local loads in the case of grid transient dis-
turbances, e.g. voltage sags [20,21,24,108] by means of islanding detection. In normal
operation, the PV systems are required to produce as much energy as possible with
satisfactory quality of the injected grid currents, which is shown in Figure 4.1 - an ex-
ample of IEC 61727 [24]. Those grid requirements are introduced to ensure the safety
of utility maintenance personnel, to protect the equipment, and also to guarantee the
utility stability, on the basis of a low penetration level of PV systems [16,19,45], which
are different from conventional power plants or large wind power farms.

The influence from a low penetration level of PV systems on the grid has been
proven to be negligible. However, in the case of a wide-scale penetration of single-phase
PV systems in the distributed grid, the disconnection under grid faults can contribute
to: a) voltage flickers, b) power outages, and ¢) system instability. This is caused by
two aspects: the intermittent nature of solar PV sources [109] and the disconnection of
aggregated PV systems in response to abnormal grid conditions. In light of the above
issues, the present active grid requirements are expected to be revised considering a
combination of standardized features and customer demands. In fact, previous research
have demonstrated the potential of PV systems to have an active role in the regulation
of distributed grids like what conventional power plants do today [18,19,21,110-116].
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Moreover, PV systems can provide ancillary services to effectively mitigate the chal-
lenges related to mission profiles [109].

Grid codes for medium- or high-voltage systems have already been modified in some
countries, and a few countries have also published similar demands for low-voltage ap-
plications. For instance, in Germany, the systems connected to the medium- or high-
voltage networks should be capable of riding through voltage sag and at the same time
to provide reactive current [25], and an power limitation requirement (to achieve con-
stant power production) has been imposed on any pre-designed or new PV systems. In
the Italian grid code, similar requirements have been applied to the generation units
with the nominal power exceeding 6 kW [26]. Recently, a study done in Japan also
presented LVRT requirements on PV systems connected to single-phase low-voltage
grids [22,33]. Obviously, the challenges from the high penetration of PV systems are
being forecasted. The Distributed System Operators (DSO) have given priority to find
solutions in order to guarantee reliable and stable operation of distributed power sys-
tems. As a consequence, current active grid requirements need to be modified in order
to enable a wide-scale adoption of PV systems.

4.1.2 Suggestions on grid requirement modifications

The tendency for the next generation multi-functional PV systems features LVRT capa-
bility, grid support functionality, flexible power controllability, and intelligent ancillary
services. In order to fulfill those advanced features for the future high penetration sce-
nario, the existing active PV grid standards and/or requirements need to be reexamined
and updated accordingly based on the following main considerations:

V' Active power control (power curtailment);

v" Reactive power control (Volt-VAR control);

v' Frequency control through active power control (Freq.-Watt control);
v Dynamic grid support (fault ride-through capability);

v' High reliability and high efficiency.

A. Active power control (power curtailment)

Due to the reverse power flow towards upstream voltage levels [9,110,111], and the
power difference between PV systems and load demands, voltage rise on distributed
feeders has been observed as one of the major issues brought with highly PV-penetrated
systems. Omne possibility to solve this is to directly curtail the active power when the
grid voltage hits the upper voltage limitation, e.g. 1.06 p.u. in Japan and 1.03 p.u.
in Germany [4]. It implies that the PV systems should be capable to operate with a
controllable power generation (e.g. power ramp control, absolute power control, and
delta power control). Consequently, a remote active power control function for low-
voltage PV systems may be incorporated into the future grid codes.
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Figure 4.2: PQ - diagram for a single-phase PV inverter.

In addition, power curtailment control is a kind of “smart” de-rating operation for
PV inverters, which may contribute to improved system reliability and thus reduced
cost of energy during lifetime. Notably, the absolute power control has already been
introduced to wind turbine systems in Denmark, while the implementation of such a
function in the next-generation PV systems shows much more benefits for the entire
grid in terms of unloading the distributed network and extended lifetime. It should be
noted that all enhancements of a flexible active power control of PV system further call
for more advanced system monitoring and communication.

B. Reactive power control (Volt-VAR control)

Another solution for voltage rise mitigation is to allow reactive power injection into
the grid. Since PV systems are usually designed with reasonable margins and operate
under partial loading conditions, there is a room for reactive power injection, especially
during nights when there is no sunshine. However, the amount of the reactive power
that a PV inverter can deliver to the grid depends on the inverter apparent power (rated
current value, I,.qzeq), which is illustrated in Figure 4.2. In MPPT operation mode, the
maximum available reactive power Q4. of a single-phase PV inverter is calculated as:
Qmaz = v S2 o — P}%V) Mmpps Where Sy, .. is the inverter maximum apparent power and
Ppy, v pp is the maximum active power with MPPT control.

In fact, there have been some grid requirements for a very high penetration level of
PV systems to activate reactive power control to support the grid [4,110,111]. For ex-
ample, all PV systems in Germany connected to either low- or medium-voltage grids are
required to provide reactive power [4], but at the same time, the minimum power factor
should be satisfied. In the future, similar requirements are expected to be enhanced on
low-voltage PV systems in order to host more PV capacity in the line, since they are able
to participate in the reactive power management, and thereby voltage control [117,118].
As for single-phase low power PV systems, being the typical configurations, the voltage
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“breaking”-chopper, and 3. use energy storage systems.

support by controlling reactive power can be achieved at the substation side or inte-
grated in advanced PV inverters, which require more investigations from an operational
and economical point of view.

C. Frequency control through active power control (Freq.- Watt control)

As aforementioned, owing to anti-islanding protection, the disconnection of a consid-
erable amount of PV systems unintentionally would further introduce instability prob-
lems, e.g. power outage [110,112-116]. Hence, the suggested modifications of PV grid
standards include a provision of frequency control functionality to ensure the grid sta-
bility. The frequency control can be realized through active power control, like what has
been defined in the German grid codes. For example, it is stated that the reduction of
active power has to be activated with a gradient of 40 % generated active power P per
Hz, when the grid frequency is within the frequency range of 50.2 Hz to 51.5 Hz [110].

In the meantime, due to the intermittency (i.e. mission profile effects), the output
power of a PV system will vary with the environmental conditions, when it is fed into
the grid. Consequently, a large amount of fluctuating power will contribute to frequency
variations or even instability of the power grid. As the capacity of a single PV system
is continuously growing, and also the penetration level, the frequency fluctuation owing
to intermittency will become even severe. Therefore, it calls for enhanced frequency
control requirement for future PV systems.

D. Dynamic grid support (fault ride-through capability)

Dynamic grid support capability is focused on LVRT and reactive current injection
during fault transients [19,22,25,26,39]. The objectives of this function are: a) to prevent
the inverter from over-current shutdown and b) to support the grid voltage recovery.
The low-voltage PV systems serving single-phase networks have lower physical inertia
as the energy storage is currently limited compared to wind turbine systems. However,
without appropriate power dispatch, the power devices might also be overheated when
the system goes into LVRT operation. As shown in Figure 4.3, the active power dispatch
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Figure 4.4: Compatible implementation of low voltage (and zero voltage)
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can be done by: a) modifying MPPT control, b) using a DC chopper like the case in wind
turbine systems and ¢) managing the power exchange between PV systems and energy
storage systems. The three alternatives can be adopted for single-phase PV systems
under grid faults seen from a hardware point of view. Notably, the enhancement of
LVRT performance can be achieved by means of advanced grid fault detection (i.e. the
monitoring system), synchronization and control technologies.

Additionally, integrating the LVRT function into next-generation PV inverters is
a key way to further increase the PV hosting capacity [4,6,39]. Hence, it is recom-
mended that the grid codes should focus more on the LVRT capability for PV systems.
Nonetheless, the implementation of LVRT is against the anti-islanding requirements [23].
It means that the anti-islanding requirement should be extended in order to incorporate
the fault ride-through capability. A compatible implementation of both functions is
demonstrated in Figure 4.4.

E. High reliability and high efficiency

To further reduce the cost of energy and extend service time, next-generation PV
systems have to be of higher efficiency and higher reliability. Advancement of the
transformerless technology will be strengthened, but it also introduces side effects, such
as lack of galvanic isolation and the abilities of fault ride-through and reactive power
injection, which may further age the power converter technology [47]. Besides, those
effects may impose new challenges for the reliability of the entire PV inverter due to the
redistributed loss distributions, which again are topology-dependent. Moreover, a better
knowledge of the operating conditions together with mission profiles can contribute to
better reliability-oriented design and operation of the PV system. Hence, monitoring
technologies will be a key to this achievement. These aspects should be considered in
the design and also field operation phases of future PV systems.

In addition, the next generation PV systems should be flexibly and appropriately
integrated with other systems, e.g. electrical vehicle systems, energy storage systems,
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smart grids and micro-grid systems. Proper deployment of those systems into PV sys-
tems has brought significant benefits to the grid [21,112-115,119,120]. They also have
to be able to switch into short-term islanding operation mode smoothly in order to se-
cure the power supply, as it is shown in Figure 4.4, and reconnect after fault clearance.
In that case, the future PV systems can provide reactive power compensation and har-
monic suppression through intelligent power electronics systems and also more advanced
control methods [121,122]. Those advanced grid-integration features are summarized in
Table 4.1.

4.2 Basic control of PV systems in normal operation

4.2.1 Control objectives

Control of single-phase PV systems should be designed in consideration of grid require-
ments, as the example shown in Figure 4.1. Despite the system configurations, the
control objectives of single-phase PV systems can be achieved:

1) at the PV-side to extract the maximum power from the input source considering
mission profiles. In general, when a boost converter is adopted, the protection of
the DC/DC converter should also be taken into account in this control part.

2) at the grid-side to fulfill the basic requirements shown in Figure 1.2, e.g. control
of active and reactive powers, synchronization, and anti-islanding protection.

Typical control strategies for single-phase grid-connected systems are shown in Figure
4.5, including two cascaded loops according to those objectives [14,15]: a) an inner
control loop for current shaping, which has the responsibilities to generate a sinusoidal
current (almost ripple-free) and to perform current protection of the inverter and b) an
outer control loop (voltage or power control) for current reference generation, where the
DC-link voltage or the power is controlled.
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Table 4.1: Summary of grid-integration features for advanced PV systems connected to low voltage grids .

Integration features

Current PV systems

Next-gen.

Remarks (grid code revision considerations)

(MV / LV) PV systems
. Remote set-point for power regulation should be extended
A. Active power control )
. w /v vv to low voltage systems. Even more stringent, e.g. constant
(power regulation) . S
power production and power ramp limit.
B. Reactive power control Settings by DSOs are Qmﬁmﬁﬂmse on the power nmvmn_nv\. of
v /v vv the PV systems. More reactive power provision strategies,
(Volt-VAR control)
e.g., constant PF.
Frequency support through active power droop control (e.g.
. Fr trol
c m”&..—mﬂ%%n”os MO 1 v /v vv 40% power reduction) is active in some countries. Focuses
(Freq.-Watt control) should be paid to solve intermittency issue.
PV systems have the ability to support the grid dynamically
. . associated with reactive power injection. This should be en-
D. Dynamic grid support . C .
foult rideth h v/ X vv hanced for a wide application range to secure power supply.
(fault ride-through) Zero-voltage ride-through and recurring fault ride-through
capabilities are also emerging features for PV systems.
Anti-islanding? vV v It should be compatible with fault ride-through.
Adoption of advanced power devices. Reliability should also
E. Reliability and efficiency v /X v be improved to reduce the downtime and thus cost of energy.
Fault-tolerant capability is suggested.
More decentralized grid requires an enhancement of energy
Energy mﬁoﬁwﬂmu v vV reserve, which can be performed by PV systems. It is also
a way to produce power more locally.
System monitoring and .
v vV Have to be even strengthened to realize the above features.

communication®

t X-no such ability /requirement, ¢/-with the ability, more means higher requirement.

1 Fault ride-through function may be against the anti-islanding protection requirement. Those two have to be compatible with each

other in the future grid integration requirements.

#f Energy storage systems can also be integrated into the next-generation PV systems to enhance the power controllability, e.g. LVRT.

§ Monitoring and communication are very important to realize the features for future PV systems of intelligence and flexibility.
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Figure 4.6: Outer control loop for single-phase systems in the dg—reference frame:
(a) single-stage and (b) double stage with boost converter.

4.2.2 Voltage or power control loop

The voltage or power control loop also provides the system operation conditions (e.g. the
grid voltage amplitude and the grid frequency), and then it generates a current reference,
which is used in the inner control loop. For example, according to the single-phase PQ
theory [47,79,94, 123-125], the current reference can be produced by regulating the
averaged active power P and reactive power (), as it is shown in Figures 4.5 and 4.6.
This power control method is intuitive with less complexity, since the averaged active
power and the averaged reactive power references (P* and Q*) can directly be set by
the operators or in the control unit, when the MPPT control is activated.

However, the implementation of the outer control loop requires Orthogonal Signal
Generation (OSG) systems to create quadrature components (vga, Vg3 and igq, ig3)
corresponding to the real grid voltage v, and grid current i, (also used for power cal-
culation). Those components are then transformed into dg—components (vgq, v44 and
igd, 1gq) Using Park transformation (af — dg), resulting in the possibility of Propor-
tional Integral (PI) controllers to regulate the injected current, as shown in Figure 4.7(a),
but the current control output has also to be inversely transformed (dg — o) for the
PWM unit. Alternatively, the current control can be done in the af—reference frame as
shown in Figure 4.7(b), where the inverse Park transformation is still required. In fact,
according to the single-phase P(@Q) theory, the current reference can also be calculated in
the af—reference frame, which simplifies the overall control. If PI controllers are used
for power regulations, the current references can be expressed as,

{i;a} _ 1 {vga Vgs ] [Gp(s)(P— P*)] (4.1)

igs vZ, + U;;s Vgp  —Vga] |Gq(8)(Q — Q)

where “*” denotes the reference signal, G),(s) and G,(s) are the PI controllers for active
power and reactive power respectively. The control structure is represented in Figure
4.7(c), which shows that there is no need for Park or inverse Park transformations. Be-
sides, intuitiveness of this power control offers much possibility to implement advanced
control strategies by setting the active power and the reactive power references (Q* and
P*), which will be discussed in more details in the following parts of this thesis.
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4.2.3 Current controllers considering harmonics injection

The current controller is responsible for the power quality, which is a very important
issue for complying with the standards. This can be achieved by means of a robust
design of the current controller and a proper selection of the grid-interfaced filters,
which have been discussed in § 2.2.2. Besides, by introducing Harmonic Compensators
(HC) [12,15] for the controller and adding appropriate damping for the filter [83,85], the
current controller tracking performance and thus the power quality can be improved.

Figure 4.7 demonstrates the possible implementation of current controllers in the
dq— or af—reference frames. As aforementioned, the complexity of a PI-based current
control in the dg—reference frame is increased, since this implementation requires Park
and inverse Park transformations as well as dg—current decoupling (wL). Moreover, the
complexity is also increased when harmonic compensations are required in the current
controller. In contrast to PI controllers, Proportional Resonant (PR), Repetitive Control
(RC), Multi-Resonant Control (MRC), and also digital Dead-Beat (DB) controllers can
be implemented in the af—reference frame in Figure 4.7(b) and Figure 4.7(c), because
those controllers are capable to track sinusoidal signals without steady-state errors,
which is preferable from a power quality point of view.

For the convenience of designing a robust current controller, the harmonic injection
mechanism of single-phase PV systems in different operation modes has been introduced
in [41]. It has been revealed that the injected current distortion varies with the current
level (thus dependent on the mission profile), the power factor, and also the grid voltage
level (e.g. voltage sag during fault ride-through). This calls for advanced current control
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Table 4.2: Current controllers in the afS—reference frame for single-phase systems.

Controllers Transfer functions, G. Remarks
1 Simple and very fast response (approximately one
DB Gpp(z) = ————— sampling period). High model-dependency (i.e.
Gp(2)(z = 1) poor robustness).
ks Fundamental frequency controller. Harmonic com-
PR Gpr(s) =kp + -3 pensators (e.g. MRC) are required for the power
8%+ wp quality concern.

Fast response. Good harmonic rejection capability

at the resonant frequencies. Heavy parallel compu-

5 tation burden, when higher-order harmonics (e.g.

+ (hwo) 117, 13" 15%0 and 17“‘) should be compensated.
Also increased complexity.

PRAMRC  Gra(s) + ) - ins

Easy implementation, which can compensate all
kyoe~ % 27/®0 Q(s) .r harmonics, but only one control gain k,. for the
PR f harmonic control is adjustable. Moderate response
1-e 0Q(s) speed compared to PR+MRC due to its compact
recursion property.

PR+RC Gpr(s) +

krcszQ(z) Takes advantage of the strengths of both DB and
DB+RC Gpp(z) + — m RC. Simple implementation, good harmonic rejec-
1—-277Q(z) tion capability, and less computational burden.

Notes: G¢(z) is the the transfer function of the grid-interfaced filter;
kp and k; are the proportional gain and resonant gain of the PR controller, respectively, k;j is
the resonant gain with h=3,5,7,...being the harmonic order, wq is the grid angular frequency;
kyc is the RC control gain with 0<k,.<2 [41], Q(s) and Q(z) are low pass filters, T is the phase
phase lead compensator time and m is the phase lead compensator number.

strategies. Although the PR, RC, MRC, and DB controllers can be adopted in single-
phase systems, they may have big differences in terms of transient response and harmonic
rejection capability (i.e. lower current THD). The combinations of those controllers have
been proved to be an effective way to harmonic rejections, as it can seen in Table 4.2 and
Figure 4.8. It is confirmed that, the RC controller together with PR or DB controllers
effectively can act on all harmonics (including odd- and even-order harmonics) below
the Nyquist frequency (half of the sampling frequency, 5 kHz in Figure 4.8), while due
to the identical control gain k., the low-frequency harmonic attenuation ability is not
as good as that in the case of using MRC. To solve this issue, a generic RC control
structure has been proposed in [126], which offers the possibility to efficiently eliminate
the harmonics of (nk 4 m)-order, since the harmonics are classified into several groups
and each group has an individual control gain.

In order to find the optimal controller, the mentioned current controllers have been
tested experimentally. The test system and its parameters are given in Appendix A and
B (Figure A.4,Tables A.1 and A.3, and Figure B.1). The results are presented in Figure
4.9, and the harmonic distributions of the injected current are compared as shown
in Figure 4.10. It can be observed from Figure 4.9 that all the “compound” current
controllers (PR+MRC, PR4+RC and DB+RC) can easily fulfil the THD requirement
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Figure 4.8: Magnitude response of selected different current controllers in Table 4.2.

(e.g. THD < 5% in IEC 61727 [24]). However, some of those controllers can not
compensate high-order distortions, especially even-order harmonics, which may exceed
the limits. For example, when the PR+MRC current controller is adopted, the resultant
10*"-order harmonic will exceed the limitation (0.5%) as it is shown in Figure 4.10. In
that case, the control gains have to be further tuned or the grid-interfaced filter has to be
redesigned. Additionally, those results have confirmed that the RC and RSC controllers
provide the most effective solutions for the current harmonic compensation.

4.3 Fault ride-through operation of PV systems

Advanced PV inverters are expected to incorporate a full range of functionalities like
what the conventional power plants have, by means of providing ancillary services,
e.g. frequency control through active power regulation and dynamic grid support with
reactive power injection during fault transients, as suggested in § 4.1.2. Requirements
regarding fault ride-through and reactive power injection have been implemented for
medium- and high-voltage applications. Those features are undergoing an extension to
a wide range of PV applications, from PV modules to utility-scale PV systems [19,22,
32,34,36,39], so as to cater for an even wider scale adoption of PV systems. Figure
4.11(a) shows an example of stay-online durations versus voltage profiles for different
applications, and a requirement for reactive current injection in response to voltage sags
is exemplified in Figure 4.11(b) for medium- and high-voltage systems [25, 28, 34].

It should be noted that violation of anti-islanding protection by enabling LVRT
capability for single-phase PV systems should be avoided. If achieved, single-phase PV
systems should be able smoothly to change to LVRT operation mode from MPPT control
at unity power factor, when triggered by the monitored grid voltage. In such a case,
monitoring, synchronization, and also communication are of importance to ensure a
smooth transition. Thus, a fast voltage fault detection and an accurate synchronization
system may contribute to the dynamic performance and the stability margin of the
whole PV system under grid faults.
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Figure 4.9: Performance of different current controllers in normal operation mode

(grid voltage: v, [100 V/div], grid current: i, [5 A/div], tracking error: e; = iy,

— g

[5 A/div]): (a) PR controller, (b) PR+MRC controller, (¢) PR+RC controller, (d)
DB controller, and (e) DB+RC controller.
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Figure 4.11: Active grid requirements in respect to voltage disturbances: (a) low
voltage ride-through requirement and (b) reactive current injection to support voltage
recovery during LVRT for medium- and high-voltage applications [25].

In regards to the control of single-phase systems under grid faults, which is normally
associated with reactive power injection, one possibility is based on the droop concept
[127,128]. This control strategy is effective only when the single-phase line has a large
X/R ratio, which is against the situation in real-application cases. Hence, it is not
suitable for single-phase system control under grid faults. Another possibility is enabled
by the utilization of an adaptive filtering technique, which leads to a direct control of
the single-phase instantaneous power. It requires a satisfactory synthesis of the power
references as discussed in [94]. Apart from those solutions, according to Figure 4.6 and
Eq. (4.1), a simple but effective implementation of the LVRT control for single-phase
systems is developed in the af—reference frame, as shown in Figure 4.12, where the
grid condition monitoring system and the power calculation unit are also included.



Chapter 4. Control of PV Systems in Different Operations 63

r A}
o A——MPPT| P | bl
R ——— —> !
| i p controllers
o q g VO Vietvgs Current Plant (PWM delay and filter)
1 | controller v,
> _.é., Gils) - g

G Vi’;rv 1 Vinv 1 .
) 2T+ 57s 'é | Ts+R r lg

P — ! Vg @) (b)

]
Vam LVRT| Q" | P '
W i “ D
I\ | Power Profile Vom < moSi:I:rin Y% cai:i\?:iron vg
e ) Unit g <] N
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based on single-phase PQ) theory, where it includes (a) grid monitoring system and (b)
power calculation unit.

As shown in Figure 4.12, the “Power Profile” unit is responsible for an appropriate
generation of the average active power and reactive power references according to the
grid conditions. In the normal operation mode, the average active power reference P*
is the output of MPPT control, and the system is operating at unity power factor as
required (i.e., @* = 0 Var). When the grid fault event is confirmed by the monitoring
system, the power reference generation unit (i.e. “Power Profile” unit) will act accord-
ingly, and set the proper references. Take the E.ON grid code [25] for example, the
required reactive current under different voltage levels can be given by,

0, 09 pu <wvy, <1.1pau;
I, =< k(l—-wvg)ly, 0.5pu <wv,<09pu,; (4.2)
Iy, vy < 0.5 p.u..

in which v, is the grid voltage in p.u. and I is the rated grid current. Then, according
to the single-phase P@ theory, the power references can be expressed as,

* 1
{P ng’"Id , and I2 + 12 = T3, (4.3)
Q" = 3Vymly
where V;,, is the grid amplitude, and I is the active current. Notably, the rated current
Iy is limited by the inverter maximum allowable current I,,4., i.e. In < Ipgs, as it is
illustrated in Figure 4.2. Considering a predesigned PV inverter, a severe voltage sag
(e.g. 0.45 p.u) may trigger the inverter over-current protection. Thus, the active power
during fault ride-through have to be dispatched using the solutions shown in Figure 4.3.
Figure 4.13 demonstrates the performance of a 1 kW single-stage single-phase PV
system with LVRT control, where the active power is reduced by modifying the MPPT
control. The system parameters are given in Appendix A.1. As shown in Figure 4.13,
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Figure 4.13: Performance of a single-phase PV system under grid faults (0.35 p.u.
voltage sag): (a) grid voltage vy [V] and current iy [A], (b) active power P [W] and
reactive power Q [Var/, (c) PV power Ppy [W], and (d) PV power versus PV wvoltage.

once the grid fault is detected, the MPPT unit is disabled and the control system is
switched to grid fault operation mode. Soon after, the system starts to inject reactive
current and limit the active power output. After the fault is cleared (voltage rises to
0.9 p.u.), the system goes back to its normal operation, and again, MPPT control is
achieved. Moreover, both the start of the voltage sag and the end of that present a
transient time delay. It is mainly because of the fault detection time delay, but also the
power calculation delay. However, the results have confirmed the possibilities and the
effectiveness of the control strategy for single-phase systems under grid faults.

4.3.1 Reactive power injection of single-phase systems

Reactive power injection may be required for the PV systems under grid faults in future.
For an advanced inverter, reactive power injection may also contribute to improved sys-
tem stability and reliability. In light of those issues, this section considers the dynamic
grid support requirement and the inverter maximum current limitation shown in Figure
4.2, three Reactive Power Injection (RPI) strategies are proposed: a) constant aver-
age active power control strategy, b) constant active current control strategy, and c)
constant peak current control.

A. Constant average active power control strategy (Const.-P)

The control objective of this RPI control strategy is to maximize the output energy
with MPPT control during LVRT operation. Therefore, the average active power is
maintained constant in the short-term period. According to the reactive power current
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requirements in Figure 4.11(b) and Eq. (4.3), the current in the dg-rotating reference
frame can be expressed as,

kq

L= 41
TN and Igmar = \/ 13 + I2 (4.4)

I,= k(1 —v,)ly

in which (1 — %) pu < vy < 0.9 pa., Igmas is the injected current amplitude, kg =
P/ Py is the power derating factor with P being the injected active power and Py being
the nominal power, and k is defined in Figure 4.11(b). When v, < (1 — %) p-u., the
system is required to fully inject reactive power, while the active power output may be
disabled. In that case, the system might still operate at Const.-P mode, depending on
the inverter current limitation (i.e. Iy = %IN and I, = In).

However, when the required injection of reactive power is fulfilled according to Eq.
(4.4), the inverter may experience an over-current, and thus over-heating with this
control strategy, which has been mentioned in previous section. To prevent inverter
shutdown from over-current during LVRT, the following constraints should be satisfied:

Ui\/kfl + k% (vy —v2)? < I}"—'}j”, when (1 — %) p.u. < v, <0.9 p.u.

1 /1.2 2 « Imao _1
E kd +Ug S ﬁ, When Ug < (1 k) p.u.

in which I, is the inverter current limitation. Eq. (4.5) gives a design criterion for
the component selection, and it can be further illustrated in Figure 4.14(a).

It has been demonstrated in Figure 4.14(a) that the minimum value of the inverter
current limitation (I,,,4,) should be 2.241x, when k = 2 p.u., so that the RPI strategy
can be adopted in the case of a wide range of voltage drop (i.e. the grid voltage is within
0.5 p.u.< vy < 0.9 p.u.) without power derating (kg = 1 p.u.). As for a predesigned
PV inverter with a robustness margin, the system has to derate the output power in
order to inject enough reactive power. For instance, if the allowable maximum current
of a PV inverter, 1,4, = 1.5Ix and k = 2 p.u., the PV systems should reduce active
power output, when the voltage drops below 0.72 p.u., as it is shown in Figure 4.14(a)
and (c). Otherwise, the system should change RPI strategy before it is triggered due to
over-current (over-heated).

(4.5)

B. Constant active current control strategy (Const.-1;)

Another RPI control strategy under LVRT operation is to maintain a constant active
current (i.e. Iy = ‘le - = const. with Vg, being the grid voltage amplitude). This will
result in an automatic reduction of the active power in response to voltage drops, since
P x Vg, In the case of this control strategy ((1 — %) p-u <wy < 0.9 p.u.), the current

in the dg—frame can be expressed as,

Id = mIN o 2 2
{ L= k(l—v)ly 2 fomes=yTat 1 (4.6)
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Figure 4.14: Design constraints of reactive power injection strategies for single-phase
systems considering the inverter over-current protection: (a) Const.-P, (b) Const.-1,,
and (c¢) application conditions when k=2 p.u. and Lya, = 1.51y.

where m is the active current level index corresponding to the nominal current Iy and
0 <m < 1. Similar to the case of Const.-P, the PV inverter should inject full reactive
power (i.e. Iy = mly, I; = Iy), when a severe voltage fault happens (v, < (1 — 1)
p.u.). For simplicity, the active current can be controlled as Iy = Iy, i.e. m =1 p.u..

However, adoption of this RPI strategy may also lead to a rise of the current am-
plitude, which will possibly exceed the inverter current limitation, and thus an inverter
trip-off may happen due to over-current. Hence, the following conditions should be
fulfilled when it is adopted under grid faults:

{ Vm? + k2 (1 — vg)2 < I"““”, when (1— 1) pu. <v, <09 pu. )

m? +1 , whenvg<( —%) p-u.

- N
where m becomes a design parameter. A design guide for this RPI control strategy is
shown in Figure 4.14(b). Compared to a PV inverter with Const.-P control strategy,
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the PV inverter with Const.-I; can be designed with a lower I,,,./In, leading to the
possibilities to select power devices with lower current ratings and thus lower cost, as it
is shown in Figure 4.14(c). Besides, a derating operation can be achieved by changing m
because of the proportional relationship, P o< Vj,,. Notably, a smaller m will contribute
to select power devices of lower ratings.

C. Constant peak current control (Const.-Iy,,)

The above discussed RPI strategies might pose the PV inverter at a risk of over-
current loading during LVRT. However, with constant peak current control strategy,
there is no unintentional inverter shutdown, since the peak of the injected grid current is
kept constant and lower than the inverter current limitation during LVRT, i.e. Ijmae =
const. < Iyaz. The current under grid faults ((1 — 4) p.u < vy < 0.9 p.u.) in this case
can be given as,

Id: n2—k2(1—vg)21N o 2 2
{ I,= k(1 —vy)ln and Igmas = V 15+ 13 (4.8)

where n is introduced as the peak current index corresponding to the nominal current

Iy, and Igmar = nlyn. It is the same as the other strategies that, when vy < (1 — l)

k
p.u., the full reactive power has to be injected, i.e. Iy = vn? — 1Iy, I, = Iy.

Notably, n has a maximum value of I"“” p-u., when considering the inverter current
protection. For instance, when 1,4, = 2] n fora PV inverter, the maximum n should be
2 p.u. to ensure a stable RPI without tripping-off the inverter during LVRT. Therefore,
ifn < I’I”—;”, the riding-through operation of the PV inverter will not give an amplitude
rise to the injected current. Meanwhile, according to Egs. (4.3) and (4.8), the active
power will be reduced in order to inject sufficient reactive power during LVRT.

During the design and the operation of the PV inverters, those constraints should
be considered for different applications. Figure 4.14(c) shows an comparison of the RPI
strategies for a PV inverter with I,,,, = 1.5]x when k = 2 p.u.. It can be observed in
Figure 4.14(c) that the Const.-Iq. can be adopted in a wide range of voltage levels (i.e.
0 <wy < 0.9 p.u.) even with different values of k. This is also the same case when the
Const.-1; is used. However, the Const.-P is only effective when the grid voltage is within
a certain range, if without power derating operations (kg = 1 p.u.). Nevertheless, based
on the above discussions and also Figure 4.14, the corresponding active and reactive
power references under voltage sags for the proposed RPI control strategies can be
obtained. As a result, the required reactive power complying with grid codes can be
injected when the control structure shown in Figure 4.12 is adopted. A summary of the
proposed RPI strategies is given in Table 4.3, which shows the advantages and design
constraints/considerations of each RPI control strategy.

Referring to Figure 4.12, experimental tests of a single-phase full-bridge inverter were
carried out to verify the effectiveness of the proposed RPI strategies. The test system
is given in Appendix B.1, and the results are shown in Figure 4.15. It is demonstrated
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Table 4.3: Summary of the proposed reactive power injection strategies.

RPI Strategy

Advantages Design Constraints

Const.-P

Const.-I4

Const.-Igmax

Maximized energy yield
(with MPPT control)

Reduced power operation
(P < Vgm)

Over-current trip-off; derating operation is neces-
sary under severe faults; large design margin for
a wide voltage range.

Over-current issues; it also requires power der-
ating operation; small design margin for a wide
voltage range.

No over-current problems;
Applicable for all inverters
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Figure 4.15: Experimental results of a single-phase system with: (a) Const.-Igmaa
(voltage sag: 0.45 p.u., n =1 p.u.), (b) Const.-I (voltage sag: 0.45 p.u., m =1 p.u.),
and (c¢) Const.-P (voltage sag: 0.2 p.u., kg =1 p.u.): grid voltage vy [100 V/div], grid
current iy [5 A/div], active power P [500 W/div], and reactive power Q [500 Var/div],

when k=2 p.u..

that those RPI strategies can fulfil the grid requirements, but by using different control
objectives. The Const.-Iq. control strategy can contribute to a constant amplitude of
the injected current, while the active current is kept constant in the Const.-I;,q, control
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Figure 4.16: Proposed active and reactive power calculation method for single-phase
systems: grid voltage: vy = Vi, cos(wt), grid current: ig = Igmaq cos(wt + ¢).

strategy, and at the same time, both strategies can inject sufficient reactive current
during a severe voltage sag (0.45 p.u.). In contrast, the Const.-P control strategy has
been tested when the grid voltage presents a 0.2 p.u. voltage sag as shown in Figure
4.15(c), since the severe voltage fault will make the inverter shutdown due to over-
current [129]. In that case, the system has to derate the active power in order to
ride-through the short-term voltage disturbance.

4.3.2 A new single-phase power calculation method

In case that the power control based single-phase PQ theory is adopted for control, it is
inevitable to calculate the average active power and reactive power fast and accurately
in order to enhance the LVRT capability for single-phase PV systems. The use of low-
pass filters and Discrete Fourier Transform (DFT) may introduce delays which are not
desirable in LVRT cases. Derived from single-phase P(@ theory, the power calculation
can also be done when an advanced OSG technique is available. However, the OSG based
methods make the transient behavior of the power calculation units highly dependent
on the performances of the OSG systems.

Driven by the Enhanced PLL concept proposed in [94], a novel average power calcu-
lation method is proposed in the following for single-phase grid-connected photovoltaic
systems controlled by the single-phase PQ theory. This power calculation is based on an
adaptive filtering technique. Figure 4.16 represents the structure of the proposed power
calculation method. As it is shown in Figure 4.16, the calculation requires a dedicated
PLL system for synchronization. Then, the following is valid according to Figure 4.16:

P(s) 15w, 1

P(s) s+ 15u  ms+1

. 4.9
Qs) 05w 1 (4.9)

Q(s)  s+05uy Tes+1

where 71, 79 are the time constants and “"” denotes the desirable/reference power. The
detailed derivation of this transfer function can be found in [130].
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Figure 4.17: Simulation results of a single-phase grid-connected system in different
operation modes (unity power factor and non-unity power factor): (a) active power
and (b) reactive power (1. power calculation based on LPF, 2. power calculation based
on DFT, 3. SOGI based power calculator, 4. the proposed method with 71 2 =5 ms).

It is indicated in Eq. (4.9) that the calculated average power (P and Q) is controlled
by p1 and py respectively. A large value of 11 o will make the estimated active power or
reactive power coming to steady-state quickly, but it will have a high overshoot if it is too
large. The settling time can approximately be calculated as: 47 2. However, considering
the performance of the PLL system, the settling-time for the proposed method may
be longer than 471 5, which has been verified by the simulation results presented in
Figure 4.17. This constraint should be taken into account to tune the parameters.
Nevertheless, the proposed power calculation method can also be adopted into other
single-phase applications, such as droop-controlled micro grids and also vehicle-to-grid
systems [127,131].

4.3.3 Transformerless PV inverters under grid faults

In Chapter 3, the benchmarking results have shown that the performances of single-
phase transformerless inverters are highly dependent on the mission profiles. In terms
of reliability and also efficiency, the HERIC inverter has been proved to be the most
promising solution for next-generation PV systems in order to achieve a reduction in
cost of energy. However, in response to the grid voltage disturbances, some of those
inverters might not be able to meet the relevant requirements, e.g. leakage current
rejection and reactive power injection capability.

Figures 4.18 and 4.19 show the performance of three transformerless PV inverters
under voltage sags, where the Const.-Igmq. RPI control strategy is adopted and the
system parameters are given in Appendix A.1. According to Figures 4.11 and 4.12,
once the grid fault is confirmed, the system enters into LVRT operation mode, where



Chapter 4. Control of PV Systems in Different Operations 71

ol o R Bt B N

S Y W‘Wwwu G TR TN

400 I AVTUTRVTTY iy ATTTEVTVY iy 'L‘ IRNRA AARA
// \\ i ill‘l‘t

1000 Q\i‘/ \Q il \\Q ;‘m ML

e NP o AR

0
600 v
muul omv
&

400 Vemy HH Vet

0

0.2 0.3 0.4 0.5 06 0.2 0.3 0.4 0.5 06 0.2 0.3 0.4 0.5 0.6
Time (s) Time (s) Time (s)

(a) (b) (©)

Figure 4.18: Performance of the three grid-connected transformerless PV systems in
low wvoltage ride through operation (0.43 p.u. voltage sag, grid voltage vy [V], grid
current iy [30xA], active power P [W], reactive power @ [Var], and common mode

voltage venv [V]): (a) FB-Bipolar inverter, (b) H6 inverter, and (¢) HERIC inverter.

reactive power should be injected appropriately. As it is shown in those test results,
in a wide range of grid voltage levels, the FB-Bipolar inverter can provide the required
reactive power during LVRT operation. The H6 inverter is also capable of riding through
the voltage sag within a voltage range of 0.5 p.u. to 0.9 p.u.. However, it also presents a
high leakage current under grid faults as shown in Figure 4.18(b). Moreover, the current
stresses on the extra devices of H6 are significantly higher than the four devices of a FB
inverter, as it is shown in Figure 4.19, which also confirmed the discussion in Chapter
3. Since the HERIC inverter is disconnected from the grid when the transformerless
inverter is also short-circuited in order to avoid leakage currents, the inverter can only
operate at unity power factor (i.e. no reactive power injection capability). In other
words, the HERIC is not suitable for use in single-phase PV applications in terms of
fault ride-through capability.

4.4 Summary

This chapter has discussed the issues regarding low voltage ride-through operation of
single-phase PV systems. Since such an advanced function is against the anti-islanding
requirements, grid code/requirement modifications have been suggested to increase the
compatibility of low voltage ride-through capability and anti-islanding protection in or-
der to enable more PV installations with secured grid stability. Moreover, suggestions
on other advanced features for the next generation PV systems have also been proposed
for the future grid requirement revisions after a review of current grid codes. Those fea-
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Figure 4.19: Average current stresses of IGBT devices in the three transformerless

PV inverters with different voltage levels: I- normal operation (0.9 p.u. < vy < 1.1

p.u.), II- LVRT with Const.-Igmas (0.5 p.u. < vy < 0.9 p.u.), and III- full reactive
power injection (vg < 0.5 p.u.).

tures are the key to the realization of a wide-scale adoption of single-phase PV systems,
where the energy is transferred efficiently and reliably to the grid.

In respect to the control of single-phase PV systems in different operation modes, this
chapter has presented a comparison of various current controllers in terms of harmonic
rejection capability, as well as a benchmarking of grid faulty mode control. Since reactive
power injection is normally required to support the grid voltage, three different strategies
have been proposed. Experimental results have demonstrated the effectiveness of the
proposed reactive power injection strategies for single-phase systems under grid faults.
It has also been verified that the power control based on single-phase PQ theory is an
effective solution for single-phase systems both in normal operation mode and under grid
faults. However, the performance of this control is dependent on the power calculation
unit and also the grid monitoring technique. Hence, a new single-phase power calculation
method has been introduced to enhance the performance.

At the end of this chapter, different transformerless PV inverters have been evaluated
under grid faults in terms of reactive power injection capability and leakage current
rejection ability. Together with the benchmarking presented in Chapter 3, it has been
found that although the HERIC can achieve the highest efficiency, it is not a good
candidate for single-phase PV applications due to its poor reactive power injection
capability.
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5 Constant Power Generation Control Concept

In this chapter, a constant power generation control concept for PV systems has been
introduced to unload the distributed grid capacity when a wide-scale adoption of PV
systems is reached. At the beginning of this chapter, the viability of this advanced con-
trol strategy is addressed, followed by the implementations of constant power generation
control in association with the case studies. In addition, due to the redistributed ther-
mal loading of the power devices in constant power generation mode, the entire system
reliability is also affected. Hence, this chapter also gives a discussion on the possibility
of reliability improvement of single-phase PV inverters by limiting the maximum feed-in
power to the grid.

5.1 Feasibility of constant power generation control

5.1.1 Limitations of increasing renewable energy adoption

With more environmental-condition-dependent renewable energy systems (e.g. PV sys-
tems, wind turbine systems, and fuel-cell systems) connected to the grid, aging dis-
tributed /transmission lines and local substations have to cope with the increased amount
of fluctuating power, which are affected by the mission profiles (e.g. solar irradiation).
This spectacular growth of renewable energy systems makes the grid highly decentralized
and vulnerable. Further increase of the penetration level of renewable energy systems
is required by most countries as discussed in Chapter 1. Consequently, the networks,
including substations, may experience severe over-loading [132-134], which may fur-
ther introduce stability problems and thus maintenance tasks, if the grid remains at its
current capacity.

Therefore, it calls for advanced grid reinforcement measures (e.g. replacement of old
transformers) for some countries, e.g. Germany. This is of importance, and alternatively,
the DSOs have to reduce the renewable energy installations. However, potential costs
brought by power grid infrastructure expansion, where the existing systems have to
be retrofitted, have become the main obstacles. For instance, studies conducted by the
Fraunhofer Institute for Wind Energy and Energy System Technology IWES and Ecofys
have demonstrated that, a huge amount of money (approximately 1.1 billion euros) is
required for grid expansion alone when the installed PV capacity reaches 70 GW by
2020 in Germany [134]. Thus, seen from a total cost point of view, the grid extension
approach is not the optimal solution in order to increase renewable energy utilizations,
like the single-phase PV systems.

5.1.2 Constant (absolute) power generation viability

In addition to the above consideration, as discussed in Chapter 1, catering for a vast
amount of PV hosting capacity magnifies the influences from PV systems on the grid,
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Figure 5.1: Active power control functions for wind turbine power systems defined in
the Danish grid code [142].

and thus the grid integration policies may change in the future [20, 34,134, 135], which
again may require a flexible power control of PV systems. This lesson is learnt from
the application issues of wind turbine systems to solve grid instability problems. For
instance, voltage rise on the distributed feeders can be alleviated either by enabling reac-
tive power control or by limiting the active power generation [20,27,136-138]. While due
to the high R/X ratio of low-voltage grids, reduction of active power shows more effec-
tiveness in voltage regulation than the reactive power control. Curtailing active power
output is similar to constant power production when the voltage amplitude reaches the
upper level. Moreover, frequency control through active power has been introduced for
PV systems as well to stabilize the grid frequency [20,27,138-141]. It can be achieved
by the droop function of the grid frequency and the active power.

Moreover, in a high penetration degree of PV systems, imbalances in or overloading
of the grid may occur due to intermittency and/or reconnection from fault situations
as discussed previously. Hence, similar to the requirements for wind power systems in
Denmark [142,143], it is better for PV systems to be equipped with active power control
functions, such as active power production constraint, delta production constraint, and
power ramp constraint. Those active power control functions are indicated in Figure 5.1.
In that case, the PV systems have to provide a wide range of active power controllability,
including constant power generation.

Currently, as it has been presented in [113,119,120] and [144], integrating energy
storage systems into PV systems seems also to be a good solution to desirably control the
active power. However, it will introduce additional cost and additional lifetime-limited
energy storage components, making it not an optimal approach [140]. Considering the
expenses, energy storage systems were mostly installed at the substation side instead of
integrated in the PV inverters in order to achieve constant power production. Today,
with the advancements of energy storage technology and its still decreasing price, some
companies have incorporated battery storage systems into their PV inverters in order
to increase the flexibility of the power control or the energy management [145].
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Actually, the constant (absolute) power production control can also be attained at
the PV inverter level. A representative study of a 3 kW single-phase PV system with
a yearly mission profile shown in Figure 3.6 has revealed its feasibility. As it is shown
in the energy production profile (Figure 5.2), a 20% reduction of the maximum feed-in
power from PV systems only leads to a 6.23% reduction of yearly total energy yield.
This is because that the PV systems are generally only operating at partial load through
a day. Thus, it is viable and reasonable to increase the PV penetration degree without
violating the grid capacity and retrofitting the existing systems by limiting the maximum
feed-in power from current existing PV systems. At the same time, frequency stability
can potentially be improved by enabling absolute power control [140]. Such issues are
already being discussed in some countries [133,135,144], where the PV systems share a
considerable proportion of electricity generation, e.g. Germany [134,135,144].

As illustrated, reducing the maximum feed-in power from existing PV systems can
contribute to decreased burden of the grid at a high penetration level, and thus allow
an even wider-scale adoption of PV systems. When the maximum power is limited, a
certain percentage of the energy from the current PV systems is cut off arbitrarily in a
long-term operation, which is shown in Figure 5.2, and thus in a short-term operation,
the PV systems should be able to operate in constant power generation mode, i.e.
absolute production constraint in Figure 5.1, when the output power reaches the power
limitation set by the DSOs considering the system demand and supply (e.g. 80% of the
nominal maximum power). Possible implementations of Constant Power Generation
(CPQG) control strategy are detailed in the followings.

5.2 Implementations of constant power generation control

As one of the active power control functions, which are aimed at 1) further increasing the
penetration level of renewable energy systems and 2) actively participating in frequency
control to ensure grid stability, the CPG control strategy enables more PV systems to
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be installed. It can be implemented by means of: a) integrating energy storage systems,
b) managing the total power of an aggregated PV system (power balancing), and c)
modifying the MPPT control of the PV inverters.

5.2.1 Integrating energy storage systems

Although integration of energy storage systems into highly PV-penetrated grids will
increase the total expenses, significant improvements of active power control functions
can be achieved [113,120,144]. Using energy storage systems, the PV output power can
be free of fluctuations and higher than its nominal value by continuously discharging the
energy storage systems. Because of the high cost, in the past, energy storage systems
were mostly installed at the medium-voltage side (substations), and more suitable for
large PV power plant applications. While, the price has dropped today, and also the
advancements of this technology make it possible to be integrated in PV inverters [145].

Nonetheless, since this technology has several advantages and gives much flexibility
to the active power control by providing an energy “reservoir”, and thus smoothing
the active power [113,120], it will be more widely adopted in the next-generation PV
systems for a flexible energy management, as discussed in § 4.1.2. In that case, the
penalty will only be additional cost and the introduction of lifetime-limited energy
storage components into the entire PV system. Besides, due to the significance in the
increase of self-consumption abilities and thus reduction of energy bills, many efforts
have been made into the integration of PV systems with batteries or mobility energy
storage systems (e.g. electric vehicles) [134,146-148].

5.2.2 Power management/balancing control

Inspired by the active power curtailment control, appropriately managing the power at
the secondary control level in an aggregated PV system can contribute to a constant
power production. As it is shown in Figure 5.3, when the distributed grid voltage exceeds
the limitation due to strong solar insolation in a highly PV-penetrated system, several
PV systems have to be cut-off in order to bring the voltage back [138]. Similarly, the
total output power can be maintained constant by properly managing the power of each
PV unit, as it is shown in Figure 5.4, where the entire system is controlled centrally.
The power reference commands for each PV system are determined (managed) by a
central control system. The total output power can be expressed as,

]Dia WheIl Z Pmari < ]Dlimit
=1 ile (51)
Plimih when Z Pmaxi > Plimit

=1 a

Ptotal =

where P44 is the maximum power of each PV system (unit) achieved by MPPT control
and Pyt is the total power limitation of the distributed grid.
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Figure 5.3: Voltage reduction by cutting off PV systems during peak production
period in a highly PV-penetrated system.

As it is illustrated in Figure 5.4, in this control strategy, some PV units operate in
MPPT mode, while some in CPG mode. This means that an individual PV inverter
should be able to adjust its output power (e.g. constant power) according to the power
set-points from the central control unit. Moreover, this system can also operate in delta
power production mode or in a controlled power ramp-rate mode like what has been
illustrated in Figure 5.1, only when the power reference for each PV unit is allocated
appropriately. Similarly, a constant power production can also be achieved in a hybrid
system (e.g. PV system and small wind turbine) as long as it is properly balanced by
the central control unit. Notably, the implementation of this control strategy requires
the knowledge of the forecasted mission profiles (better monitoring system and forecast
algorithms) and an enhanced communication system.

5.2.3 Modifying MPPT control

For an individual PV inverter, the controllability of active power can be achieved by
modifying the MPPT algorithm [133]. In contrast to constant power production with
energy storage systems, using a modified MPPT control in the CPG operation mode
(MPPT-CPG control), there is no need to install extra devices and thus there are no
additional expenses in order to increase the penetration degree of PV systems.

The control structure of a two-stage single-phase PV system with CPG control by
modifying the MPPT control algorithm can be represented as shown in Figure 5.5, where
the MPPT-CPG control is implemented in the control of the DC-DC stage. Hence, the
whole system can be divided into two operation modes based on the output power of the
PV panels - the MPPT control mode and the constant power production mode. Hence,
the actual power production can be expressed as,

Primit, CPG, when Ppy (t) > Plimit
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Figure 5.4: Power management control to achieve a total constant power production
in an aggregated PV system.

in which P, is the output power, Ppy (t) is the instantaneous power of the PV system,
and Pjimqe is the power limitation.

During a day, the output power of PV strings is changing with the environmental
conditions, which means that the operation modes will also alter with solar insolation
and/or ambient temperature, especially in a cloudy day. Figure 5.6 shows an example
of different operation regions for a single-phase PV system during a day. Then, the
energy production in different operational modes can be calculated as ,

t

Ermpp = f PPV(t)dt

tiﬂ ta (5.3)

Eepg = [ Pimirdt + [ Pripirdt
t1 t3

where I,,,, is the available energy during a day with MPPT control, and Ep, is
the energy production in CPG operation mode in regions of II and IV in Figure 5.6.
Subsequently, the cut-off energy can be expressed as

to ty
Foue = / Ppv(t)dt + / Ppy (8)dt — Eup, (5.4)
t1 t3

which is the non-used energy, or it could be used to size, e.g. an energy storage system.

According to Figures 5.5, 5.6, and Eq. (5.3), the operation principle of MPPT-CPG
control for a PV inverter can be described as follows. When P, > Pjimt, the system
enters into CPG operation mode and the MPPT control is deactivated. The PV output
power is regulated by a proportional controller (k.py). The proportional controller is able
to maintain the output power constant during the operation. When P,, < Fjjp, the

system should deliver as much energy as possible to the grid with an advanced MPPT



Chapter 5. Constant Power Generation Control Concept 79

; PV Panels Boost Inverter LCL-filter Grid
-O- TN I v,
C.) L > 1 Zg Y
I B A
v v ¥ Vov PWM, Vi \, Load
Inverter Control

Plimit ﬂ MPPT/CPG Control Vie —»

¥ Poy
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Figure 5.6: Operation regions (I, III, V - MPPT; II, IV - CPG) for a single-phase
PV system during a day with MPPT and CPG operations.

control algorithm, and thus the CPG control is disabled. In both operation modes, the
DC-link voltage (vq4.) is regulated via a Proportional Integrator (PI) controller to be
constant to ensure the power injection. Current controllers should further be selected
in terms of good harmonics rejection.

Besides the above solutions, an alternative way to attain constant power production
is to directly modify the MPPT algorithm, as it is presented in [133]. All solutions
require a better knowledge of MPPT control algorithms. Typically, the Perturb-and-
Observe (P&O) and incremental-conductance MPPT methods can be adopted in a
PV system. However, a sudden change of the operation condition (e.g. from MPPT
operation to CPG operation mode) may introduce instability [149], being a challenge
for those MPPT control systems, which needs more in-depth investigations.
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Table 5.1: Parameters of the 38 kW two-stage single-phase PV system.

PV panels rated power P, = 3000 W

Boost converter inductor L =5mH

DC-link capacitor Cye = 2200 pF

LCL-filter Ly =2mH, Ly =3 mH, Cy = 4.7 uF
Switching frequencies for boost stage and inverter froost = fine = 10 kHz

Grid nominal voltage (RMS) Vg =230V

Grid nominal frequency wo = 27 X 50 rad/s

5.2.4 Operation examples of CPG control

Referring to Figures 4.5 and 5.5, simulations of a two-stage single-phase grid-connected
PV system are carried out to verify the effectiveness of the proposed MPPT-CPG con-
trol concept. The system parameters are shown in Table 5.1. The control parameters
are given in Appendix A.2. The P&O MPPT control method is adopted in the MPPT
operation mode [150]. In the CPG operation mode, the control unit receives the power
set-point command P, and the PV output power is regulated using a simple pro-
portional controller as it is shown in Figure 5.5. The DC-link voltage is maintained as
v}, = 400 V. Firstly, the single-phase PV system with CPG control by modifying MPPT
algorithm is tested under constant ambient temperature, but the solar irradiance level
has experienced ramp-changes. The results of the PV system under this mission profile
are presented in Figure 5.7, which also shows the solar irradiance profile.

It has been shown in the results that, when the maximum power exceeds the limi-
tation (80% of nominal power set by the central control system), the CPG control has
been activated and thus a constant output power of the PV strings is achieved effec-
tively. Once the output power goes below the limitation due to lower solar irradiance
(or higher ambient temperature), the system returns to the MPPT operation with en-
sured stability, as it is shown in Figure 5.7(b). Then, the maximum power from the PV
strings are fed into the grid.

In order to further test the performance of the PV system with MPPT-CPG control
under longer mission profiles, two daily environmental conditions have been applied
to the two-stage system shown in Figure 5.5, and the system parameters are listed in
Table 5.1. Energy production is also estimated using Eq. (5.3). The effectiveness of the
advanced control strategy by modifying MPPT control to limit maximum feed-in power
has been demonstrated in the results shown in Figure 5.8. However, the injected power
to the grid presents a larger overshoot as shown in Figure 5.8 due to rapid solar irradiance
changes of a cloudy day. This means that the robustness of the control system has to be
enhanced by optimizing the control parameters. Nonetheless, the CPG concept is able
to control the PV systems with a constant power output and limited loss of energy, and
thus more PV systems can be installed without upgrading the grid capacity.
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Figure 5.7: Performance of a 3 kW single-phase PV system with constant power
generation control: (a) output power and solar irradiance profile, (b) PV power v.s.
PV woltage, (¢) PV voltage, and (d) PV current.

5.3 Reliability analysis of full-bridge PV inverters in constant
power generation mode

The effectiveness of MPPT-CPG control strategy for PV systems has been demonstrated
above. Due to the reduction of feed-in peak power, overloading issues can at least be
alleviated with this control strategy, and thus allowing more installations of PV systems
or other renewable energy systems on the same grid, as long as the CPG control is also
enabled in the new systems. In addition, according to Figure 3.1, the CPG control
attains a possibility to reduce the thermal stress on the power devices, since the power
loss profile is changed through a long mission profile, when the PV system enters into
CPG mode from MPPT mode and vice versa. As a result, the thermal stresses will
affect the reliability of the PV system as it has been discussed in Chapter 3. Although
limiting feed-in peak power from PV systems is already required in some countries,
e.g. Germany [134], there is still a lack of quantitative and qualitative analysis on
the potential reliability improvement by the MPPT-CPG control besides unloading the
grid. On the basis of the mission profile based reliability analysis approach proposed in
Chapter 3, the following will demonstrate this benefit.
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Figure 5.8: Results of a 3 kW single-phase PV system with constant power
generation control (top: solar irradiance [kW/m?], middle: ambient temperature [° CJ,
bottom: output power [kW]): (a) clear day profile and (b) cloudy day profile.

5.3.1 Mission profile reconstruction

As it has been presented in § 5.2, there are several possibilities to realize a constant power
generation. Considering real-field applications, where limiting feed-in peak power was
not initially included, the CPG control based on modifying MPPT algorithm is adopted
in a two-stage single-phase PV system for lifetime investigations. Referring to Figures
4.5 and 5.5, the block diagram of a two-stage single-phase PV system with MPPT-
CPG control is represented as Figure 5.9, where the decoupling relationship between
the power losses and the temperature is also shown. The parameters of this single-phase
system are listed in Table 5.1.

It can be observed in Figure 5.9 that the mission profile will contribute to lower
power losses and thus lower junction temperatures due to the arbitrary cut-off power
in CPG operation mode. The resultant thermal loading profile can then be applied
to the mission profile based analysis approach for a quantitative and/or qualitative
lifetime estimation, which have been detailed in Chapter 3, as long as it is appropriately
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Figure 5.10: Power flow block diagram of a single-phase two-stage PV system with
MPPT control under a reconstructed mission profile to emulate the thermal loading
profile when CPG control is applied.

interpreted to a lifetime model. Besides, the mission profile based analysis approach
also requires a compound loss/thermal model based on look-up tables to accelerate the
evaluation process, especially under a long term mission profile, e.g. one year.

However, repeating work is also time-consuming to build a look-up table based model
for this specific application - single-phase full-bridge PV inverter in MPPT-CPG opera-
tion mode, since such a compound model for the system in MPPT operation mode has
already been constructed in Chapter 3. That model takes the mission profile as input,
and the thermal loading and the power loss profiles of the power devices in the PV in-
verter are the outputs. As a result, alternatively, a mission profile can be reconstructed
or retrofitted in order to obtain the same translated power loss profile of the power
devices in this system on an assumption that the MPPT control is of good robustness.
The power flow block diagram of a single-phase PV system with MPPT control under
the reconstructed mission profile is shown in Figure 5.10.

As seen in Figures 5.9 and 5.10, retrofitting the mission profile to acquire the thermal
loading of the same inverter with the MPPT-CPG control is valid, since in a two-stage
system, the DC-link voltage v} is controlled to be constant. This means that the power
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Figure 5.11: Reconstructed mission profile by 20 % reduction of peak feed-in power.

loss profile will be a function of the input current (thus, input power P;,) if the other
conditions (e.g. switching frequency) are the same. Therefore, as long as the mission
profile is reconstructed appropriately, the same loading profile as that of the system
with the MPPT-CPG control can be obtained. A reconstructed Mission Profile (MP)
by 20 % reduction of peak feed-in power has been compared in Figure 5.11 with the
original MP for a 3 kW PV system. Notably, due to the thermal model dependency
of the ambient temperature, only the solar irradiance level is retrofitted, which ensures
that the resultant thermal loading profile under a reconstructed MP with MPPT control
will be the same as that under the original MP with the MPPT-CPG control.

5.3.2 Lifetime analysis results

After the reconstruction of a long-term mission profile, e.g. a yearly mission profile
shown in Figure 5.11, the lifetime of the power devices in a certain PV inverter in both
MPPT and MPPT-CPG modes can be compared quantitatively under this mission
profile. A yearly mission profile of high sampling rate (5 Hz) shown in Figure 5.11 has
been used for this case study. According to the mission profile based analysis approach
proposed in Chapter 3, both the original and reconstructed mission profile have to be
decomposed into different time-scale mission profiles. In this case, the decomposition
frequency is 1 Hz (ts = 1 s). According to Figure 3.14, a rain-flow counting algorithm
[106] has been applied to the long-term loading profiles to extract the temperature stress
of the thermal profiles. The lifetime model (number of cycles to failure, Ny) given in
Eq. (3.5) and [107] is adopted for lifetime calculation due to its relative accuracy, and
for convenience, it is given again by,

o : C+ (ton)” E,
Ny = A(AT))* (ar) rATi+5o {C:—O{V)} exp (kBT‘ )fdiode (5.5)
m

where A, «, By, B1, v and C are the model parameters listed in Table 3.1, and AT},
Tjm, and ton are the amplitude, mean value, and the period of the temperature cycles
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Figure 5.12: Power device thermal loading in different operation modes: (a) MPPT
contol and (b) 80% feed-in of peak power in MPPT-CPG mode.

extracted from the thermal loading profiles. It should be pointed out that the lifetime
model shown in Eq. (5.5) is for a single power device, and hence only one power device
of the PV inverter is analyzed in the following.

A comparison of the power device thermal loading of the PV inverter in different op-
eration modes is represented in Figure 5.12, where in MPPT-CPG operation mode, the
power limitation is set to be 80 % of the peak power (e.g. 2400 W) under standard test
conditions. It is clearly shown in Figure 5.12 that the maximum junction temperature
of the power devices is reduced by 6 °C in MPPT-CPG operation mode, and thus the
temperature cycle amplitude is also reduced. According to Eqgs. (5.5) and (3.6), even
without rain-flow counting, a qualitative result obtained is that the CPG control can
contribute to a large number of cycles to failure and thus less lifetime is consumed.

Quantitative results enabled by rain-flowing counting are given in Figure 5.13, which
shows that the number of cycles of the temperature cycling amplitudes ATj from 15
°C to 65 °C has been reduced significantly, and the number of cycles of the mean
junction temperatures AT}, within a range of 35 °C ~ 65 °C are also clearly reduced.
Consequently, the Life Consumption LC given by Eq. (3.6) is reduced in comparison
with that in MPPT operation mode. According to Egs. (3.7) and (3.9), the lifetime of
the power devices of the PV inverter under this mission profile given by Eq. (5.6) has
been improved.

1
LFcpe = ﬁLFMPPT (5.6)

with LEcpg, LFyppr being the lifetime of the power devices in MPPT-CPG and
MPPT modes respectively, and LC being the LC' of the power devices in the MPPT-
CPG operation mode normalized to that in MPPT mode. This has been illustrated in
the calculated LC distributions in Figure 5.14.

It is also seen in Figure 5.14(a) that the temperature cycles within a range of 15
°C ~ 55 °C consumed most of the lifetime under the decomposed mission profile (long-
term). Moreover, although the temperature cycles with large amplitudes (e.g. 45 °C <
AT; < 55 °C) account for a small number, they have contributed to much loading. One
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Figure 5.13: Rain-flow counting results of the power device of a 38 kW single-phase
PV inverter considering a long-term mission profile in different operation modes
(MPPT and MPPT-CPG with 80 % of peak power feed-in): (a) junction temperature
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Figure 5.14: Life consumption (LC) distribution of the power device of a 3 kW
single-phase PV inverter considering a long-term mission profile in different operation
modes (MPPT and MPPT-CPG with 80 % of peak power feed-in): (a) normalized LC

distribution on AT; and (b) normalized LC distribution on the cycle period ton.

conclusion drawn from Figure 5.14(b) is that temperature cycles with the periods of 1
min to 1 hour are the main contributors of damage under the decomposed mission profile.
In fact, the real-field mission profile used in this study varies at a rate of minutes, which
means that the previous assumption for the mission profile decomposition is reasonable,
and thus the temperature cycles within this range consume much lifetime. Those results
have shown that the MPPT-CPG control can contribute to improved reliability of the
power devices in a certain PV inverters with a limited energy loss.
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Figure 5.15: Energy reduction and normalized life consumption due to the limitation
of mazximum feed-in power considering the mission profile in Figure 5.11.

To further investigate the benefits of reliability improvement by limiting maximum
feed-in power of PV systems at different levels, more evaluations have been carried out.
The results are shown in Figure 5.15, the LC is normalized to that of power devices in
MPPT operation mode considering both decomposed long-term and short-term mission
profiles. It can be seen from Figure 5.15 that, when the maximum power is limited
to 90 % and 80 % of the rated one, the corresponding energy yield reductions are of
3.11 % and 6.23 %, respectively, while the accumulated damage under this mission
profile has been reduced by 65.0 % and 82.2 %. Thus, the lifetime of the power devices
is significantly extended to 2.86 times and 5.62 times according to Eq. (5.6). Those
evaluations have verified the effectiveness of reliability improvement by limiting feed-in
power. A trade-off between the lifetime extension and the yearly energy generation can
be done according to Figure 5.15.

5.4 Summary

This chapter has discussed the feasibility of the constant power generation control strat-
egy for PV systems in order to cater for more PV energy in the line without violating
the grid capacity. Possible implementations of this control strategy have also been pre-
sented, including a) integration with energy storage systems, b) power management
control in an aggregated PV system, and ¢) modifying MPPT control. Considering
real-field applications, where limiting peak power control is not initially included, the
CPG control with MPPT modification can still be applied for extending the lifetime
of the existing PV inverters by only software algorithm adjustments. Operation exam-
ples for two-stage single-phase grid-connected PV systems in constant power generation
mode with MPPT modification have been demonstrated to show the effectiveness of
this control strategy.
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Besides, this chapter has also revealed that improved reliability of the power devices
in single-phase PV inverters by the constant power generation control has been achieved.
Using the time-efficient mission profile based reliability analysis approach proposed in
Chapter 3, the lifetime of power devices by considering the temperature loading profiles
is calculated in different operation modes. The results have illustrated that, besides
the peak power limiting function considering grid capacity, the MPPT-CPG control can
also extend the lifetime of the devices in PV inverters, when the maximum power is
limited below the rated level, while the energy yield reduction is quite limited.

This penalty is economically viable since it avoids large investment in expanding
the grid capacity and reduces the cost due to PV inverter failures, and thus lowers the
cost of energy. The quantitative study performed in this chapter provides a guidance
on the trade-off between the lifetime extension and the yearly energy generation for a
3 kW single-phase system. As this control strategy has been in effectiveness in some
countries, the same philosophy may also be applied to other renewable energy systems,
e.g. fuel-cell systems for further reduction of cost of energy.



Chapter 6. Thermal Optimized Control Strategy 89

6 Thermal Optimized Control Strategy

This chapter deals with the controllability of junction temperatures of the power de-
vices in PV systems through appropriate power allocation, also named as “Thermal
Optimized Control”, in order to propose means to extend lifetime. Firstly, the princi-
ple of this control strategy is illustrated. Then, the implementation of this advanced
control strategy for PV systems under grid fault is presented in details. Simulation and
experimental results are included to verify the effectiveness of this thermal optimized
control method of PV systems.

6.1 Thermal optimized control of PV systems

As it is discussed and suggested in § 4.1, the next generation PV inverters are expected
to comply with more stringent grid codes, including higher reliability requirements,
especially when a high penetration degree of PV systems, in order to further lower
the cost of energy. The reliability requirement will be more strict in a highly PV-
penetrated system (consists of many PV units), since the PV systems should not cease
energizing in the case that some PV units fail to operate; otherwise, the stoppage of all
PV units will lead to a power blackout in this system. A PV inverter typically consists
of power devices (e.g. IGBT and MOSFET), where various factors can contribute
to the failures, e.g. thermal stress, electrical stress, mechanical stress, materials of
the part and deviation in product process. Since the temperature stress has been the
most commonly observed failure mechanism for power electronics based systems [50,51],
proper thermal management/control of the power devices may possibly contribute to
an improved reliability of the power devices, and thus extended lifetime of the entire
inverter. Moreover, the temperature is coupled with the power losses on the device
as indicated in Figure 2.11 and Eq. (2.6), and thus thermal control can be achieved
through power control in the PV inverter. In light of this, a thermal optimized control
strategy is introduced for the power devices in single-phase PV inverters in order to
reduce the junction temperature stress, and thus to achieve improved reliability of a PV
inverter. The viability of the proposed thermal optimized control strategy is illustrated
in the following.

6.1.1 Feasibility of junction temperature control strategy

To study the viability of the junction temperature control strategy, a 3 kW single-phase
system has been built. Figure 6.1 shows the hardware schematic and control diagram
of this system with the ability to achieve a controllable (reduced or constant) junction
temperature. As it can be observed, a temperature reference (e.g. device maximum
allowable junction temperature) is set in the control system. The system can not only
perform standard functionalities like a) optimization/maximization of the input power,
b) control of the inverter output voltage (i.e. voltage control), and ¢) synchronization
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Figure 6.1: Hardware schematic and control diagram of a single-phase single-stage
full-bridge PV system with thermal optimized control.

with the grid voltage [16,19,151], but also advanced control strategies, like LVRT and
reactive power injection as discussed in Chapter 4.

When the reactive power injection is enabled under grid faults, the thermal behavior
of the power devices will be affected. Besides, in real-field applications, the PV systems
are operating in harsh environments, where the solar irradiance level is not constant,
and thus the input power of the PV inverters are also varying. This will influence
thermal loading conditions of the power devices. As it has been indicated in Figure 6.2,
the power loadings on the power devices are different under various solar irradiation
levels. Consequently, the junction temperature (e.g. maximum junction temperature
Tymae and the junction temperature fluctuation amplitude ATj;) will vary with the solar
irradiance changes, which will affect the number of cycles to failure as illustrated by Eq.
(6.1) [152]. In addition, both a high ambient condition change (e.g. solar irradiance level
drop due to running clouds) and a sudden operation mode change (e.g. from MPPT
mode to LVRT mode) may cause catastrophic failures of the power devices.

Ny = A- (AT;)P. exp(ﬁ) (ton)P - iP (6.1)
Tim

in which Ny is the number of cycles to failure, A, £1 234 are the model coefficients
related to the power device material, ton is the switching pulse width, and i is the
wire current. As illustrated above, there are various factors that will affect the device
temperature, e.g. current level i, voltage stress v, ambient temperature T,, switching
frequency fs, and power losses Pj,ss. The relationship between the device temperature
and the failure mechanisms can simply be given as,

Tj = f(i,U,Ta, fS?PlOSSa ) (62)

It is clear that the power losses as well as the current stresses have a strong relation-
ship with the injected power. According to Eqgs. (6.1) and (6.2), the resultant power
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Figure 6.2: Thermal loading of the power devices of the full-bridge PV inverter
shown in Figure 6.1 under different solar irradiance levels: (a) maximum junction
temperature and (b) junction temperature variation.
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Figure 6.3: Implementation of thermal optimized control strategy for PV systems.

loss profile will lead to a redistribution of the thermal stresses on the power devices, and
then affect the lifetime. Therefore, it is reasonable that the junction temperature of the
power devices can be manipulated indirectly through an appropriate allocation/control
of the injected active power and reactive power.

6.1.2 Implementation of thermal optimized control

The philosophy of the proposed thermal optimized control method has been illustrated
in § 6.1.1. A detailed implementation of this control strategy is represented in Figure
6.3. By optimizing the power references (P* and Q*) as shown in Figure 6.1 according to
the system operation conditions (e.g. fault ride-through operation mode), an allocation
of the active power and reactive power can be done, and thus the goals of a controllable
junction temperature can be achieved.

As it is shown in Figure 6.3, with the advanced thermal optimized control strategy,
the next-generation PV systems can not only meet the basic and specific grid integration
requirements (e.g. power quality issues and LVRT in response to grid faults), but
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can also enhance the reliability performance by means of controlling the power device
junction temperature through active and reactive powers exchanging with the grid.
The key of the implementation of this control method is to find the optimum power
references, which are dependent on the system operating conditions, by means of look-
up tables or mathematical derivations.

6.2 Operation examples with thermal optimized control

In order to demonstrate the proposed control strategy, a 3 kW single-phase PV system
is tested under grid faults, where reactive power injection is also required. The thermal
models of the power devices and the thermal parameters are given in Figure 2.12(b)
and Table 2.2. The other parameters are given in Appendix A (Figure A.2 and Table
A.1). As proposed in § 4.3.1, there are three reactive power injection strategies for
single-phase PV systems in LVRT operation mode. Here, the constant peak current
control (Const.-Igmqe) and the constant active power control (Const.-P) are selected to
illustrate the principle of the proposed control strategy.

6.2.1 Case study description

In case that Const.- P has been adopted for this single-phase system under grid faults, the
active power will be maintained constant during the short-term operations. According
to Eq. (4.4), the power factor can be expressed as,

- . , (1-1) paw <v, <09 pu.

1
COSY="5 = TPz \/1 + k2 (vg = vg)? (6:3)
0,

0<vy < (1-3%) pu

where k is defined in Figure 4.11(b), P, is the active power before fault, () is the required
reactive power depending grid voltage level vy, and S is the instantaneous apparent
power. When the Const.-I;p,,, is adopted, the injected grid current amplitude Igy,q4 is
kept to be the inverter rated current In, i.e. Igmaes = In. According to Eq. (4.8), the
corresponding power factor in LVRT operation mode can be given by,

T—k2-(1—v,)2, 1—4) pu. <v, <09 pu
cossp:g:%: \/ 7 ( k> ! (6.4)
VPQ 0, 0<v,<(1-1%) pu

in which P is the active power, k, @), and S have been defined previously.

As aforementioned, the thermal performance of a PV inverter is affected by the power
losses, which are dependent on the power allocations in the devices. Under these two
reactive power injection strategies, the ratio between the active power and the required
reactive power is varied, and thus the power factor. Therefore, the junction temperature
is affected. According to Egs. (6.3) and (6.4), the control areas for these two strategies
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under grid faults can be plotted in Figure 6.4. The upper borders (solid lines) of the
control areas (I and IT) are the maximum power factor (k = 2) that is required under
grid faults according to Figure 4.11(b). Thus, in these control areas (I and II), the
active power and reactive power can be allocated properly and intentionally, and varied
by adjusting the slope k or by changing the control strategies.

For instance, when a voltage sag (0.3 p.u.) occurs, the Const.-I g4, control strategy
is firstly activated. In this case, the required power factor should be approximately 0.8
with £ = 2 p.u.. By adjusting k£ to 3 p.u. or changing the mode of control to Const.-P
control strategy, the operation points will change from C to D or from C to A. Thus,
the injected active power and reactive power are controlled, allowing the control of the
junction temperature by varying k or changing the control strategies.

6.2.2 Power references

Regarding the implementation of the thermal optimized control strategy, the power
references should be acquired firstly either using look-up tables or mathematical deriva-
tions. The latter requires a better knowledge of the power device materials, the topolo-
gies, the switch schemes, and etc.. Meanwhile, the coupled relationship between power
losses and the junction temperature further increases the derivation complexity. A look-
up table based method is simple, and can easily be implemented. Thus, a look-up table
based implementation method is chosen for this case based on pre-calculated values.
In order to create a satisfied look-up table and thus to find the optimum power ref-
erences for the proposed method, different cases (varying allocations of reactive power
and active power) are simulated when a low-voltage fault occurs. The results are pre-
sented in Figure 6.5, which shows that the maximum junction temperature (T),q0) Of
the power devices will exceed the allowable value (e.g. 125 °C) under very low voltage
conditions (e.g. 0.4 p.u.). It also reveals that the maximum junction temperature will
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Figure 6.5: Mazimum junction temperature (Ljmas) of a full-bridge inverter (rated
power P, = 3 kW) with different injected powers: (a) P = 80% P,, (b) P = 60% P,,
(¢c) P = 0% P, and (d) P = 20% P,.

increase with injecting required reactive power in Const.-P control mode. By decreas-
ing the active power output and limiting the reactive power injection, the maximum
junction temperature could be controlled below a desirable value (e.g. Tjmazs a= 80
°C), and consequently the maximum/mean junction temperature can be kept almost
constant during ride-through operation. Notably, the desirable temperature T},,q0 g
may be higher than 80 °C in other applications of higher power ratings (e.g. 6 kW).

Considering the required reactive power injection in Figure 4.11(b), the active power
and reactive power references can be obtained as shown in Figure 6.6(a) under differ-
ent voltage sag levels. While for a constant junction temperature of 80 °C, based on
Figure 6.5, the power references can be obtained and shown in Figure 6.6(b). Conse-
quently, the reference generation zones (I and IT) can be implemented as the “Power
Reference Generation” unit in Figure 6.1. In the detailed control structure of the pro-
posed method in Figure 6.3, the power references for grid (LVRT) requirements (Figure
6.6(a)) and constant junction temperature (Figure 6.6(b)) can be implemented as the
“Grid Requirements” and “ Thermal Optimization” units, respectively.

The use of the power references can be illustrated as follows. When the grid sag e.g.
is 0.6 p.u., there are at least two sets of power references available in Figure 6.6(b) to
achieve a constant junction temperature - 1) P, = 0.2 p.u., Q%, = 0.68 p.u. and 2)
Pj, = 0p.au., Q% = 1 p.u.. For the first case, if the Const.-Igmq, is adopted, the active
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Figure 6.6: Reactive power and active power references for a PV inverter: (a) to
comply with the grid requirement of reactive power injection during LVRT, “g” - Grid,
k=2 p.u. (red) and k=3 p.u. (black) in respect to Figure 4.11(b) and (b) to achieve a

constant junction temperature (Tjmaez a = 80 °C), “J” —Junction.

power should be 0.2 p.u. (Point B in Figure 6.6(a)). One way to generate this active
power is to change the slope k, being 2.36 p.u., while the corresponding reactive power
Q= 0.57 p.u. (Point D in Figure 6.6(a)). This reactive power is insufficient to keep
the junction temperature constant as shown in Figure 6.6(b) (Point A), and thus, the
maximum junction will be lower than the desired value T}j;,q2 4. Once the appropriate
reactive power (Q* = Qy= Q% = 0.68 p.u. optimized by the “Power Optimization and
Central Control ” unit) is injected to the grid, the peak value of the injected current
will not be constant during LVRT, but the maximum junction temperature will be kept
constant. Then, both LVRT and thermal optimized control goals are achieved. Another
way to achieve a constant junction temperature is to further decrease the active power
generation either by increasing k or changing the reactive power injection strategies
(from D to C), as it is shown in Figure 6.6(a).

According to Figure 6.5, the junction temperature of the power devices is propor-
tional to the injected reactive power and the generated active power (power losses).
Thus, in order to achieve a constant or reduced junction temperature and considering
the grid requirements under grid faults, there might be several sets of power references
as long as the power losses are kept constant or reduced as it is illustrated in Figure 6.7.
If the power optimization objectives given by Eq. (6.5) is implemented in the “Power
Optimization and Central Control ” unit in Figure 6.3, a reduced junction temperature
control will be achieved and the LVRT requirement will also be fulfilled.

{P* = min {P;, P;} 65)

Q" = min {Q;,Q5}
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Figure 6.7: Flowchart of the thermal optimized control strategy.

Table 6.1: Power loss distributions of the IGBT modules of a 3 kW single-phase PV
inverter in different operation modes (unit: W, voltage sag: 0.4 p.u.).

Device No. in Figure 6.1 Sq1 D, So Dy Ss D3 Sa Dy
MPPT mode 19.2 3.1 18.95 3.1 18.95 3.1 19.2 3.1
Const.-P 38.9 10.6  38.5 10.7  38.9 10.6  38.5 10.7
Const. junction temp. control 18.62 8 18.38 8.1 18.38 8.1 18.62 8
Const.-Igmax 16.4 5.85  16.2 5.9 16.2 5.9 16.4 5.85
Reduced junction temp. control 13.5 5.4 13.3 5.5 13.3 5.5 13.5 5.4

6.2.3 Simulation and experimental results

In order to verify the effectiveness of the thermal optimized control strategy to achieve
a reduced or even constant junction temperature operation, referring to Figure 6.1,
a 3 kW single-phase PV system shown in Appendix A.2 was studied under different
operation conditions in simulations. In regards to LVRT operation, the Const.-P and
Const.-Igmq, are selected as the reactive power injection strategies for comparison and
consistency. The power losses on the devices are firstly presented in Table 6.1. Figures
6.8 and 6.9 show the thermal behaviors of the PV system under grid faults (0.4 p.u.
voltage sag level).

With Const.-P control strategy, the injected grid current level may exceed the in-
verter limitation as it has been discussed in § 4.3.1, and normally the current amplitude
is higher than that in MPPT operation mode. Large injected currents will lead to more
power losses and thus the mean/maximum junction temperature will increase in LVRT
operation, which has been verified by the results presented in Table 6.1 and Figure
6.8(a). By applying the thermal optimized control (constant junction temperature con-
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Figure 6.8: Performance of a single-phase PV system under grid faults (0.4 p.u.
voltage sag) with different control strategies: (a) Const.-P control and (b) constant
junction temperature control.

trol), the power losses on the power devices are reduced in LVRT operation mode, as it
is shown in Table 6.1. Consequently, the maximum junction temperature is maintained
constant, as it is proved in Figure 6.8(b). Moreover, the IGBT temperature cycling am-
plitude is also reduced to 11.5 °C (ATj2) from 27 °C (AT}1) with the advanced control
strategy, and thus the overall reliability of the PV system is further improved according
to Eq. (6.1). In addition, Figure 6.9 shows the results of the same PV system with
the proposed control method to achieve a reduced junction temperature during LVRT
when the Const.— I, control strategy is adopted. Since the power references for this
control method are optimized according to Eq. (6.5), in comparison with the constant
junction temperature control, the reduced junction temperature control method can
fulfill the requirement of reactive power injection and also can reduce the maximum
junction temperature. Those results show the effectiveness of the proposed thermal op-
timized control method to achieve a reduced or even a constant junction temperature of
the power devices under grid faults, and thus possible catastrophic failures are at least
avoided.

Since the lack of open IGBT modules running in grid-connected mode, the illus-
tration of the junction temperature controllability is experimentally demonstrated on a
commercial 3-level Neutral-Point-Clamped (NPC) high power PV inverter operating at
low power conditions, which is available in the lab. The rated current and voltage of the
NPC PV inverter are 30 A and 1200 V respectively, and each leg of the NPC inverter
consists of two IGBTS, two clamped diodes and two MOSFETS, as it is shown in Figure
B.3(a) in Appendix B. The system parameters are shown in Appendix B (Table B.1).
The experimental results are presented in Figure 6.10 and Table 6.2 , which demonstrate
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Figure 6.9: Performance of a single-phase PV system under grid faults (0.4 p.u.
voltage sag) with different control strategies: (a) Const.-Igmaq control and (b) reduced
junction temperature control.

Table 6.2: Test results of a single-phase 3-level NPC PV inverter under different
power factors.

Hotspot T t °
Test No. Power Factor P (W) Q@ (Var) S (VA) otspot Temperature (“C)

Spl Sp2 Sp3

1 0.4538 257.4 505.5 567.3 23.7 23.3 22.6
2 0.8955 507.5 252.3 566.8 24.1 24.6 23.6
0.9996 564.7 16.8 565 23.7 24.9 23.4

that the junction temperature of the clamped diode (i.e. hotspot Sp2) experienced a
linear change with the power factor (by changing the resistive-inductive load as shown
in Table B.2 of Appendix B). While the junction temperature of the IGBT is kept the
same, but the power factors are different (Test No. 1 and No. 3). This verifies the
possibility to achieve a constant (or reduced) junction temperature of the power devices
through active power and reactive power control, which is the essential idea of this
advanced control strategy.

6.3 Summary

In this chapter, a thermal-optimized control strategy for PV systems has been intro-
duced. Applying this advanced control strategy, a reduced or constant junction temper-
ature of the power devices in PV inverters can then be achieved, and thus an improved
overall reliability can be ensured. The controllability of junction temperatures through
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Figure 6.10: Experimental results (thermal measurements) of a single-phase 3-level
NPC PV inverter under different power factors: Sp1 — IGBT, Sp2 — Clamped Diode
and Sp3 — MOSFET.

appropriate allocation of the active power and reactive power has been demonstrated
on a single-phase PV system undergoing grid faults in simulations. It has been shown
that the introduced control strategy can contribute to an improved robustness of the PV
systems in response to abnormal grid conditions. In addition, the effectiveness of this
advanced control strategy has also been confirmed by the experiments of a three-level
neutral-point-clamped PV inverter.

Although the above verifications were conducted on a single-phase PV system spe-
cially in the fault ride-through operation mode, the essence of the thermal optimized
control strategy - the controllability of power device junction temperature through the
injected power regulations can also be applied to other systems. For example, the ther-
mal optimized control strategy offers the possibility to maintain a controllable junction
temperature of the power devices under varying solar irradiance levels only if a wide
range of reactive power injection is allowed. By circulating the reactive currents between
paralleled inverters, the junction temperature variations are possible to be reduced, as
it has been discussed in [153] for wind turbine applications.
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Part 1V

Conclusions

This part is the conclusion of the Ph.D. thesis, which consists of one chapter - Chapter
7. Summary and Qutlook.

7 Summary and Outlook

The intent of this chapter is to summarize the work, which has been done throughout
this Ph.D. project, and to emphasize the main contributions of this project documented
in this thesis - evaluation of transformerless PV inverters, including reliability and
advanced control strategies for the next generation PV systems. Then, this chapter ends
with an outlook of this topic in order to enrich the future research outcomes.

7.1 Summary

The main subjects of this project are: a) evaluation and benchmarking of single-phase
transformerless PV systems and b) advanced control strategies for single-phase PV
systems. The first subject has been described in Chapter 3 using the models detailed in
Chapter 2. Based on the evaluations, advanced control strategies have been proposed
and detailed in Chapters 4, 5, and 6. Moreover, the models in Chapter 2 have been used
to verify the appropriation and effectiveness of the proposed control strategies.

In the Introduction, an overview of the grid-connected PV technologies has been
presented. Seen from the discussion, the single-phase transformerless PV technology
was selected as the candidate for the next-generation advanced PV inverters. Hence,
detailed electrical models of mainstream transformerless PV systems have been given in
Chapter 2, also including modelling of the PV panels and grid interfaced filter (L filter).
Since currently the PV systems are required to inject the maximum power to the grid
and the injected current should be synchronized with the grid voltage, the MPPT control

101
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algorithms and the modelling of grid synchronization systems have also been discussed
in this chapter. After a brief introduction of the most commonly used MPPT methods,
P& O, and INC, a modified P& O MPPT control method has been proposed in order
to solve the shortcoming of the conventional one - instability under rapid condition
changes. Meanwhile, in order to find the best synchronization method for single-phase
PV systems under grid faults, a benchmarking of several synchronization approaches
has also been done in Chapter 2.

With regards to efficiency and reliability, the performance of a single-phase trans-
formerless PV system differs with the inverter topology and the operation conditions
(e.g. grid voltage, ambient temperature and solar irradiance level). Hence, a thor-
ough comparison of the selected transformerless PV inverters in terms of conversion
efficiency and thermal loading has been conducted in Chapter 3 considering mission pro-
files. Firstly, a mission profile based multi-disciplinary analysis method for single-phase
transformerless PV inverters has been introduced. The proposed analysis method takes
the mission profiles - solar irradiance and ambient temperature (yearly data, monthly
data and/or daily data) as the input variables, and based on the models built in Chap-
ter 2 the power losses and thermal distributions on the power devices can be obtained.
Then, estimations of the energy production and reliability of a certain PV topology can
be achieved. Although verifications of the proposed method was carried out on three
mainstream transformerless inverters, it can also be utilized in the evaluation of other
renewable energy systems (e.g. wind turbine system) at different time scales.

In order to accept more PV energy, advanced technologies have to be developed
for the next-generation PV inverters, which have to comply with the grid requirements
imposed by the system operators. Hence, starting from Chapter 4, advanced control
strategies have been proposed. At the beginning of Chapter 4, the feasibility of current
valid grid requirements, when a very high penetration level of PV systems reaches, has
been explored. One important conclusion from the exploration is that it would be very
desirable for all PV inverter to have advanced functions in order to realize the above
goal. As a result, several grid code modification suggestions have been proposed. It
is recommended for the development and implementation to consider functions, like
a) reactive power control, b) frequency control through active power control, ¢) fault
ride-through capability, and d) high reliability /availability and also high efficiency, to
get the maximum energy yield. Besides those stringent grid requirements, the PV
systems should also fulfill basic demands, e.g. power quality. Hence, in this chapter,
the basic control strategies for single-phase systems were presented. Possible current
control methods have been explored in terms of harmonic suppression.

The first advanced control strategy proposed in this project is related to the dynamic
grid support capability for the next generation PV systems. This control strategy is
mainly focused on LVRT capability and reactive current injection under voltage faults.
From the results presented in Chapter 4, it can be concluded that there are exten-
sive control possibilities in single-phase grid-connected PV systems, which are ready
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and able to meet the upcoming requirements regarding dynamic grid support function.
Fortunately, unlike three-phase systems, the reactive power injection for single-phase
systems is less complicated. In this chapter, three reactive power injection strategies
have been proposed for single-phase systems. A comparison of those reactive power
injection strategies was also carried out and shown in this chapter, and it is focused
on the ability to fulfill grid requirements and the stresses on the devices during LVRT
operation. It should be pointed out that the performance of a single-phase PV system
in LVRT operation can be enhanced by an accurate power calculation system and a fast
fault detection unit. With this consideration, a new power calculation method has been
proposed in this project for single-phase inverters.

Since the loss distribution and the modulation schemes are different in the selected
transformerless topologies, fault ride-through operation with reactive power injection
may affect the reliability of the inverters. This has been proved by a benchmarking
of the selected transformerless inverters in LVRT operation as discussed in Chapter 4.
Together with the comparative results presented in Chapter 3, one important conclusion
is that, although the transformerless inverter can achieve a high efficiency, but it may
not be special suitable for use in the next generation PV systems with LVRT capabil-
ity or reactive power injection. Nevertheless, for different applications, the presented
benchmarking provides a convenient way to select appropriate devices of those inverters
and to further optimize them.

As it has been discussed in Chapter 1, the penetration level of PV systems will
further increase. A wide-scale adoption of PV systems pushes the system operators to
expand the power grid infrastructures. However, the potential cost brought by such
extensions and increased maintenances impose new obstacles. To solve those issues, in
Chapter 5, a constant power generation control strategy has been proposed. It limits
the feed-in power of the existing PV systems to a certain level in order to reduce the
requirement of grid capacity expansion, and at the same time enables an increase of
the PV penetration level. Firstly, the rationality of this advanced control strategy was
explored. Then, implementations of the constant power generation control strategy have
been presented. Finally, the test results verified the effectiveness of this control strategy
in terms of unloading of distribution grids and also the potential of improved reliability.
This issue has been discussed in some countries, e.g. in Germany, and it will be included
in the future grid demands at a very high penetration level. The same philosophy may
be imposed on other renewables.

At last, in Chapter 6, a thermal optimized control strategy has been proposed in
order to increase the overall reliability. The proposed advanced control strategy is able
to control the junction temperature, which is the most observed factor that induces
failures, by optimizing the injected active and reactive powers. The effectiveness of this
control strategy in terms of thermal performance and electrical performance has also
been demonstrated by simulations and experiments. The results show that by applying
the proposed control strategy, the junction temperature can be maintained at a constant



104 Part 1V. Conclusions

level or reduced during LVRT. Hence, the overall reliability of the system is improved
by reallocating the active power and the reactive power.

7.2 Main contributions

The significance and main contributions of this project from the author’s point of view
can be summarized as follows:

Comprehensive Comparison of Transformerless Inverters-

A comprehensive comparison of three mainstream transformerless inverters was done
in terms of efficiency, leakage current rejection capability, and reliability (thermal load-
ing). Besides, a benchmarking of single-phase synchronization methods under grid faults
was also given. Those comparison results offer the possibility to select appropriate de-
vices and synchronization methods, and to further optimize transformerless PV systems.
Several current controllers have been compared in terms of harmonic mitigation ability.

Proposed Grid Code Modifications-

One essential basis of the design, control and operation for grid-connected PV in-
verters is the grid requirements. Thus, based on an overview of the existing PV related
grid requirements, suggested grid code modifications were proposed in order to increase
the adoption of PV systems and reduce the cost of energy from PV systems. It is rec-
ommended to reexamine and update the grid requirements accordingly considering the
following features like:

» Reactive power control (Volt-VAR control);
Frequency control through active power control (Freq.-Watt control);
Active power control (power curtailment);
Fault ride-through capability;

>

>

>

» Higher reliability and higher efficiency;

» Intelligent and advanced control for better power quality;
>

Advanced monitoring and communication.

New Power Calculation Method-

A new power calculation method has been proposed, since the power calculation
has a significant impact on the control of single-phase PV systems under grid faults.
The proposed method is based on an adaptive filtering technique, and it has been
successfully used in a single-phase PV system. It can also be adopted in other single-
phase applications (e.g. droop-controlled systems), where the average active power and
the reactive power are required to be controlled.
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Proposed Reactive Power Injection Strategies-

In regards to the control of single-phase systems in low voltage ride-through op-
eration, three reactive power injection strategies have been proposed, considering the
over-current protection of PV inverters and the reactive current injection requirements
under grid faults. The proposed reactive power injection strategies are:

» Constant peak current strategy;
» Constant active current control strategy;

» Constant active power control strategy.

Advanced Control Strategies for Single-Phase PV Systems-

Advanced control strategies have been proposed in this project in order to enable a
more wide-scale adoption of single-phase PV systems:

» Dynamic grid support provided by PV systems to ensure the stability of the entire
system during low voltage ride-through operation, when a high penetration degree
of PV systems reaches.

» Constant power generation control strategy to enable more installations of PV
systems without upgrading the grid infrastructure. It is also able to contribute to
improved reliability.

» Thermal optimized control strategy to control the junction temperature of power
devices through appropriate power allocations. The power device reliability and
thus the system lifetime can be enabled by this control strategy.

7.3 Research perspectives

Although many aspects have been documented in this thesis for advanced single-phase
PV inverter technologies, there are still a lot of possibilities for technology improvement.
Some issues of high interest for future investigations are listed below:

1) The evaluation of the transformerless PV systems under grid voltage faults is
only focused on the inverter and the DC-link capacitor. As a whole system, the
stability of LCL-filter might also be challenged in such cases. Hence, this would be
an interesting point to investigate the response of LCL-filter, when the advanced
PV functionalities are enabled in the future. Moreover, in this thesis, several
current control methods have been examined, but a detailed benchmarking of
those control methods in different operation modes might also be useful for the
inverter design and control.

2) Regarding the reactive power control to stabilize the grid voltage, the power losses
might increase, when it is activated. The power loss distribution will affect the
thermal behavior, and thus the lifetime of the PV inverter is challenged. It could
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be another interesting topic to look into how this effect will be and thus to develop
potential solutions.

Due to the intermittent property of PV systems, mitigation of power fluctuations
and voltage variations might be further enhanced in the grid-connection standards.
This initiates some important issues to investigate, e.g. the integration of energy
storage systems, electric vehicles, and the modifications of grid codes, especially
when a large-scale penetration level of PV systems comes into reality. In Denmark,
a delta power generation control for wind turbine systems is already in the grid
codes. It might be extended to PV systems in order to alleviate the above impacts
on the grid, and thus more benefits from PV systems can be obtained.

Moreover, the constant power generation control strategy proposed in this project
also stimulate some issues that are worth investigating into. For example, to
analyze the reduction of the energy yield due to the advanced control strategy to
study its feasibility from an economic point of view, and to benchmark different
MPPT methods in the operation mode (thus to develop robust control methods).
Those aspects should be well studied in order to efficiently and reliably realize a
large-scale adoption of PV systems with reduced cost of energy.

In addition, regarding the junction temperature control (thermal optimized con-
trol), it calls for an analytical method to calculate how to do a constant junction
temperature control for other applications (not the case in this thesis). Long
term effect of those methods on the devices or the entire system is also worth to
investigate.

Besides those interesting topics, the development and implementation of inverter
technical standards are still far from finalization. Hence, the investigation on the feasi-
bility of new grid requirements will be another interesting research direction. Moreover,
applying those advanced methods on the future PV inverters based on new power devices
(e.g. wide-bandgap devices) is still open, and might be an interesting study.
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Appendix A

Control Structure and System Parameters

1. Control of a single-stage single-phase system

This control structure for a single-phase full-bridge system have been used to test the
PLL systems and the LVRT performance [19,47], as it is shown in Figure A.1. The PV
panels have been replaced with a DC source on the assumption that the MPPT control
is robust, except for the cases which are specified (e.g. Figure 4.13, where the BP 365
PV panels [64] are used). The system parameters are shown in Table A.1. In the normal
operation mode, the power references are P* = P,, (or Pypp) and Q* = 0 Var. In the
LVRT operation mode, the power references are generated according to the voltage sag
depth (the grid voltage amplitude is monitored).

The control of the selected transformerless inverter systems is similar to the control
of a full-bridge system, and the differences are the modulation schemes. As it is shown
in Figure A.2, an LCL-filter is adopted with Ly = 708 pH. The power rating is 2.99 kW
and the DC-link voltage is 405 V for the efficiency and thermal loading comparison in
long term mission profiles shown in Chapter 3. This system has also been used to test
the thermal optimized control strategy, where the power rating is 3 kW and the initial
temperature is 50 °C. For the LVRT and leakage currents under grid faults shown in §
4.3.3, the power rating is 1 kW and the DC-link voltage is 400 V. The other parameters
are the same as listed in Table A.1.

2. Control of a double-stage single-phase full-bridge system

Figure A.3 shows the hardware schematic and control structure of a two-stage single-
phase PV system, which has been used to test the performance of the DC-link capacitors
under long term mission profiles (Figure 3.13) and the effectiveness of the CPG control
strategy (Chapter 5). The system parameters have been given in Table A.2.
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Figure A.1: Hardware schematic and control structure of a single-phase full-bridge
PV system: (a) system configuration and (b) control block diagram.

Table A.1: System parameters of a single-phase PV system

Parameter Symbol Value Unit
Nominal power P, 1000 w
Grid voltage (RMS) vg 230 \%
Grid frequency wo 27 x50 rad/s
DC-link capacitor Cye 1100 nF
DC-link voltage Vde/Vpov 40045 \%
Grid impedance Lg 4 mH
R, 0.02 Q
LC-filter L 36 mH
cy 2.35 uF
Sampling & switching frequency fsy fsw 10 kHz
Sag generator Rs 19.3 Q@
R 20 Q
Active power controller Kpp 1.5 -
(Gp(s) = Kpp + Kpi/s) Ky 52 -
Reactive power controller Kgp 1 -
(Gq(s) = Kqp + Kqi/s) Kgi 50 -
PR controller kp 22 B
ki 2000 -
Harmonic compensator (MRC controller) kin 5000 -
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Figure A.3: Hardware schematic and control structure of a double-stage single-phase
full-bridge system: (a) system configuration, (b) boost converter control block diagram
(MPPT mode and CPG mode), and (c) inverter control block diagram.
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Figure A.4: Single-loop current control structure of a single-phase full-bridge system.
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Table A.2: System parameters of a double-stage single-phase full-bridge PV system

Parameter Symbol Value Unit
Nominal power P, 3000 \%%
Grid voltage (RMS) vg 230 \Y%
Grid frequency wo 27 x50 rad/s
DC-link voltage Ve 400 \%
PV-side capacitor Cpy 2200 nF
DC-link capacitor Cae 2200 nF
Boost converter inductor L 5 mH
Grid impedance Ly 2 mH
R, 0.02 Q
Ly 2 mH
LCL-filter Cy 4.7 uF
Lo 3 mH
Sampling & switching frequenc
for brt))ostg and the invgerterq Y fsr fow 10 kHz
MPPT mode controller ko 23.8 -
CPG mode controller Kepg 0.1 -
DC-link controller (PI) kpo 0.1 -
(Gac(s) = kpo + kpo/s) Kio 1.25 -
PR controller e 20 B
ki 2000 -
Harmonic compensator (MRC controller) kin 5000 -

3. Current controllers for single-phase single-stage systems

Referring to Figure A.1, a single-loop current control structure of a single-phase PV
system is shown in Figure A.4 in order to test the current performance in terms of

harmonic suppression ability (§ 4.2.3).

The system parameters have been given in

Table A.1, where the grid current amplitude reference I; has been set to be 5 A. The
control parameters of the current controllers compared in Table 4.2 and Figure 4.9 are
given in Table A.1, except for the RC controller, whose control parameters have been
shown in Table A.3.

Table A.3: Control parameters of the RC controller ( Table 4.2 and Figure 4.9).

Parameter Symbol Value
RC control gain Kye 1.8
Phase-lead compensator step m 3
Low pass filter o 0.05

(Q(z) = a1z7t + (1 — 201) + a12)




Appendix B

Experimental Setup and System Parameters

1. Single-stage single-phase grid-connected full-bridge system

Figure B.1 shows the experimental setups of a single-phase grid-connected system in
different operation mode. In the case of fault ride-though operation, Setup 1 uses a
resistor based fault generator (Figures A.1 and A.2) to generate a voltage sag; while in
the Setup 2, a programme AC power source is used, which can produce different types
of voltage disturbances. The parameters of those test setups are shown in Table A.1,
where the transformer leakage inductor is taken as the grid impedance shown in Figures
A.1 and A.2. All the control strategies are developed in MATLAB/Simulink, and they
have been implemented in the dSAPCE DS1103 control system, which also provides an
user-friendly interface (Control Desk) to monitor and control the entire system, as it is
shown in Figure B.1. Figure B.2 shows the photos of those two setups.

2. Single-phase three-level NPC PV inverter system

The thermal optimized control strategy (Chapter 6) is verified on a three-level three-
phase NPC converter. The PV inverter is controlled by a dSPACE DS1006 system,
as it is shown in the control diagram in Figure B.3(a). A photo of this test setup is
shown in Figure B.3. The system parameters are given in Table B.1. In order to verify
the effectiveness of the junction temperature control through power control, the system
has been tested under different power factors by changing the variable inductor load
L and resistor load R. The corresponding load parameters are shown in Table B.2 in
accordance to Table 6.2 and Figure 6.10.
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Figure B.1: Setup configurations of a single-phase grid-connected full-bridge system.

Transformer

Grid Simulator

(@)

Figure B.2: Experimental setups of a single-phase grid-connected full-bridge system:
(a) with a fault generator (Setup 1 in Figure B.1) and (b) with the grid simulator
(Setup 2 in Figure B.1).
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Figure B.3: Experimental setup of a three-level NPC PV inverter: (a) open-loop
control diagram with resistive-inductive load and (b) photo of the test setup.

Table B.1: System parameter of a three-level NPC' PV inverter.

Parameter Symbol Value  Unit
Modulation index m 0.81 -
DC-link voltage Vde 400 v
DC-link capacitor Cq, Cy 2700 nF
Switching frequency fsw 20 kHz

Table B.2: Load parameters for the thermal tests on a three-level NPC PV inverter.

Test no.  Power factor  Inductor L (mH)  Resistor R ()
1 0.4538 100 16

2 0.8955 50 31.6

3 0.9996 3 31.6
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