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Abstract

This thesis focuses on the operation and control of Large Scale
Photovoltaic Power Plants (LS-PVPPs) according to grid code require-
ments with a special focus on the basic unit: the PV generator. The
aim of this thesis is to study to what extent a PV generator can be con-
trolled to comply with the plant operator’s requirements considering
the capability curves under variable solar irradiance and tempera-
ture. In this sense, four challenges were identified: system integra-
tion, technical limitations and capability curves, dynamic modelling,
and control. These challenges are addressed by a comprehensive
literature review, mathematical analysis, and a series of detailed sim-
ulations.

A thorough literature review of the current technology and topolo-
gies used in LS-PVPPs is performed, concluding that the central
topology and radial configuration are the layouts most widely used.
Additionally, grid codes presented by Germany, Puerto Rico, South
Africa, Romania, and China are deeply analysed. A comparison of
these grid codes is developed considering: fault ride through capa-
bility, frequency and voltage stability supprt as well as active and
reactive power management. In addition a broad discussion about
the challenges that the LS-PVPPs have to overcome is presented to-
gether with the compliant technology and future trend.

According to this review, one of the challenges to overcome is the
understanding of the PV generator’s operation in LS-PVPPs. Thus,
an analysis of its technical limitations and capability curves is essen-
tial in order to improve its control. In this thesis, a mathematical
analysis to extract the PV generator’s capability curves is developed.
These curves are characterized by four main parameters: solar irradi-
ance, ambient temperature, dc voltage and modulation index. These
values are dependent on each other in order to obtain the complete
curve. In the case where the dc voltage is equal to a single value,
the point of operation is limited by the solar irradiance and temper-
ature. However, when the dc voltage varies in a safe range, the PV
generator can work in a wider area for the same solar irradiance and
temperature. The validation of these curves is tested in steady state
under variable solar irradiance, ambient temperature, dc voltage and
modulation index. In addition, this thesis analyses how the dynamic
response of a PV generator is affected by its capability curves under
quick variations of solar irradiance and different temperature values.

Taking into consideration the capability curves and the photovoltaic
power plant operation’s requirements, the PV generator’s control of
active and reactive power is addressed. In this thesis, power curtail-
ment and the control of power reserves are addressed under variable
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solar irradiance and temperature. Additionally, the control of reactive
power is developed by the variation of the dc voltage and the mod-
ulation index value according to the instantaneous capability curve
under the specific ambient conditions.

The validation of the different studies is developed in DIgSILENT
Power Factory. The simulations consider the PV generator perfor-
mance under variable solar conditions and different references of ac-
tive and reactive power. The results showed that an adequate control
of the active and the reactive power of the PV generator taking into
account the capability curves could help to comply with the power
plant operator’s requirements.



Resumen

Esta tesis se centra en la operacion y el control de plantas fotovol-
taicas de gran escala de acuerdo con los requisitos del c6digo de red
con un enfoque especial en su unidad basica: el generador fotovol-
taico. El objetivo de esta tesis es estudiar en qué medida se puede
controlar un generador fotovoltaico para cumplir con los requisitos
del operador de la planta considerando las curvas de capacidad bajo
irradiacién solar variable y temperatura. En este sentido, se identifi-
caron cuatro desafos: integracion del sistema, limitaciones técnicas y
curvas de capacidad, modelado dindmico y control. Estos desafios se
abordan mediante una revision exhaustiva de la literatura, un anéli-
sis matematico y una serie de simulaciones detalladas.

Se realiza una revisiéon exhaustiva de la literatura de la tecnologia
actual y las topologias utilizadas en estas plantas fotovoltaicas, con-
cluyendo que la topologia central y la configuracién radial son los
diseos mas utilizados. Ademads, los cédigos de red presentados por
Alemania, Puerto Rico, Sudéfrica, Rumania y China especificos pa-
ra plantas fotovoltaicas a gran escala se analizan en profundidad.
Se desarrolla una comparaciéon de estos cdigos de red considerando:
respuesta a fallas eléctricas, soporte de frecuencia y voltaje, asi como
control de potencia activa y reactiva. Ademads, se presenta una am-
plia discusién sobre los desafios que las plantas fotovoltaicas deben
superar junto con la tecnologia compatible y la tendencia futura.

Segun el estudio del arte, uno de los desafios a superar es la com-
prensién del funcionamiento del generador fotovoltaico en estas plan-
tas a gran escala de potencia. Por lo tanto, un andlisis de sus limita-
ciones técnicas y curvas de capacidad es esencial para mejorar su con-
trol. En esta tesis, se desarrolla un andlisis matemtico para extraer las
curvas de capacidad del generador fotovoltaico. Estas curvas se ca-
racterizan por cuatro pardmetros principales: irradiancia solar, tem-
peratura ambiente, voltaje de continua e indice de modulacién. Estos
valores dependen uno del otro para obtener la curva completa. En el
caso donde la tensién de continua es igual a un valor tnico, el punto
de operacion estd limitado por la radiacién solar y la temperatura. Sin
embargo, cuando el voltaje de continua varia en un rango seguro, el
generador fotovoltaico puede trabajar en un drea mdas amplia para la
misma irradiancia solar y temperatura. La validacién de estas curvas
se prueba en estado estable bajo irradiacién solar variable, tempera-
tura ambiente, voltaje de continua e indice de modulacin. Ademas,
esta tesis analiza cémo la respuesta dindmica de un generador foto-
voltaico se ve afectada por sus curvas de capacidad bajo variaciones
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rapidas de radiacién solar y diferentes valores de temperatura.

Teniendo en cuenta las curvas de capacidad y los requisitos de
operacién de la planta de energia fotovoltaica, se aborda el control
del generador fotovoltaico de la potencia activa y reactiva. En esta
tesis, la reduccién de potencia y el control de las reservas de poten-
cia se abordan bajo una irradiaciéon y temperatura solar variables.
Ademas, el control de la potencia reactiva se desarrolla mediante la
variacion del voltaje de continua y el valor del indice de modulacién
de acuerdo con la curva de capacidad instantdnea en las condiciones
ambientales especificas.

La validacién de los diferentes estudios se desarrolla en DIgSILENT

Power Factory. Las simulaciones consideran el rendimiento del gene-
rador fotovoltaico en condiciones solares variables y diferentes refe-
rencias de potencia activa y reactiva. Los resultados mostraron que
un control adecuado de la potencia activa y reactiva del generador
fotovoltaico teniendo en cuenta las curvas de capacidad podria ayu-
dar a cumplir con los requisitos del operador de la central eléctrica.
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Chapter 1

Introduction

“ There is no substitute for energy. The whole edifice of modern society is built
upon it... It is not just another commodity, but the precondition of all
commodities, a basic factor equal to air, water and earth ” E.F. Schumacher

The aim of this chapter is to explain the motivation behind the thesis
together with the general background. It also details the problem and
the challenges related to the integration of large scale photovoltaic power
plants. Then, the objectives and the research questions are detailed in
order to understand the hypothesis constructed at the beginning of the

research. Finally, the thesis outline and the approach of each chapter is
detailed.
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1.1 General Background and Motivation

In 2015, the world population reached 7.3 billion, which implies that the
population has grown by 2 billion since 1990. By 2050, the global pop-
ulation is expected to be 2.4 billion more than in 2015. Europe shows a
slow rate of population growth in the coming years but this can change
due to the high migration rate that it constantly receives. However, this
global growth occurs mainly in the least developed areas as Africa and
Asia, where the fertility rate remains high (Fig. 1.1) [6].

The impact of population growth is related to resource utilization, trans-
portation, sanity, infrastructure, access to energy and environmental dete-
rioration [7]. So far, not all these issues have been addressed worldwide, as
it is the case of energy. In Europe, 10.8 % of the population was not able to
keep their home adequately warm due to the increase in energy prices [8].
In the case of developing countries, data reveals more difficulties. There
are at least 1.2 billion people who do not have access to electricity [9].

Energy is a critical pillar for the quality of life of any country, as it
increases productivity, improves health conditions and promotes economic
growth. Despite the importance of this resource, not all the countries have
handled it properly. For instance, in low-income countries, traditional
biomass for cooking or heating is still being used by a large proportion of
the population (2.7 billion). Not having access to modern energy! services
reduces the possibility that poor countries could develop. Thus, one of the
goals of the United Nations is to ensure universal access to modern energy
services in a sustainable way by 2030. However, due to the population
growth and the large investment that it is necessary to make in order to
reach this goal, the size of the remaining task will be huge by 2030 as can
be seen in (Fig. 1.1) [11].

The lack of modern energy systems, in developed or developing coun-
tries, does not only depend on the demographic growth but also on the
availability of the energy source in the area. Oil, coal and natural gas are
the dominant sources of energy worldwide (85 %) for different purposes:
electricity, industry, buildings, transportation and non-combusted applica-
tions. In the case of electricity, the fossil fuel demand from 2005 to 2015
was around 30 % [12].

Nevertheless, the world has entered in a de-carbonization of the energy
mix due to some motives: (i) Fossil fuels are a limited source of energy,

Modern energy is a term referred to reliable and affordable energy sources or systems
that permit to the population to have basic features as electricity, transportation, and
information technology as part of a modern society [10].
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Figure 1.1: Total population in major areas of the world in 2014 and 2030. Total population
without access to electricity in 2014 and 2030 [millions].

as it was explained by M. King Hubbert in 1956 2; (ii) Burning fossil fuels
produce carbon dioxide that increases the greenhouse effect 3, (iii) The lack
of fossil fuels in some countries as a natural source can cause economic and
political dependence.

The de-carbonization of the primary energy source and the access to
modern energy to the worldwide population can only be guaranteed with
the exploitation of renewable energy in a sustainable way. For developing
countries, a long-term solution is the development of large scale power
plants considering the natural resources available in the country. Thus,
the main motivation of this thesis is:

to study an optimal solution to integrate renewable energy into the conventional
system through the development of large scale power plants

2 Hubbert’s theory was based on the idea that global oil production will reach a peak in
a specific time period and after that, the production will reduce. In 1970 his theory was
proven in the case of oil production in the US. [13]

3 According to 2020 climate and energy package of European Union, the objective is to
reduce 20% greenhouse gas emission from 1990 levels until 2020 [14]. In 2015, the total
amount of CO, was close to 30 billion tones and it is expected to be reduced in the
oncoming years[12]
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1.2 Problem Definition

The installed capacity of Renewable energy 4 around the world has reached
2 TW [16]. Europe and Eurasia lead the installed capacity of Renewable
energy followed by North America and Asia Pacific. Together, they have
90 % of the total installed capacity. On the other hand, Africa, the Middle
East, South and Central America have a total installed capacity close to 10
% [12].

Despite the need for developing countries to have access to modern en-
ergy, the use of renewable energy, as part of the United Nations objectives,
has not been totally exploited. In addition, developing countries are in ar-
eas where the access to renewable energy is easier than in developed ones,
such as solar energy in the northern part of South America and Africa or
hydro-power close to the Amazon region.

There are several problems with renewable energy which are related
with the availability of the natural resource- such as dry season for hydro-
power, clouds and high temperature for solar energy, wind speed variation
for wind energy- that makes difficult its integration with the electrical
system. However, depending on the region, the dry season could come
together with high solar irradiance and strong wind as it is the case of
some countries in South-America (Brazil, Ecuador, Colombia, Venezuela).
It means that not only one type of renewable energy should be used in
one area, but a mix of them could help to supply power according to the
demand.

Despite this issue, the use of renewable energies to supply electricity
has grown in the last years, especially wind and photovoltaic power. Wind
power plants had the fastest growth during the last years. In fact, the cu-
mulative wind power installation in the European Union at the end of 2016
was 153.7 GW [17], while in Asia, North America, and South America was
184.6 GW [16], 96.94 GW [18] and 13.6 GW [16] respectively. In contrast,
photovoltaic (PV) power installations did not have the same growth, due
to prices of photovoltaic panels, technology used and social opposition.
In fact, the cumulative power installation of photovoltaic for residential
and utility purpose connected to the grid at the end of 2016 was 102.3
GW in Europe, 139.47 GW in Asia [16], 36.085 GW in North America[19]
and only 1.9 GW in South America [16]. However, due to the reduction
of prices for photovoltaic panels and improvement of technology, the to-

4Renewable energy is energy generated from natural resources that can be naturally re-
plenished as sunlight, wind, tides, geothermal heat, solar heat [15].
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tal installed capacity of photovoltaic power in Europe will reach 156 GW,
and 184.9 GW for Asia by 2018 [20]. North America, South America and
South Africa show a drastic increment on the development of PV power
plants (PVPPs), adding several GWs to the worldwide PV generation. In
fact North America has 21.8 GW of PVPPs under development [3].

In the case of photovoltaic power plants, the fluctuation of the solar ir-
radiance during the day, affects the active power, the voltage, and the fre-
quency. Without an adequate control, these power plants cannot provide
secure and reliable power to the electrical market as conventional power
plants do. Additionally, some transmission system operators to which the
LS-PVPP are connected have introduced new requirements established in
the corresponding grid code. This leads to the main problem definition:

What is the best way to control and operate large scale photovoltaic power to
comply with grid code requirements despite the variation of solar irradiance and
temperature ?

1.3 LS-PVPPs challenges

In LS-PVPPs, the challenges arise due to the necessity to integrate them to
the electrical system in a smooth way by overcoming the fundamental dif-
ferences in operation and control with conventional power plants. These
challenges can be divided in four areas: System integration, technical lim-
itations, dynamic modelling, and control.

System integration

In conventional power plants, the configuration and the technology used
are very well established. The same occurs for wind power plants. For
example, the study developed by Mikel de Prada et al. [21], explains the
technology used in large scale offshore wind power plants together with
the ac collection grid topologies. These basis have helped to study future
configuration under the premise of land reduction size, lower cost and
power efficiency [22].

In the case of photovoltaic power plants, it is also necessary to establish
the basis for grid integration considering: (i) technology used, (ii) PV gen-
erator configuration and (iii) ac collection grid topologies. For this, a deep
study of the current LS-PVPPs around the world is necessary.

For the system integration, there is the need to analyse the grid codes
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that so far have been established for LS-PVPPs. Understanding what the
new grid codes are requiring from LS-PVPPs in order to be connected with
the bulk system will help to develop better configurations as well as to im-
prove the control.

Technical limitations & Capability curves

The current bulk system has a defined infrastructure to generate, trans-
mit and distribute electricity using conventional generators. In this system,
the generation of ac electricity is developed in the premise to inject power
according to the demand requirements. For plant operators, however, it
is necessary to understand the limitations of the generators used and thus
capability curves are considered®. Power plant operators can modify the
active or reactive power supplied by the generator with the consideration
of generator’s limitations [24].

Because capability curves are essential for power plant control, they have
been also studied for wind technology application. The main focus of these
capability curves was the understanding of the wind turbine limitations
together with the power electronics drawbacks. These limitations are also
related to the wind speed [25]. Many patents have already been developed
considering the capability curves for wind technology. The consideration
of these technical limitations, in conventional generators and wind tech-
nology, has permitted the development of control and the enhancement of
the technology.

These capability curves are a key factor for the general control of the
power plant. In wind applications, the power converters have a back-to-
back configuration with constant DC voltage. Therefore, the PQ capability
curve is not dependant on the wind speed. For PV (with single-stage con-
version), this is much more complicated, as the DC voltage varies in the
time due to the maximum power point tracker (MPPT). Besides, the man-
agement of active and reactive power considering solar irradiance, tem-
perature, and electrical characteristics are essential for LS-PVPPs in order
to provide ancillary services.

Dynamic Modelling

5The capability curves of any generation machinery illustrate the active power vs the
reactive power that the machinery can supply or absorb. For these capability curves,
the technical limitations as temperature or current are usually considered [23]
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The research developed in this field, usually considers the PV array as
a constant source of current. Because of the PV panel characteristics, this
assumption cannot be used in all type of studies as it could not show the
real behaviour of the power plant at variable ambient conditions.

Thus, a modular model of the PV generator should be developed taking
into account each of the parts involved: PV array, DC bus, PV inverter,
filter, and transformer. The emphasis of this model could be developed ac-
cording to the variation of electrical characteristics due to the solar irradi-
ance, temperature, capability curves, and power plant operator. Then, the
model can be applied in any simulation tool in order to test the behaviour
of the power plant under different grid requirements together with the
variation of ambient conditions.

Dynamic control

Nowadays, transmission system operators demand that LS-PVPPs be-
have as similar as possible to conventional power plants. Additionally,
these power plants should provide ancillary services — LVRT, frequency
and voltage stability support, active and reactive power management- in
order to be connected to the electrical system. But the variation of solar
irradiance, temperature and grid instability could cause that these power
plants cannot fulfil the requirements all the time. This is why a challenge
to overcome is the understanding of the dynamic behaviour of these LS-
PVPPs under variable ambient conditions when basic PV generators are
used ©.

After this is understood, the control of the PV generator can be improved
in order to comply with the plant operator requirements. So, the challenge
to overcome is to develop the control of the PV generator focusing on
different areas:

o Active power management: Usually, PV generators only provide active
power according to a maximum point of operation at each solar irra-
diance. Nevertheless, Grid requirements ask plant operators to gen-
erate constant active power in a given period of time. This should
be accomplished despite the variations of solar irradiance or ambient
temperature. Additionally, in the case the active power required by

®Basic PV generators is a term used to describe those PV systems commonly used for
residential purposes which only provide active power according to the maximum point
of operation at each solar irradiance and they are disconnected in case of electrical
system failure
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the TSO is lower or higher than the current production, ramp rates
should be applied. The same ramp rates should be used in the case
where the solar irradiance decreases or increases in a small period of
time. These considerations open a new paradigm in PV generators’
control, that is the reduction of dependence on the maximum power
point of operation together with the ambient conditions.

o Reactive power management: The basic PV generators, used for resi-
dential or commercial purposes that accomplish with the standard
IEEE 1547, did not have the feature to supply or absorb reactive
power. However, it is now mandatory to absorb or inject reactive
power to reduce voltage deviations in power plants connected to low,
medium or high voltage [26]. Thus, the LS-PVPP should be able to
provide this feature. It has been common practice to install STAT-
COM or capacitor banks in order to provide a solution. But, the
inverter used in PV generators can handle this feature. An appro-
priate control that takes into account the PV generators’ capability
curves under different ambient conditions could help to LS-PVPPs
accomplish the grid code requirements.

1.4 Objective and Research Questions

Taking into consideration the problem definition stated and the challenges
identified in Section , the main objective of this thesis is:

to study to what extent a PV generator can be controlled to comply with the
plant operator’s requirements considering the capability curves under variable
solar irradiance and temperature.”

The work conducted on this thesis intend to answer the following re-
search questions:

1. How do temperature and solar irradiance affect the capability curves
and the technical limitations of PV generators?

"The plant operator’s requirements are according to the grid code requirements and the
control actions issued by the transmission system operator of the grid to which the
LS-PVPP is connected.

10
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2. What is the effect of capability curves in PV generators” dynamic re-
sponse considering the quick variation of solar irradiance and tem-
perature?

3. How can the active power control of a PV generator be performed
for LS-PVPP’s application taking into account the capability curves
variation with temperature and solar irradiance?

4. How can the control of reactive power be performed to fulfil grid
code requirements by considering the capability curves?

The first stage of this thesis focuses on identifying the most used PV gen-
erator’s configuration and the ac collection grid topologies in LS-PVPPs.
From this first stage the PV generator chosen for the current thesis is the
one with central configuration that has a single stage of inversion (DC-AC).
The main grid codes that establish the general requirements for LS-PVPPs
integrated to the electrical system are also identified. Besides. a deep dis-
cussion about the challenges that LS-PVPP have to face to comply with the
grid code requirements is developed. After this review, the three research
questions are addressed in the following stages.

The second stage consists in the analysis of the capability curves of a
PV generator in central configuration taking into account the variation of
solar irradiance, temperature and electrical characteristics. For this pur-
pose, three main aspects are addressed: (i) the modelling of the main com-
ponents of the PV generator,(ii) the operational limits analysis of the PV
array together with the inverter, and (iii) the capability curve analysis con-
sidering variable solar irradiance and temperature. For this analysis, the
effect of the ambient conditions, the dc voltage and the modulation index
are studied. To validate this study, a PVPP of 1 MW is designed, mod-
elled and simulated in DIgSILENT PowerFactory. Taking into account this
analysis, the first research question is fully addressed.

By considering the capability curves, the third phase of the thesis arises.
This phase has the objective to understand the dynamic performance of
the PV generator under quick changes of solar irradiance. To comply with
this objective a modular model of the PV generator is developed in DIgSI-
LENT Power Factory. Besides, the control of the inverter is included to-
gether with the corresponding MPPT control. In this stage, the capability
curves are included inside the control. These curves change dynamically
each time the ambient conditions vary. Thus, the operation point of the
PV generator varies according to the dc voltage variation, the solar irra-
diance and temperature. From this study, the MPPT dynamics, the effect

11
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of temperature and the reactive power limitations in dynamic stage are
understood. This stage helps to address the second research question.

Considering the effect that dc voltage and the capability curves have on
the performance of the pv generator, an improved control is performed in
the final stage of the thesis. The aim of this phase is to propose a control of
active and reactive power for a PV generator considering the correspond-
ing capability curves and the grid code requirements. For active power,
two main targets are accomplished: (i) Power curtailment, and (ii) Power
reserves, by using an adaptation of the Maximum Power Point Tracker
(MPPT). For the reactive power control, two considerations are addressed:
(i) preference of active over reactive power and (ii) preference of reactive
over active power. Then, the control is validated by a simulation of a
LS-PVPP modeled in DIgSILENT PowerFactory under different ambient
conditions. After this phase, the third and fourth research questions are
fully addressed.

1.5 Main Contributions

From the main objective and the research questions listed before, the main
contributions of the thesis are:

1. The mathematical analysis of the PV generator’s capability curves
when a PV inverter of one stage of conversion is chosen. In this
analysis, it can be seen that the capability curve is affected by the
solar irradiance, temperature, dc voltage and the modulation index.

2. A modular model of the PV generator: PV array, PV inverter, dc bus,
ac system. This model permits to do the analysis of the PV generator
for different solar irradiance, ambient temperature, dc voltage and
modulation index. In this modular model, the control of the PV gen-
erator is considered where it can be included the capability curves
that varies in each change of solar irradiance, temperature and dc
voltage chosen.

3. A simulation platform for the control and operation of the LS-PVPP.
This simulation platform is developed in DIgSILENT Power Factory
where three stages of control are considered: TSO’s active and re-
active power requirements, Power Plant control (PPC) and the PV
generators control. The platform permits to analyse PV plants’ re-
sponse taking into consideration the effect of solar irradiance and
temperature

12



1.6 Outline and Approach

4. The control of active power by the adequate management of the dc
voltage inside the permitted limitations. The control complies with
two grid code requirements: (i) Active Power curtailment and (ii)
Active Power reserves.

5. The control of reactive power by managing the dc voltage and the
modulation index at ambient conditions. To develop this control, the
instantaneous capability curves and the P-V curves are used in order
to comply with the grid code requirements.

1.6 Outline and Approach

The thesis is divided into four parts: Introduction & Literature re-
view, Technical limitations & capability curves, Dynamic analysis
and control, and Conclusions.

Part 1. Introduction & Literature Review

The first part of the thesis includes: Chapter 1, Chapter 2 and Chap-
ter 3. The review of the technology used in the current LS-PVPPs is
detailed in Chapter 2. Additionally, it also covers the PV generator’s
configuration together with the ac collection grids that are common
for this type of application. After this chapter, the PV generator and
the plant configuration are chosen according to the best-established
technology so far. Then, the grid codes are compared in Chapter 3.
The comparison is developed according to LVRT, frequency and volt-
age support, active and reactive power regulation. Besides, a critical
review of these grid codes is also provided together with a proper
analysis on how the control of the PV generators should change.

Part 1I. Technical Limitations & Capability Curoves

In this part, Chapter 4 is included. The detailed model of the PV
generator for stability analysis is developed. Additionally, the anal-
ysis of the technical limitations, taking into account solar irradiance,
temperature and electrical characteristics is presented. Finally, the
PV generator’s capability curves are presented for different ambient
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conditions.
Part 1II. Dynamic analysis and control

Part III deals with the dynamic analysis and control of the PV gen-
erator and it is divided into three chapters. The dynamic model and
control of a basic PV generator are detailed in Chapter 5. The dy-
namic model also considers the inclusion of the capability curves.
Additionally, it presents the dynamic response of the PV generator
under quick changes of solar irradiance. In Chapter 6, a new con-
trol of active and reactive power is presented. Variable solar irradi-
ance, ambient temperature, grid code requirements and the capabil-
ity curves are considered in the development of this control.

Part IV. Conclusions & Recommendations

The fourth part contains Chapter 7 that provides general conclusions
on the present thesis considering the research questions presented
before. Additionally, it gives recommendations for future research.



Chapter 2

Topologies of LS-PVPPs

“The phrase “utility-scale solar” is heard so frequently in discussions
about renewable that it comes a bit of a shock when one realizes that there
is no commonly accepted definition as to what size comprises”

P. Donnely-Shores, 2013

The concern of increasing renewable energy penetration into the grid
together with the reduction of prices of photovoltaic solar panels
during the last decade have enabled the development of LS-PVPPs
connected to the medium and high voltage grid. Photovoltaic gen-
eration components, the internal layout, and the ac collection grid
are being investigated for ensuring the best design, operation, and
control of these power plants. This chapter addresses the review of
components as photovoltaic panels, converters, and transformers uti-
lized in LS-PVPPs. In addition, the distribution of these components
along this type of power plant and the collection grid topologies are
also presented and discussed!.

IThis chapter is based on the following publication:
A. Cabrera-Tobar, E. Bullich-Massagué, M. Aragiiés-Pefialba, O. Gomis-Bellmunt,
“Topologies for large scale photovoltaic power plants”, Renewable and Sustainable En-
ergy Reviews., 59 (2016),pp. 309-309.
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2.1 Introduction

PV power generation was first introduced to the distribution system,
where the power generated was less than 1 MW. These PV systems
were installed in houses, neighbourhoods, buildings, and industries,
representing a total power installed of 106.2 GW around the world by
2014 (Fig.2.1). During 2014, 19 GW were installed worldwide and it
is expected that in 2019, 37 GW will be added to the existing capacity
[1], [2].
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2013 2014 2015 2016 2017 2018 2019

Non utility purpose Utility purpose

Figure 2.1: Global utility and non utility cumulative power (GW) up to 2019 [1], [2]

The main reason why the consumers were attracted to this type of
installation was the economic incentives given by some countries to
the citizens for the installation of PV system. These incentives con-
sist especially in the feed-in tariff, that is defined as a payback for
the PV system installation. The countries that have succeeded by
the adoption of this policy are Germany, Spain, Italy, US, Australia,
and Canada [27], [28], [29], [30]. Because of these incentives, Europe
leads the residential, commercial and industrial market with a power
capacity of around 40 to 50 % of the global market by 2014 [2]. How-
ever, due to the reduction of feed-in tariffs in this region, a slower rate
of growth in the upcoming years is expected. But the Asian-Pacific
countries will lead the residential and commercial market in the fu-
ture years as the price of the technology decreases[31]. The reduction
of prices of PV modules and inverters is not only permitting a higher
acceptance of PV systems for the residential, commercial and indus-
trial market, but also the development of PVPPs for utility purpose.
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In fact, the price of PV technology for utility is around 1.77 $/Wdc,
but for residential is around 3.73 $/Wdc [19]. The feed-in tariff and
the reduction of technology prices have permitted the investment in
the installation of PVPPs from small (< 1 MW), LS-PVPPs (> 1 MW)
to VLS-PVPPs (> 100 MW) [32].

The total global capacity installed for utility purpose around the
world was about 76.512 GW by 2014 [1], [2]. This market is expected
to grow as it is illustrated in Fig. 2.1. Globally, the PV utility market
is expected to grow up 250 GW by 2019 [20]. The leaders of this
market are Europe, China, and US that have developed thousands
of PVPPs of different capacities. Countries in Latin America, South
Africa, and the Middle East are currently developing new LS-PVPPs
to VLS-PVPPs that are going to operate in the upcoming years [33].
The map in Fig. 2.2 shows the LS-PVPPs and VLS-PVPPs that had
been installed around the world with a power capacity higher than
50 MW, it also illustrates the LS-PVPPs and VLS-PVPPs under devel-
opment. This map plus the data illustrated in Fig. 2.1 show a clear
expansion of the PV utility market.

North America
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America e — 396 Australia
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I MW 2000
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Figure 2.2: Current and future PVPPs around the world with a power capacity larger than
50 MW [3],[4]

Because of this trend, different PV panels, inverters, transformers,
protections and storage systems have been developed to improve the
overall performance of PVPPs for small, large (LS-PVPPs) and very
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large scale (VLS-PVPPs)?. Accordingly, this chapter focuses on two
main objectives; former, the introduction of the main characteristics
of the basic components for LS-PVPPs; and the latter, the definition,
and discussion of internal disposition of PV panels, inverters and
transformers considering also the ac collection grid topologies for
LS-PVPPs.

Numerous publications regarding the review of suitable technology
for small PVPPs are found in the literature. The explanation of the
components, topology and the control of small PVPPs for houses and
buildings are studied in [35, 36, 37, 38]. Meanwhile, [39] and [40]
focus on problems related to large scale integration of PV genera-
tion into the distribution system as voltage drop and network losses.
The topologies used to interconnect PV panels with the inverters, for
small PVPPs interconnected to the grid, are studied by [41] and [42].
Besides, Salas, V. et al. [43] study the technology used by inverters in
small PV application comparing efficiency, control, cost, weight, and
its future trend.

In contrast, there are few publications regarding the review of the
electrical layout and the suitable technology for LS-PVPPs and VLS-
PVPPs. Stranix et al. [44] and Simburger et al. [45] review the design
of LS-PVPPs considering electronic devices, wiring, protections, PV
panels, mounting characteristics, installation, maintenance and cost
according to the technology used in 1980s. Alternative configura-
tions are studied in [46], comparing technical advantages and disad-
vantages, but these configurations are only based on central inverters
topologies. Ito Masakazu et al. [5] present how different types of PV
panels affect to the area occupied by a VLS-PVPP . In [47] and [48],
a summary of the problems related to the integration of LS-PVPPs
to the grid considering electrical grid codes is described. The control
and the implementation of LS-PVPPs are studied on [49, 50, 51] with
specific examples. Despite the extensive literature review, there is a
lack of information about the internal topology and the ac collection
grid for LS-PVPPs. Therefore, the development of this review is crit-
ically important in order to describe the components, their internal
disposition and the ac collection grid topology used in LS-PVPPs. To
accomplish the objectives of this chapter an extensive literature re-

2In this thesis I consider small scale if the power rate of the PVPP is in the range of
250 kW to 1 MW, LS-PVPP from 1 MW to 100 MW and according to the International
Energy Agency [34], VLS-PVPP has a rated capacity from 100 MW to GW.
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view is developed considering publications of the last 30 years pre-
sented in journals and magazines. Besides, an extensive review of
the technical data of real LS-PVPPs developed around the world is
developed to do a deeper analysis of the current trend.

This chapter is structured as follows. Section 2.2 presents a review
of the main electrical components used in LS-PVPPs. Section 2.3 is
dedicated to the analysis of the internal disposition of the compo-
nents in a LS-PVPP. Section 2.4 presents the analysis and discussion
about the ac collection grid topologies in LS-PVPPs. Finally, the con-
clusions are presented in Section 2.5.

2.2 Electrical components

The electrical components of LS-PVPPs have three tasks: i) to convert
solar energy into electricity, ii) to connect the LS-PVPP to the grid, iii)
to assure an adequate performance. The basic components involved
in these tasks are: PV panels, PV inverters, and transformers. In this
section, a review of these components is developed considering their
operating principles, the current technology used, and their future
trend.

2.2.1 PV panels

Solar cells are the basis of the PV panel. The function of the solar
cells is the conversion of solar energy into electricity [52]. A number
of solar cells are connected in series and then encapsulated in an
especial frame to construct the PV panel [53].

There are different materials of solar cells affecting to the overall ef-
ficiency of the PV panels. The basic types, crystalline (c—-Si) and
multicrystalline (m —Si) silicon, present efficiency values around 20
% [54]. Other types as the thin film solar cells using amorphous sil-
icon (a—Si) have an efficiency around 6.9 % to 9 % [5, 54] . Thin
film solar cells are also using other materials as copper indium dis-
elenide (CulnSe,-CIS), and Cadmiun telluride (CdTe) with efficien-
cies around 15 % [52] and 12 % [54] respectively. Other materials
are in research with the aim to improve efficiency and costs as it is
summarized in [55] and [56].
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The c-S5i and m -Si has dominated the utility market during the last
years due to its efficiency, the land used, and its stability during time,
reliability and abundant primary resource. The main drawback of
this technology is the price due to manufacturing and the quantity
of material used [57], [58]. In contrast, thin film solar cells have
some benefits as the price, and low-temperature coefficient. But the
main drawback for its utilization on LS-PVPPs is the land occupied,
lower efficiency, low stability during time [59], [60] and the scarcity
of materials [61]

The efficiency of the solar panels affects to the overall dimension
of the LS-PVPP, as it is explained in [5]. For the same power, if
the efficiency reduces, the area occupied by the LS-PVPP is major.
The total cost is also affected not only by the land occupied but also
because of installation, transportation, maintenance and mounting
characteristics [62]. Fig. 2.3. illustrates the relationship between
the efficiency of the different types of solar cells with the size of the
PVPP according to the available data in [5] for a LS-PVPP of 100 MW.
The Fig. 2.3 shows that the multicristalline silicon solar cells (m —Si)
have larger efficiencies (10-12%) than the case of thin film solar cells
(7-9%). The area occupied by the silicon solar cells is less than twice
the area used in thin film solar cells when amorphous silicon is used.
This is also validated by Yimaz at et al. [63] using a small system of
33 kW to compare the performance of (c-Si), (m—Si) and thin film
solar cells.

Researchers are still looking forward the improvement of solar cell
characteristics by the increment of the efficiency, the decay of prices
and the long-term stability [64]. For LS-PVPPs, other solar cell char-
acteristics are also becoming necessaries as sustainability, recycling,
and reduction of CO; production during its life cycle [65].

2.2.2 PV inverters

The PV inverters are electronic devices that permit the conversion
from dc to ac power and are used in different applications. In the
case of LS-PVPPs, the PV panels generate dc power, then these panels
are connected to a PV inverter to generate ac power [52], permitting
its connection to the internal ac grid.

The PV inverter has one or two stages of conversion. In one stage,
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W Efficiency(%)
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Figure 2.3: Efficiency and Area occupied by PV panels with different types of solar cells
for a LS-PVPP of 100 MW [5]

a single inverter (dc-ac) is commonly used, and in two stages an
additional dc-dc converter is connected [66, 67]. The use of dc-dc
converter in LS-PVPPs is still on research. A review of the state of the
art of non-isolated dc-dc converters is studied in [68, 69] and isolated
dc-dc converters are analyzed in [70]. In non-isolated converters, the
configuration used are boost, buck, buck & boost, Ctik or SEPIC.
The leakage current, the voltage stress, and the current ripple are a
drawback of non-isolated dc-dc converters. Therefore, the isolated
configuration is considered appropriate for LS-PVPPs. The isolation
is commonly obtained by a high frequency transformer. The typical
configurations are flyback, forward, push-pull, and boost-half-bridge
[71]. The switching stress, the cost, and the efficiency are typical
issues on these configurations [70].

The choice of the dc-dc converter depends on the dc-ac inverter
used at the next stage. The typical inverters used are Neutral Point
Clamped (NPC) and Cascade H-Bridge (CHB) [72]. If a dc-dc stage
is connected, an isolated converter suites better for CHB as it needs
independent dc input for each CHB used [73]. In the case of an NPC,
non-isolated converter is connected in a previous stage [74].

In any case, one or two stages of conversion, the PV inverters used in
LS-PVPPs must overcome issues related to the technology of the PV
panels and electrical requirements. First, PV inverters must have gal-
vanic isolation to overcome any issue related to the leakage current
from the PV panels interconnection [70]. Second, due to the non-
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linear characteristics of the voltage and current of the PV inverter,
a tracker of the maximum power point (MPPT) for any radiation
and temperature is needed [75]. Third, the power quality and the
operational characteristics of the PV inverters must obey any of the
electrical standards applicable to the country.

2.2.3 Transformers

In LS-PVPPs, there are two types of transformers installed (Fig. 2.4).
The first one (Tn), steps up the voltage from the PV inverters to the
range of 13.8 kV to 46 kV [76]. The second one (IT-HV) has two
functions: i) to provide galvanic isolation for LS-PVPPs from the
electrical grid and ii) to step up the voltage from the LS-PVPP [46].
In the LS-PVPP detailed in [77], forty transformers are used to step
up the voltage of the PV inverters from 0.4 kV to 30 kV. In this case,
another transformer is used for the complete LS-PVPP to step up the
voltage from 30 kV to 110 kV.

DC side AC side

S

bC
>
B Ag Internal PV

plant grid
v Mv configuration

MV HV  GRID

Figure 2.4: Location of the transformers in the LS-PVPP

If the PV inverter has a power rating higher than 500 kW, three wind-
ing transformer is commonly used [78]. This transformer has two
windings for low voltage (LV), to connect two inverters, and the third
one for medium voltage connection (MV) [79, 80]. The existing vector
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groups for this transformer are: Dy, y,,, Ddndn, YNy, y,, YNdndn,
YNy, dn [81]. In the case of PV inverters with a power rating less
than 500 kW, transformers of two windings are used [82]. These
transformers have two windings, one for low voltage (LV) and other
for high voltage (HV). The transformer T-HV has also two windings,
one for medium voltage (MV) and the other one for high voltage
(HV). The existing vector group for this transformer is Yy.

Any of these transformers (Tn or T-HV) is elected according to the
rated power, efficiency, and cost. The transformer could become a
bottleneck if the rated power is smaller than the normal operation
of the LS-PVPP. If the rated power is too large, there could be some
instabilities that cause problems with the overall performance [76,
79]. To overcome this issue, a technique has been designed by A.
Testa et al. [83] to choose the transformer according to the power,
the efficiency, the cost and the operation of a LS-PVPP.

Currently, researchers are looking for another type of transformers
to reduce the area occupied and to improve the reliability of LS-
PVPPs. The work developed by B. Hafez et al. propose the use
of medium frequency transformers at LS-PVPPs [84]. According to
this work, the efficiency of the overall power plant improves by 2
% in comparison with a LS-PVPP developed in Eggebek that uses
multistring inverters, but an ac-ac converter is added to the topology.

After the understanding of the definition, function, characteristics
and the future trend of the main components in LS-PVPPs, the fol-
lowing section studies the distribution of these components for this
type of application.

2.3 Internal PV plant configuration

The connection of PV inverters with PV panels (Fig. 2.5) and trans-
formers (Fig. 2.6) in LS-PVPPs considers three basic topologies: i)
central, ii) string, and iii) multistring [41], [42]. There is a fourth basic
topology, the ac module integrated, but its application in LS-PVPPs
has not been developed yet. The power produced by the different
topologies is affected by solar radiation and shading effect, becom-
ing very important the correct choice of the topology according to
the power output, location, reliability, cost, and efficiency [35].
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In this section, a review of these configurations is developed, describ-
ing and analysing their main characteristics, advantages, disadvan-
tages, applications and future trend. To overview a summary of the
configurations presented in this section, some tables (see Tables 2.1
to 2.3) and graphics (see Fig. 2.5 to 2.9) are developed according to
the data collected from several publications and manufacturers.

(a) (b) (c) (d)

DC,

Figure 2.5: PV inverter topologies. (a) Central, (b) String, (c) Multistring, (d) Module inte-

grated

Figure 2.6: Connection of Transformers at Medium Voltage. (a) Central PV inverter with
three winding transformer, (b) Multistring PV inverter with two winding trans-
former.
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Table 2.1: Electrical characteristics of PV inverter topologies

Inverter topology P (kW) Vin mppt dc (V) Vout ac(V) f (Hz)

Central 100-1500 400-1000 270-400 50, 60
String 0.4-5 200-500 110-230 50, 60
Multistring 2-30 200-800 270-400 50, 60
Module Integrated 0.06-0.4 20-100 110-230 50, 60

2.3.1 Description of internal topologies

The interconnection between PV panels and the inverters is illus-
trated in Fig. 2.5. The central topology (Fig. 2.5(a)) interconnects
several thousands of PV panels to one inverter. The disposition of
these PV panels is clustered into PV arrays. Each array has hundreds
of PV strings connected in parallel, and each string has hundreds of
PV panels connected in series. The string topology (Fig. 2.5(b)) con-
nects one PV string with one inverter. The multistring topology (Fig.
2.5(c)) connects one PV string to a dc-dc converter, then 4 or 5 dc-
dc converters are connected to one inverter which may or may not
be closed to the dc-dc converter. The fourth topology, the ac mod-
ule integrated (Fig. 2.5(d)) has one inverter per each PV panel. The
inverters utilized on these topologies takes the name of the topol-
ogy used: central, string, multistring and ac module integrated. The
electrical characteristics of these inverters are described in Table 2.1.

These topologies are differentiated by four categories: general char-
acteristics, power losses, power quality and cost (Table 2.23). The
first category, general characteristics, considers the robustness, reli-
ability, flexibility, and MPPT efficiency [85, 86, 87]. Each topology
presents its own general characteristics that depend specially on the
power rating, number of PV inverters and number of PV strings. For
instance, the central topoleogy has low levels (L) of reliability, flex-
ibility and MPPT efficiency but its robustness is higher than other
topologies.

The second category, power losses, considers mismatching, switch-
ing, ac and dc losses. Mismatching losses are inevitable in any PV
array. These depend on uneven degradation of the PV string, shad-
ing, cloud coverage, dust, cooling, MPPT efficiency, among others
[88, 89]. In this case, central topology presents higher (H) mismatch-
ing losses because several strings are connected to a single inverter.

3The following nomenclature is used: H-H: very high, H: High, M: Medium, L: Low, L-L:
very low
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The switching losses are also a concern that depends on the devices
and the control of the PV inverter. The length of the cables in the dc
or the ac side influences the cumulative losses of LS-PVPPs. Central
inverters have very high (H-H) losses at the dc side as many strings
are connected in parallel. In contrast, the ac losses in the central in-
verter are low (L), as the transformers (Tn) are connected very close
to the inverter.

The third category, power quality, is influenced by the dc and ac volt-
age variations and voltage balance. In the case of central topology,
the dc voltage variation is very high (H-H) because many strings are
connected in parallel. In this case, the ac voltage variation is low (L)
and the voltage balance is high (H) as it has only one inverter. The
voltage is unbalanced especially when many inverters are connected
in parallel as the case of module integrated. Due to losses, distances
and voltage sags, the three phase voltage balance at the point of con-
nection with the transformer (Tn) could be affected. Therefore, when
several inverters are connected in parallel, is necessary to develop a
master control for a group of PV inverters to reduce the ac voltage
variation and to improve the voltage balance.

The fourth category, the cost, involves the installation, maintenance,
land cost and length of cables in the dc or the ac side [85, 90, 91].
The comparison of costs for each topology is detailed in Table 2.2,
but the land cost is not included as it depends on the location of the
LS-PVPP.

Because of comparison analysis, Fig. 2.7 is developed considering
each characteristic for every topology presented in Table 2.2. It can be
stated that the central topology has the following advantages: robust-
ness, low ac power losses, low ac voltage variation and a reasonable
installation and maintenance cost in contrast with the other topolo-
gies. The general characteristics of string and multistring topologies
[85] are very attractive, but the main drawback is the installation
and the maintenance cost as the number of inverter increases. String
topology has similar characteristics as the multistring topology, but
it is recommended to use it when each PV string has different orien-
tation angle [91, 4]. In real LS-PVPPs, module integrated topology
has not been implemented, but it can be concluded that has good
characteristics considering flexibility, MPPT efficiency, and reliabil-
ity. The robustness, power losses, power quality and the general cost
are several drawbacks for the module integrated topology.
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Table 2.2: Main characteristics of PV inverter topologies
Central ~ String ~ Multistring Module

integrated
Reliability L H M H-H
General Robustness H L M L-L
characteristics Flexibility L H M H-H
MPPT efficiency L H M H-H
Mismatching H L L L-L
Power Switching H L M L-L
losses ac power losses L M M H
dc power losses H L M L-L
Power ac voltage variation L H M H-H
i dc voltage variation H-H M H L-L
quality voltage balance H M L L
Installation cost M H M H-H
Cost dc cables H L M L-L
ac cables H M M H
Maintenance L M H H-H
H
H
H
H
H
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Figure 2.7: Comparison between different PV inverter topologies characteristics for LS-
PVPPs
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2.3.2 Analysis in real LS-PVPPs

In this subsection, an analysis of real LS-PVPPs is developed to see
the applicability of the topologies studied before. A comparison of
three different topologies available in the market considering cost, ef-
ficiency, and area is illustrated in Fig. 2.8. The topologies compared
are central, multistring, and an additional topology called multicen-
tral inverter. This topology encapsulates in one cabinet several cen-
tral inverters with a power rating less than 100 kW. In the cabinet,
there are at least three different PV inverters with the same character-
istics. Each of them has its individual MPPT control. The output of
each inverter is connected in parallel with the adequate protections
to have only one output for the complete cabinet. Fig. 2.8 shows that
multicentral inverter has better characteristics on price and efficiency
in comparison with central and multistring inverter.

Additionally, Fig. 2.9 compares 22 LS-PVPPs of different power from
6 to 90 MW, where 17 of them have PV inverters connected in central
topology. The comparison is made between the area occupied and
the number of PV modules in contrast to the capacity rating of the
LS-PVPP for central and multistring topology. This graph shows that
the central topology is the most used technology due to its feasibility
and the small number of inverters used in the power plant. Multi-
string topology is barely used in LS-PVPPs and the area occupied
according to the evaluated data is almost the same as the area used
for central topology.

In any of these cases at large scale, string topology has not been
used. The work developed by Syafaruddin et al. [92] analyses that
an array of PV panels connected to central inverter generates less
power than string topology for the same PV array considering non-
uniform irradiance condition and a novel MPPT control based on
artificial neural network. The study developed by A. Woyte et al. [93]
concludes that there is not a considerable difference among central
and string inverter with a similar annual yield, thus the performance
ratio during the year is similar.

Table 2.3 summarizes the main characteristics of some LS-PVPPs de-
veloped by SMA, ABB, SunPower, and Danfoss. This table indicates
the area, the number of PV panels, the panel type, the PV inverters
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and the topology* used in operating LS-PVPPs. Other components
are still necessary for the design, implementation, and operation of

“MI=Multistring Inverter, CI=Central Inverter
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Table 2.3: Details of some operational LS-PVPPs

Photovoltaic Power Area Panels Panel type Inverters Topology
Power Plant (MWp) (km?) (¥10%) Number

Korat I 6.0 0.13 29 m-Si 540 MI
Narbonne 7.0 0.23 95 Thin film 19 CI
Rapale 7.7 0.49 100 Thin film 900 MI
Airport, Athens 8.1 0.16 29 m-Si 12 CI
Saint Amadou 5 0.24 113 Thin film 16 CI
Volkswagen .

Chatian §ga 95 0.13 33 m-Si 10 I
Masdar 10 0.22 87 m-Si, Thin film 16 CI
Adelanto 10.4 0.16 46 m-Si 13 CI
Taean 14 0.30 70 m-Si 28 CI
Jacksonville 15 0.40 200 Thin film 20 CI
San Antonio 16.0 0.45 214 Thin film 22 CI
Cotton Center 18.0 0.58 93 m-Si 36 C
Almaraz 221 1.2 126 m-Si 6697 MI
Veprek 35.1 0.83 185 c-Si 3069 MI
Long Island 37.0 0.80 164 m-Si 50 CI
Reckahn 37.8 0.98 487 Thin film 43 CI
Ban Pa-In 44.0 0.80 160 m-Si 61 CI
Lieberose 71.0 22 900 Thin Film 38 CI
Kalkbult 75.0 1.05 312 m-Si 84 CI
Eggeb(ik 80.0 1.29 76 m-Si 3200 MI
Montalto .

di Castro 85.0 2.83 280 c-Si 124 CIL
Templin 128 2.14 1500 Thin Film 114 CIL
California .

Valley Ranch 250 6.01 749 c-5i 500 CIL
Agua Caliente 290 9.71 5200 Thin Film 400 CI

LS-PVPPs, as junction boxes for dc and ac side, sensors [94, 95] and
protection devices that are not part of this review.

The data detailed in Table 2.3 shows that the preferred material of
PV panel is m-Si and thin film. In LS-PVPPs that uses thin film solar
panels occupies twice the area than the PVPPs that uses m-Si. Only,
three PVPPs of the table below uses ¢-Si, and these show less number
of PV panels and less area occupied. Furthermore, the number of
PV inverters depends on the topology used, a large number of PV
inverters is common in multistring topology. For instance, in the
cases of Veprek and Long Island solar plant with a corresponding
power of 35 MW and 37 MW respectively, have similar area occupied,
though the topology is different. The number of PV panels used in
the case of Long Island is twenty thousand less than Veprek solar
plant, though the power is higher in the first case. The number of
multistring inverters, in the case of Veprek, has a total number of
3069 in contrast with 50 inverters used in the case of Long Island.
Despite the topology used, the area and the number of PV panels do
not seem to have any relation to the topology chosen. However, the
area occupied and the number of PV panels has a relation with the
type of material used in the PV panel. In Veprek PV plant, c-Si is
used, in contrast, m-Si is used in Long Island. In the case that thin
film solar cells is chosen for similar power as the Reckahn power
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plant, the area occupied increases in 20 % and the number of PV
panels is almost three times than the case of Long Island PV plant.
However, in both cases the internal configuration chosen is central
and the number of inverters is almost similar.

The cost influences in the decision of the topology and the technol-
ogy used as well as the efficiency required, the performance, the
area, the price of land and the location. Despite the importance of
the internal distribution of the PV panels, inverters, and transform-
ers, the following section studies the general configuration of the
overall plant without considering the PV inverter topology chosen
for the PV arrays.

2.4 Collection grid topologies

Collection grid topologies are considered for internal dc or ac power.
Very little information has been documented about the ac collection
grid topologies for LS-PVPPs and none has been presented for the
dc collection grid. This section explains some possible AC collection
grid topologies described by some manufacturers as radial, ring, star
and their variations considering their advantages and disadvantages.
In this explanation, an array of PV panels together with its inverter
and transformer is considered as PV generator.

2.4.1 Radial

The radial collection system considers several numbers of PV gen-
erators connected to one feeder, developing one string, as shown in
Fig. 2.10. The majority of LS-PVPPs uses this topology because it is
cheapest and simplest, but its low reliability makes it less attractive.
If the first generator connected to the feeder is lost, all the string is
lost. One example of this configuration is detailed by Danfoss using
one of their Multistring inverters. In this case, a LS-PVPP of 15 MW
is proposed. It has two feeders of 7.5 MW, and each of them has 5
transformer stations of 1.5 MW. The low voltage side of the trans-
former is connected to 88 multistring inverters that are connected
in parallel between them [96]. In the case, a PV inverter is lost, the
total power production will not be affected significantly, but, if one
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transformer station is lost, all the feeders can be lost in the worst case
scenario. In this case the power produced will reduce by 50 %.
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Figure 2.10: Radjial collection configuration

2.4.2 Ring

The ring collection topology is the one used to improve the reliability
of LS-PVPPs. The connection is based on radial design but it adds
another feeder in the other side of the string (Fig. 2.11). If one of the
PV generators is lost, then the PV generators connected to the other
side of the feeder can still give power to the LS-PVPP. The drawback
is the cost and the complexity of the installation. A LS-PVPP of
10 MW proposed by Danfoss uses this configuration considering 15
transformer stations. The low voltage side of these transformers is
connected to 42 multistring inverters. In this case, if there is any
failure in one of the inverters just a small part of the LS-PVPP is lost
(less than 1 %) [97]. In this case, if any transformer station is lost,
there is a reduction of power production of 6.3 %.

2.4.3 Star

This collection topology has one PV generator connected to the main
collector. Commonly, this collector is in the middle of the LS-PVPP
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Figure 2.11: Ring collection configuration. (a) case 1 and (b) case 2

to reduce the distances of the cables and to have the same losses be-
tween them (Fig.2.12). This solution offers higher reliability than the
other cases. On the downside, there is one feeder for each PV gener-
ator that increases the total cost. An example of 21 MW LS-PVPP is
explained by Abraham Ellis for the integration of Renewable Energy
in South Africa [98]. The star configuration proposed considers 8
transformer stations. Each of these transformers is linked to 3 cen-
tral inverters on the low voltage side. In this case, if a transformer
station is lost, 14 % of the power production will be affected. This
can be reduced if multistring inverters are used. It will have a power
reduction of 4% if any of the central inverters fails.

The ac collection grid topologies presented here have different prob-
lems with reliability, cost, and efficiency. These issues can be over-
come if there is a complete analysis of these configurations in one
case scenario, very few cases have been published making impossible
the comparison among them. Finally, the table (Table 2.4) summa-
rizes the technology, the internal topology and the ac collection grid
configurations used in LS-PVPPs, considering the above discussion.
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Table 2.4: Summary of basic elements, internal configuration and topologies for LS-PVPPs

Basic elements

Configuration and topologies

PV panels PV inverters Transformers Internal configuration  Collection grid topologies
m-Si one stage (dc-ac) Two windings Csi;wltnral Radial
Technology c-Si two stages (dc-dc-ac) ncng ng Ring
Three windings Multistring
Thin film solar cells  galvanic isolated or non-isolated 2c module Star
Most used m-Si and Thin film One stage dc-ac Three winding Central Not enough do\cumented
tecnology PVPPs
Switching losses
Effciency Effciency Size Power effciency Reliability
Concerns Price Adequate control Price Voltage variation Losses
Manufacturing Compliment of grid codes Power Installation cost Cost
stability Galvanic isolation owe Maintenance cost 08

Price

2.5 Conclusions

In this chapter, the main characteristics of the basic components for
LS-PVPP have been detailed. In addition, the internal disposition
and ac collection grid topologies have been described considering
real LS-PVPPs implemented around the world. The tables 2.1 to 2.4
present a general summary of the different topics discussed in this
review. It is worth pointing out the right choice of the components af-
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fects the area occupied, the efficiency and the reliability of LS-PVPPs.
From this review, some conclusions can be argued:

e The material used in the PV panels makes a big difference in
the area occupied. Better materials of PV panels makes possible
the reduction of the area used by LS-PVPPs. PV panels with
higher power and less size must be developed specifically for
LS-PVPPs. This will help to reduce the installation costs and
the area used. In this sense, silicon solar cells is more suitable
for large installations as it has higher efficiency and the land
used is less than the case of thin film solar cells. Also, the prices
are expected to decay in the future years which will help to the
development of LS-PVPPs. However, thin film solar cells tech-
nology is still improving and it is expected that more LS-PVPPs
will use it, as the price is less than crystaline or multicrystaline
solar cells.

e The most widely used PV inverters in LS-PVPPs have one stage
of inversion (dc-ac), as it is a known technology and has been
deeply applied to the integration of renewable energy into the
grid. However, two stages are attractive for the future of LS-
PVPPs to improve the control of the PV generator at the dc side
which permits to reduce the dc variations. Besides, the addi-
tion of galvanic isolation in any of these cases depends broadly
on the PV panel type and the electrical characteristics required
by the LS-PVPP. Deeper studies are necessary considering real
cases scenarios to understand the advantages and disadvan-
tages of the use of converters with one or two stages, galvanic
isolated or not.

e The internal topology is critical for the performance of the LS-
PVPPs. Central topology has been preferred by the majority of
LS-PVPPs developed in the world. This may obey to the sim-
plicity of installation and to the small number of components in
the overall power plant. The drawback of the central topology
is the mismatching losses caused by the change of radiation re-
ducing the effectiveness of the MPPT control and affecting the
output power. Multistring topology has better characteristics of
efficiency because it has a dedicated MPPT control per string.
The complexity of installation and the large number of invert-
ers installed, make this topology less attractive to investors. The
multistring inverter topology has a big potential on LS-PVPPs,
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but deeper research on cost, efficiency and behaviour is neces-
sary.

According to the topology chosen and the rated power of the
inverter, the transformer is elected. Two windings transformer
was commonly used in PVPPs developed in the 90s due to the
power of central inverter. However, the development of central
inverters with a higher rating has increased the necessity to have
an improved transformer. Today, one of the transformers most
used in real LS-PVPPs has three windings that permits to link
two central PV inverters with their independent control. But in
the case of multistring inverters, two windings transformers is
still used. The future trend of the transformers for LS-PVPPs
depends especially on how the inverter improves its technology
and control. Their size, operation, maintenance, power quality
are the current concern in LS-PVPPs and deeply research on
new transformer’s generation is still emerging.

A comparison of various conceptual designs for the ac collector
system options in terms of losses, reliability, and economics has
been presented in this review. In real LS-PVPPs radial configu-
ration is the most used as it has the lowest cable cost. Currently,
there is any study comparing the collector system options for
this type of application and how the variation of solar radiation
and temperature affects the performance of any configuration.
In future years the use of radial or ring configuration will be
the most used and not so many changes will occur in this area.
However, as the PV array supplies dc power, it will be more
attractive to have dc collection grid instead of ac. This will de-
pend on how the dc-dc converters and protections will develop
in the future years and how the price for dc technology will
drop.

The future of LS-PVPPs depends on the decay of prices, size re-
duction, efficiency improvement of the different elements used
in its development (PV panels, transformers, and inverters). Af-
ter the prices will be sufficiently reduced, the internal config-
uration and the collection grid are part of the future concern
in LS-PVPPs considering cost, robustness, reliability and flexi-
bility. Together with the concern of the elements and the con-
figuration, the necessity to improve the control and the energy
management of LS-PVPPs is increasing.



Chapter 3

Review of advanced grid code
requirements

“...But we have learned from experience that we cannot develop one
element such as renewable electricity - without considering what happens
to the wider network.”

Giinther Oettinger, European commissioner for energy .

This chapter presents a comparison of the grid codes of Germany,
US, Puerto Rico, Romania, China, and South Africa considering:
fault ride through capability, frequency and voltage regulation, as
well as active and reactive power support. In addition, a broad dis-
cussion about the challenges that the large scale photovoltaic power
plants have to overcome is presented together with the compliance
technology and future trend’.

This chapter is based on the following publication:
A. Cabrera-Tobar, E. Bullich-Massagué, M. Aragiiés-Penalba, O. Gomis-Bellmunt, “Re-
view of advanced grid requirements for the integration of large scale photovoltaic
power plants in the transmission system”, Renewable and Sustainable Energy Reviews.,
62 (2016),pp. 971-987
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3.1 Introduction

A centralized system that performs the functions to supply power to
the electrical system and not to a particular customer is known as
a power plant. Its main aims are to function independently and to
comply with the needs of the electrical system under some regula-
tions [1].

Grid codes and standards define the requirements of these power
plants connected to the transmission or distribution grids to enhance
its reliability, stability, and security. These grid codes were tradition-
ally developed to permit the interconnection of power plants, based
on synchronous generators, with the grid. The use of renewable
energy to produce electricity was initially very low in comparison
with conventional power plants, but this has changed drastically in
the last years. Thus, it is becoming more important to develop grid
codes for power plants that use renewable generation as the main
source to avoid any problem with the electrical system operation.
In this sense, wind power plants have stepped up the path for grid
codes development. However, LS-PVPPs and VLS-PVPPs connected
to the transmission system, grid codes have recently been developed
and further analysis is needed.

In the case of PV inverters connected to the distribution network,
the standard IEEE 1547 has been widely used. This standard reg-
ulates the interconnection of distributed resources like synchronous
machines, induction machines, and power inverters. This standard
prevents that the distributed resources participate in ancillary ser-
vices as frequency and voltage stability support, active and reactive
power management [99], [100]. However, due to the growth of PVPPs
for utility purpose in the last years, there has been a development of
grid codes to permit the integration of PVPPs at the transmission
level.

The first grid code specifically for PVPPs interconnected with the
Transmission system was developed by Germany in 2008, 4 years af-
ter the first grid code developed for WPPs by Denmark [101]. This
grid code for PVPPs has been utilized especially by Europe and has
become a good example to develop similar regulation around the
world. After German’s grid code, other countries created their own
regulations as South Africa [102], China [103], and Romania [104].
In the case of United States of America (US), there is an electrical
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standard for the interconnection of large scale generators (LGIA) to
the electrical system, however, each TSO has their own requirements
[105]. One of these is the TSO of Puerto Rico that has its own and
well-defined grid code for LS-PVPPs [106]. Panama has also devel-
oped its grid code, but this is based on the ones named before [107].
Not more grid codes, that consider the integration of LS-PVPPs with
the electrical system, are available in other countries. However Mex-
ico, Brazil, Spain and Chile are currently discussing the creation of
grid codes for this purpose, as the power generation by PVPPs in
these countries is expected to grow.

A short comparison between the grid codes of China, Germany, and
US for PVPPs connected to the distribution or to the transmission
system, considering also the electrical standards IEEE 1547 and EN
50160 is developed in [108]. As Germany was the first technical grid
code launched for PVPPs connected to medium and high voltage
transmission network, there are some publications analysing these
requirements like [48] and [109]. These focus on the response of the
PVPP when there are disturbances. A similar study developed by
X. Jiao and Q. Giao considers Chinese grid code [110]. A scope of
the challenges for large scale PV integration in the distribution and
transmission level is developed by R. Shah et al. [111], comparing
some grid code requirements given by Germany and US. The work
developed by Manasseh, O and Bass, R [100] compares and analyses
the requirements given by some electrical standards for the distri-
bution system as: IEEE 1547, IEEE 519 and IEEE 929. They also
analyse the challenges and the trends of the PV systems interconnec-
tion with the distribution level. But this work does not consider the
grid code requirements for the interconnection of LS-PVPPs with the
transmission system. In the case of WPPs a deeper analysis of the
most important grid codes is developed by [112], however, a similar
study for LS-PVPPs’ grid codes is still missing.

Thus, this chapter addresses a comprehensive analysis of the main
grid code regulations for LS-PVPPs connected to the transmission
system. The grid codes analysed are the ones that up today are ac-
cepted by the transmission system operators of Germany, US, Puerto
Rico, South Africa, China and Romania which have been used for
the current PVPPs installed in those countries. After this compari-
son, a discussion about the challenges that operators of PVPPs have
to face is deeply discussed. Further, the analysis of the compliance
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Table 3.1: International grid codes under study

Country Grid Code Organization Title Version
Germany BDEW Generating plants connected to the Medium-Voltage June, 2008
network
Romania ANRE Techmc‘al‘ conditions for connection to public 2013
electricity networks for PV power plants.
Us PREPA Technical Requirements for Inter.connectmg Wind August, 2012
and Solar Generation

FERC LGIA Standard large generator agreement 2006
. GB/T 19964. Generating plants connected to the

China NEA Medium-Voltage network 2012
Grid connection code for renewable power plants

South Africa NERSA connected to the electricity transmission system or November, 2012

the distribution system in South Africa
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technology used and researched so far is analysed and summarised.

3.2 Comparison of grid codes

This section compares the different technical requirements requested
by Germany, China, Romania, Puerto Rico, US and South Africa for
the interconnection of LS-PVPPs to the transmission system (Table
3.1). The comparison is developed considering four specific cate-
gories: a) Fault-ride through requirements, b) voltage and frequency
deviation boundaries, c) active power and frequency control and d)
voltage and reactive power control.

3.2.1 Fault ride through requirements (FRT)

The type of faults in the grid codes considered by PREPA, NERSA,
NEA, and ANRE are symmetrical and asymmetrical where the re-
quirements are the same for both cases. BDEW and FERC LGIA have
prepared specific requirements for only symmetrical faults. The ba-
sic curve for FRT requirements is illustrated in Fig.3.1. The normal
voltage profile at the point of common coupling (PCC) is in area A,
where the PVPP works continuously. If the voltage profile at PCC is
in Area B, the PVPP has to remain connected for a period of time. In
the case that the PVPP’s voltage profile is in Area C, it is not manda-
tory for PVPP to stay connected. ANRE’s grid code establishes that
the PVPP has to withstand voltage drops up 85% of the nominal volt-
age for a considerable time of 0.625 s. When a fault occurs, the volt-
age could drop to 0, and thus the grid codes established by BDEW,
PREPA, NEA, NERSA and FERC LGIA stay that the PVPPs have to



3.2 Comparison of grid codes

withstand voltage drops of 100 %. In this case, the time that the
PVPP has to remain connected is 0.15 seconds as it is demanded by
BDEW, NEA, NERSA and FERC LGIA. In the case of PREPA’s grid
code, the time should be 0.6 seconds In this sense, the most restrict-
ing FRT requirement is enforced by PREPA under symmetrical and
asymmetrical faults where the PVPP has to withstand voltage sags of
100 % during 600 ms. After the fault is cleared, the voltage returns
to safety values (V1) for a given time (t;). In the case of Germany
and China, after 0.15 seconds, the voltage rises up to 30 % and 20 %
of the nominal value respectively. The PVPP has to withstand this
new condition during 0.5 seconds. After this, the voltage has to trip
to Vq for a recovery time (t;). In this sense, BDEW requires that
PVPPs return as fast as possible to normal operating conditions. The
voltage limits and the times are summarized in Table 3.2 and Fig.3.2
illustrates the voltage profile for low voltage requirements in each
grid code.

Voltage at PCC (V)

Vn

V1

Vo

0 11 2 e
Figure 3.1: General Curve for fault ride through requirements

The PVPP has also to remain connected when over-voltages occur,
these are the high voltage ride through requirements (HVRT). These
are imposed by PREPA and NERSA for PVPPs (Fig. 3.3) but BDEW,
NEA, and ANRE only give the limits of voltage for normal opera-
tion and do not clarify any HVRT requirement. FERC LGIA does
not clarify this value because it depends on the TSO requirement.
Table 3.3 summarizes the requirements given by the grid codes of
Germany, Romania, Puerto Rico, China and South Africa. It is evi-
dent that Puerto Rico has the most restricting HVRT regulation, that
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Table 3.2: FRT requirements in international grid codes

Grid code During fault After fault
Vo(pu) t1 (s) Vilpuw) t (pu)
Germany 0 0.15 0.9 1.5
Romania 0.15 0.625 09 3
US-Puerto Rico 0 0.600 0.85 3
China 0 0.15 0.9 2
South Africa 0 0.15 0.85 2

Table 3.3: Comparison of HVRT requirements in International grid codes

Grid code V (pu) t(s)
Germany NS NS
Romania NS NS
14 0.15
. 1.3 0.95
US-Puerto Rico 12 1
1.15 continuous
China NS NS
South Africa 12 0.‘15
1.1 continuous
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Figure 3.2: Comparison of FRT requirements in International grid codes
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imposes to PVPPs to withstand an over-voltage of 1.4 p.u during 0.15

seconds.
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The voltage stability is assisted by the reactive power support. Ger-
many, South Africa, and China have the reactive power requirement
illustrated in Fig. 3.4. The grid code of Germany requires a 2% slope
of positive reactive current injection for each percent of voltage drop.
In the case of a sag value higher than 50 %, the injection of reactive
current goes to 100 % or more depending on the converter’s current.
The grid code given by Puerto Rico requires a variable slope that
goes from 0 to 10 %. The dead band without the injection of reactive
current is 10 % for Germany, South Africa and China, and 15 % for
Puerto Rico.

There is an extra requirement given by NERSA that determines that
LS-PVPPs have to supply full reactive current when the voltage goes
down to 20 % without limitation of time. China, meanwhile, requires
an injection of reactive current response with a 1.5 % slope for volt-
age variations from 0.2 to 0.9 p.u. The reactive current injection is
105% of the rated current when the voltage sag is higher than 0.8
p-u. Another interesting characteristic in China’s grid code is that it
does not permit the absorption of reactive current when there is over-
voltage and thus the reactive power support is 0 when the voltage is
higher than 0.9 p.u. Germany, South Africa, and Puerto Rico per-
mit reactive power absorption when the voltage goes to 120 %. For
FERC LGIA and Romania, there is no clarification about the reactive
current injected when faults occur [105].

It is important to notice that the most extreme requirements for FRT
and HVRT are presented by PREPA’s grid code. This is mainly to the
weak grid that Puerto Rico has. For this reason, the reactive power
support is variable from 0 to 15 %. Regarding the reactive power
support, not all the grid codes have the same requirements. It could
be interesting to harmonize them in order to develop effective solu-
tions as it is not easy going on task to comply with the injection and
absorption of reactive power. In addition, the different grid codes
also permit the installation of equipment to overcome this necessity
as Static Var Compensators (SVCs), Static synchronous compensators
(STATCOMs) and capacitor banks. However, the absorption of reac-
tive power could lead to require more reactive power from the grid
which is not a desirable performance.
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3.2.2 Voltage and frequency boundaries

The grid codes establish the electrical boundaries under which the
PVPPs have to operate continuously. Romania, Germany, South
Africa and China have the same voltage range of 90 to 110 % of
the nominal voltage. This condition is for any nominal voltage at
the PCC according to the Transmission grid code of Romania. In
China, however, the variation of 10 % of the nominal voltage is only
when the voltage at the PCC is higher than 35 kV. If the voltage is
less than 20 kV, the voltage range is between 93 to 107 %. In the US,
the boundaries of frequency and voltages depend on the TSO and it
is not clarified by FERC LGIA. For instance, Puerto Rico has other
boundaries of voltage at the PCC, which are from 85 to 115 % for
continuous operation.

The frequency range of normal operation is between 49.5 to 50.2 Hz
for China. The PVPP has also to withstand frequencies from 48 to
49.5 Hz during 10 min. If the frequency is less than 48 Hz, the time
that can withstand the PVPP connected depends on the PV inverter
technology used. In the case that the frequency is higher than 50.2
Hz, the PVPP has to remain connected for 2 minutes, after this, it
has to shut down. Germany, Romania, Puerto Rico and China per-
mit the instantaneous disconnection when the upper limit is reached.
South Africa’s grid code requirements do not permit an instanta-
neous disconnection, the PVPP has to withstand 4 seconds with an
over-frequency higher than 52 Hz. These requirements are summa-
rized on Table 3.4.

It is interesting to point out that the most extreme frequency limits
are around -3.5 Hz and +2.5 Hz from the nominal value. Usually,
a wider range is accepted by areas that have weak grids or they are
isolated as the case of Puerto Rico. The same situation happens with
the voltage limits, where Puerto Rico has the widest range. Besides,
it is important to notice that Germany has also a wide range of fre-
quency limits for continuous operation as currently this country has
a higher amount of renewable energy connected to the grid. The
strictest continuous operation frequency limits are demanded by US
(59.4 to 60.6 Hz). China has the strictest maximum frequency per-
mitted (50.2 Hz), but the minimum value depends on the inverter
performance. This is the only country that considers the technology
used in order to set the limitations. Regarding these limitations, the
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Table 3.4: Frequency limits in international grid codes

Grid code Frequency (Hz) Limits (Hz) Maximum duration
f>515 Instantaneous trip
Germany 50 475 <f <515 Continuous
f <475 Instantaneous trip
f>52 Instantaneous trip
Romania 50 47.5 <f <52 Continuous
f <475 Instantaneous trip
f>62.5 Instantaneous trip
615 <f <62.5 30s
. 57.5 <f <61.5 Continuous
US. (Puerto Rico) 60 565 <f <57.5 108
f <56.5 Instantaneous trip
f>61.7 Instantaneous trip
61.6 <f <61.7 30s
60.6 <f <61.6 3 minutes
59.4 <f <60.6 Continuous
US. (FERC LGIA) 60 58.4 <f <59.4 3 minutes
57.8 <f <58.4 30s
57.3 <f <57.8 75s
57 <f <57.3 075s
f <57 Instantaneous trip
f>50.2 2 minutes
49.5 <f <50.2 Continuous
China 50 48 <f <495 10 minutes
f <48 PV inverters characteristics
f >52 4s
51 <f <52 60s
. 49 <f <51 Continuous
South Africa 50 48 <f <49 60s
47 <f <48 10s
f <47 02s

harmonization of grid codes is almost impossible as it depends on
the strength of the grid that is not the same for each country.

3.2.3 Active power and frequency control

The control of the active power in LS-PVPPs should match the vari-
ability of solar energy during the day and the grid requirements. Ac-
cording to the grid code of South Africa [102], the control of active
power is divided into three main requirements: i) Absolute produc-
tion, ii) delta production and iii) Power gradient. The first constraint,
absolute production, is based on the active power value defined by
the TSO that the PVPP has to provide. In the US, the absolute pro-
duction is known as power curtailment. The second constraint, delta
production, determines the active power reserve. This is a percentage
of the absolute power that the PVPP could supply in normal condi-
tions. In Puerto Rico, delta production is defined as a power reserve.
This reserve helps to have a future control of the PVPP when the fre-
quency or voltage deviation occurs. The third constraint, the power
gradient, limits the value at which the power generation has to step
up or down the active power with values of MW per minute. In Ro-
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mania, Germany, and US, the power gradient is known as a ramp
rate limit. The PVPP must comply with any of these requirements
despite radiation changes and cloud coverage. These requirements
are illustrated in Fig. 3.5.

P(W),
Maximum Power Power Maximum
power reserves curtailment power

4
. ~

- —

Rump Ramp t(h)

down up

Figure 3.5: Active power control constraints for PVPPs

Table 3.5 summarizes the active power control required by the dif-
ferent international grid codes for PVPPs integration. All of them
permit the active power curtailment to a value set by the TSO. The
curtailment of active power is developed with a ramp rate limitation
which has different values depending on the country. The grid code
given by NERSA specifies the need that the PVPP supports the grid
with three different active power controls: absolute, delta and gradi-
ent constraint to improve the performance of the PVPP connected to
the grid. This grid code also specifies the time response for any new
set point of active power that is less than 30 seconds.

The frequency control, however, needs the variation of active power
during a small period of time. BDEW, NERSA, ANRE, and NEA
specify that the PVPP must have primary frequency control to act
as a governor. The control requirements for the stabilisation of the
frequency vary from one code to another. FERC LGIA does not man-
date any active power control, but this decision usually depends on
the TSO. In the case of Puerto Rico, the active power control takes
action when there is a deviation of more than + 0.3 Hz of the nomi-
nal frequency. In this situation, the active power has to be at least 10
% of the maximum power capacity for less than 10 minutes. If the
deviation is less than + 0.3 Hz, the value of the active power can be
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Table 3.5: Active power constraints required by international grid codes

Grid code Curtailment Reserve Ramp rate

Germany X
Romania

US (Puerto Rico)
China

South Africa

XXX XX
x
XXX

Table 3.6: Ramp rate limits in international grid codes

Grid code Ramp rate (% Power capacity /min)
Germany 1

Romania 10

US (Puerto Rico) 10

China X

South Africa Set by TSO

between 10 to 100 %. China, however, only specifies that in cases of
over-frequency (50.2 to 50.5 Hz), the PVPP has to withstand for 2 min
and then it can be disconnected. After 50.5 Hz, the disconnection is
mandatory.

South Africa, Germany and Romania state clear specifications about
the frequency regulation considering the change of active power. Fig-
ure 3.6 illustrates the active power response due to variation of fre-
quency outlined by Romania, South Africa and Germany grid codes.
In this figure, f; to f4 form a control dead band for the primary fre-
quency control and f4 to f4 are set to do critical frequency control.
There are two droops or slopes to change from f; to f; and f3 to f5 re-
spectively. These slopes are variable from 0 to 10 %, which is agreed
in accordance with the TSO. To provide grid stabilisation, NERSA’s
grid code requires that the PVPP should be designed with an active
power capability that could provide regulation of over and under fre-
quency. This value is called the delta or reserve power which should
be at least 3 % of the available power, and it is the new available
power in order to provide frequency stabilisation. Romania requires
that the available power changes in accordance the frequency vari-
ation when there are disturbances. Germany$ grid code states that
the primary frequency control is mandatory for PVPPs with a power
capacity higher than 100 MW. PVPPs with less capacity can also par-
ticipate in the primary frequency control only if there is accordance
with the TSO. The variation of power when there is over frequency,
in the case of Germany, depends on equation (3.1), where Py, is the



3.2 Comparison of grid codes

Table 3.7: Frequency values for Active Power regulation according to Fig.3.6

Grid code f; fy f3 fy fs fe
Germany 49.5 49.5 <f <50 50.05 50.5 51.5 <50.2
Romania aw-TSO! aw-TSO aw-TSO aw-TSO aw-TSO aw-TSO
US (Puerto Rico) aw-TSO aw-TSO aw-TSO aw-TSO aw-TSO aw-TSO
China aw-TSO aw-TSO aw-TSO aw-TSO aw-TSO aw-TSO
South Africa aw-TSO aw-TSO aw-TSO 50.5 52 50.2

Table 3.8: Values of P for Active Power regulation according to Fig. 3.6

Grid code Py Phin
Germany - 0.8
Romania aw-TSO 0
US (Puerto Rico) NS NS
China NS NS

South Africa

<097*Pyailable aW-TSO

instantaneous available power and fnet is the network’s frequency.

50.2 - fret
AP =20 X Py x = 1€ 54502 < fpet < 51.5 3.1)
50.2 ¢
Active Power Control band
A
Poaitabie i dead bind
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Romania
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0 el
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Figure 3.6: Active power control due to frequency regulation requirements by international

grid codes.

Comparing the grid codes, the most restricting control is the one
required by Romania, where there is under and over-frequency con-
trol, but in terms of time response, it is Puerto Rico. It is important to
point out that the grid code of South Africa and Puerto Rico demand

law:agreed with
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a power reserve to increase the active power capability to stabilize the
grid when the frequency drops its nominal value. It is expected in
the coming years, that power reserve will be a requirement for other
countries as more and more renewable energy is being introduced.

3.2.4 Voltage and reactive power control

Conventional power plants have to overcome voltage deviations and
to provide reactive support to the grid. Commonly, the voltage works
in a band of + 10 %of the rated voltage. The compliment of this re-
quirement depends on the reactive power support characteristics of
the PV inverter and ancillary devices such as STATCOMs or capaci-
tor banks. As PV inverters were initially designed to be installed at
the distribution level, they do not usually consider these new charac-
teristics. Some companies like Danfoss, SMA, and ABB have already
improved their inverters to permit the control of voltage fluctuations
and the reactive power support. To connect LS-PVPPs to the grid,
the voltage control has two main challenges: i) the voltage has to be
kept inside a dead band regulated by TSO and ii) the LS-PVPP has
to comply with the capability curve given by the TSO for the rela-
tion between reactive and active power. According to [49] there are
several methods for voltage control in LS-PVPPs: voltage regulation,
power factor regulation or reactive power control. The voltage regu-
lation controls the value of voltage that is based on a droop function.
In this case, the droop is the variation of voltage due to a change
of reactive power. The power factor regulation controls the reactive
power depending on the value of active power. The last method,
reactive power control, manages directly the reactive power at the
PCC. The PVPP shall be able to control the reactive power and the
voltage with any of these control methods.

Not all the grid codes permit that PVPPs work on one of these three
modes. Table 3.9 summarizes the reactive power control require-
ments given by each grid code. In the case of Puerto Rico, the grid
code requires that the control mode should be only the one called:
voltage setpoint. The strategy of this control is based on droop con-
trol variable from 0 to 10 %. The time response of this control is 1
second for a total reactive power of 95 % . Meanwhile, Germany has
a time response of 1 minute and South Africa has a time response of
30 seconds. Considering the time response, the most restricted grid
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code is the one of Puerto Rico.

Additionally, to the control method, the fulfilment of a reactive power
capability curve in the PCC is also a requirement. US, FERC LGIA
have defined a dynamic reactive power range between 0.95 leading
and 0.95 lagging, but they do not clarify the requirements for steady
state conditions. In Puerto Rico, the reactive power requirements are
defined under steady and dynamic operating conditions. In steady
state, the PVPP must be able to continuously work with a power fac-
tor of 0.85 lagging and 0.85 leading. In dynamic mode, the power
factor is between 0.95 lagging and 0.95 leading. It is important to
point out that the reactive power requirements defined by NERSA
differ depending on the rated power of the LS-PVPP. If the rated
power is between 1 to 20 MVA (Category B), the reactive power de-
manded is 0.228 MVAr. But if the rated power is higher than 20 MVA
(Category C), the reactive power demanded is 0.33 MVAr. A compar-
ison of the reactive power requirements is illustrated in Fig.3.7 that
includes all the available active and reactive power demanded by the
different grid codes together with the power factor limitation.

Regarding the reactive power control, Puerto Rico presents the strictest
control. First, the control has to respond as fast as possible to over-
come any issue in the grid. Second, as the PQ capability curve at
the PCC presents a wide range of reactive power and generally the
PV inverters capability is not sufficient, extra equipment is needed.
China, Germany, South Africa and Romania present almost the same
PQ capability curve with a maximum reactive power requirement of
+0.33 p.u. Depending on the topology of the LS-PVPP additional
equipment may not be needed.

This section has presented a comparison of the most relevant require-
ments demanded by the grid codes in Germany, China, Romania, US,
Puerto Rico and South Africa for the interconnection of LS-PVPP
with the transmission system. It can be summarized that Puerto
Rico, as it has a weak grid, it has the strictest requirements in FRT,
active power and reactive power control. On the other hand, China
and the US have the most strict limitations on frequency and voltage
boundaries. Considering this comparison of the different grid codes,
the following section discusses the challenges that LS-PVPPs have to
face in order to be connected to the transmission system.
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Figure 3.7: Comparison of reactive power requirements imposed by the grid codes of
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China, Germany, US, Romania and South Africa.

3.3 Challenges for grid integration of LS-PVPPs

A PVPP should comply with the minimum requirements given by
the grid codes of the different countries. Because of these grid codes,
there are many challenges that the PV generators, the LS-PVPPs,
and the electrical network have to face in the upcoming years. This
section studies the challenges that the current technology has to face
to comply with the grid code requirements.

3.3.1 Voltage variation

As PV systems were first developed for residential, commercial and
industrial applications, there are several studies about the voltage
instability caused by a high penetration of these PV systems at the
distribution level. According to IEEE 1547 these PV systems inter-
connected with the grid should not perform any voltage regulation
at the PCC. The studies developed for this type of application have
been conducted in order to understand the problems caused by a
high PV penetration that has not considered any control to support



3.3 Challenges for grid integration of LS-PVPPs

Table 3.9: Voltage and reactive control required by international grid codes.

Country Control mode Set point Power factor ranges
Voltage control cos ¢ (fixed)
German Power factor control cos ¢ (P) 0.95 leading
4 Reactive power control Q(fixed) 0.95 lagging
Q(V)
0.85 lagging (stable operation)
Us 0.85 leading
(Puerto Rico) Voltage control v or
0.95 leading (dynamic operation)
0.95 lagging
Romania Voltage control cos ¢ NS
Power factor control
. . 0.95 leading,
China Reactive power control Q) 0.95 lagging
South Africa Voltage control cos ¢ (P) 0.975 leading (category B)

0.975 lagging (category B)
Power factor control Q) and
0.95 leading (category C)

Reactive power control 0.95 lagging (category C)

the voltage at the point of interconnection. Yan, R and et al [113] fo-
cus on the investigation of cloud coverage impact on the PV systems
interconnected in an IEEE 13 bus system. This study concludes that
the cloud transient affects the voltage at the distribution level as tap
changers of transformers does not act as quickly as possible to main-
tain the voltage level. Similar conclusions were obtained in [114].
Besides cloud coverage, the distance of the feeder is also an impor-
tant factor to consider. This is studied in [115] where a 8 MW PVPP
connected to the distribution system at different distances is anal-
ysed. It shows that the voltage at the feeder is affected depending on
the location of the PVPP which also affects the entire performance of
the distribution system. Thus, the optimal placement of the PVPPs
at the distribution level is considered vital to reducing power losses
and voltage instability [116].

In the case of LS-PVPPs developed for utility purpose, its effect on
voltage stability has not been broadly studied. Omran, W and et al
[117] have studied the impact on the voltage profile affected by the
installation of PVPPs at different sites of the grid. The results show
that the voltage at the feeder presents a parabolic trend when the
output power of the PVPP increases (0.2 to 10 MW). The maximum
point of this voltage profile will depend on the total impedance of
the PVPP and the transmission line. A similar studied is performed
in [118]. These studies consider that PVPPs supplies the maximum
power possible, but the output power variation during the day is
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not considered. There are no deep studies about the effect of cloud
coverage along the park and how it affects the LS-PVPP performance.
In the case of WPPs the studies focus on how the variability of wind
speed can affect the voltage stability.

Today, the challenge is to understand how the LS-PVPP affects the
voltage profile at the PCC due to cloud coverage, radiation, and
temperature. Thus, studies considering the variability of the source
should be developed. The size and internal topology should also be
part of the analysis. For this reason, the creation of accurate models
of LS-PVPPs to simulate static and dynamic performance are also
part of the challenge. Understanding the voltage profile at the PCC,
different solutions and control algorithms can be conceived.

3.3.2 Frequency stability

In the current electrical system, the frequency is related to the rotat-
ing speed of the conventional synchronous generators. The control
of these generators depends on the balance between the load and the
power generated by the management of the acceleration or decelera-
tion of each electrical machine to reduce or to increase the frequency
[119]. The inertial response of the generator plays an important role
in the electrical system in the frequency control. The kinetic en-
ergy is released to the electrical system limiting the initial rate of
frequency decline in the case a demand-generation power imbalance
occurs [120], [121], [122], [123].

In the case of LS-PVPPs, the technology used: PV array and inverter
makes a big difference with the conventional power plants. The lack
of rotating machine together with the power variability during the
day can bring several problems to the electrical system in terms of
frequency stability [124], [125]. The study developed by [126] de-
tails the case of the Australia network considering the integration of
wind and solar power. It concludes that low inertia and PV vari-
ation causes problems in the frequency regulation of the electrical
system. This study considers small PV systems interconnected at the
distribution network with a total capacity of 500 MW. The work de-
veloped by Abdlrahem, A and et al [127] explains how the frequency
of the electrical system is affected by four LS-PVPPs of 50 MW each
one. Besides, four synchronous generators of 700 MW each are con-
sidered for the study. This study contemplates the increment and
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decrement of radiation on each PVPP. The analysis is conducted to
see how these changes affect the electrical system. The conclusion,
in that case, is that PV penetration does not affect drastically the fre-
quency stability, but this study is not considering any reduction of
conventional generation. On the other hand, a statistical evaluation
of the electrical system with high PV penetration shows that this in-
crement of PV power in the electrical system affects the frequency
stability [128].

Deeper studies of this phenomena are still missing. Up today LS-
PVPPs have been installed around the world, so it could be beneficial
to understand how its lack of inertia impacts the current grid. The
study developed by [125] is a good start to understand the lack of
inertia in the electrical system. The big challenge for LS-PVPP is to
provide a solution to overcome the lack of inertia for primary and
secondary frequency control. Besides, if LS-PVPPs work at maxi-
mum power point they do not have a power reserve to control the
decrement of frequency.

But the challenge is not only for LS-PVPP it is also for the current
conventional power generation. The transition from conventional
to renewable power generation requires that synchronous genera-
tors adapt their power output to accommodate the variable power
of these new power plants in order to maintain the stability of the
electrical network.

3.3.3 Active power regulation

The operating power point of the current PV inverters is at the max-
imum active power that varies according to the irradiance. To fulfil
this point, different algorithms have been developed as the perturb
and observe, incremental conductance, ripple correlation, particle
swarm optimization, fuzzy logic control, differential evolution and
others as they are explained in [129], [130], [131]. The main draw-
backs of these algorithms are the time of response, the number of
sensors used and the delay to notice that the radiation has changed.

Using this control, the LS-PVPP will be always working at maxi-
mum power in each solar radiation. Due to cloud transition, the
electrical system could experiment large and quick fluctuations of
active power. This behaviour affects the grid power balance, trigger-
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ing to emergency situations. Besides economic dispatch will be also
affected [132]. A study analysing the impact of the PV systems in-
stalled at the distribution network on active power dispatch during
the day is explained in [133], where the PV production shows ramp
rates higher than 2.5 MW /min due to solar radiation variation.

Thus, grid codes require at least two types of active power control:
power curtailment and ramp rate control. In addition, Puerto Rico
and South Africa demand power reserve. Considering these require-
ments, the MPPT tracker would suffer some modifications. It is no
longer necessary to be working at maximum power point all day,
but it will be necessary to track the power required by the TSO. The
maximum operation point should be less than the power capacity
of the LS-PVPP or storage equipment should be installed. However,
the main concern is the power curtailment with a ramp rate con-
trol. The reduction of power at a constant ramp rate could not be
easy to approach with the current technology and control used in
the PVPP. The intermittent and non-uniform cloud coverage along
the LS-PVPP are also big challenges to overcome. The understand-
ing of these challenges comes together with a deep analysis of the
problems caused by LS-PVPP integration, but these studies are still
missing in this area of concern.

3.3.4 Reactive power requlation

The current technology of PV inverters used at the distribution level
does not have a PQ control as IEEE 1547 does not require it although
the inverter can perform it. However, due to the increased develop-
ment of LS-PVPPs and the grid code requirements, the PV inverters
have to control not only the active power but also the reactive power
[134], [135]. The MPPT control used in normal PV operation does not
permit to have a complete control of the PQ capability during the day
and limits the system performance. PV inverter developers do not
reflect the limitation of dc voltage, solar radiation, and temperature
in their capability curve.

Today, the challenge is to understand the limitations of these invert-
ers considering the variation of solar radiation, temperature and dc
voltage. In the case of WPPs deep studies about the reactive power
capability have been performed. For instance, the reactive power ca-
pability curve of a doubly fed induction generator has been studied
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in [136] which relates the reactive power capability of the inverter
plus the capability of the generator. In the case that the wind farm
does not have enough reactive power to comply with the grid re-
quirements, other equipment is installed as STATCOMs, SVCs or ca-
pacitor banks. A comprehensive and extended comparison of these
technologies used in WPPs is developed by A. Pathak et al. [137].
Thus, similar studies could help in the development of solutions to
approach the grid code requirements.

In this section, the challenges that technology developers, researchers,
industry and plant operators have to overcome for the correct per-
formance of the LS-PVPPs have been analysed. This discussion was
conducted by the investigation of high PV penetration impact on the
electrical system on voltage stability, reactive and active power reg-
ulation. Taking into consideration these challenges the next section
will discuss the current technology used to comply with grid codes’
requirements.

3.4 Compliance technology

Nowadays, grid codes and TSOs are demanding that PVPPs be-
have as similar as possible to conventional power plants. Thus, the
PVPPs should manage the active power, support the frequency of
the grid, support reactive power, voltage sags and voltage devia-
tions. Through the last years, two solutions have been developed:
(i) the addition of equipment as energy storage, diesel generators,
SVCs, STATCOMs, capacitor banks and (ii) the development of a
smart control for the LS-PVPP. Figure 3.8 illustrates a scheme of a
LS-PVPP that includes the additional equipment and the new con-
trol duties of all the equipment involved in the power plant. On the
one hand, it considers the active power control including power cur-
tailment, ramp rate, power reserves and frequency deviations. On
the other hand, it is considered the reactive power control to support
voltage deviation, to inject or absorb reactive power to the grid. In
this figure, it is also shown the possibility to use other equipment
in order to comply the requirements asked by the TSO for active or
reactive power control. This section explains each of these compo-
nents and control improvements for the fulfilment of the grid code
requirements.
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Figure 3.8: Control tasks and additional equipment in LS-PVPP

3.4.1 Fault ride through capability

In normal conditions, the inverters operate satisfactorily, as the ones
used in wind farms [138], but they have to overcome different issues
during faults. The inverters installed in PVPPs have three main rea-
sons to disconnect from the grid: overcurrent due to low voltage,
excessive dc voltage and loss of synchronization [48].

During a disturbance, for instance a short circuit, the voltage at the
output of the inverter decreases and current rises. The inverter is
still giving active power to the grid despite there is a fault condi-
tion. The input power from the PV array is constant at the maximum
point of power depending on the irradiation and temperature [139].
The inverter tries to balance the input and output power rising the
current and the DC voltage. As a result, the PV inverter is discon-
nected. This behaviour obeys to the natural response of the PV array
connected to the inverter because of the use of the MPPT control. In
this case, the MPPT is causing problems to the stability of the plant.
Some studies have been developed to enhance this control and to
improve the FRT response. In references [140] and [141] explain an
enhanced MPPT control as a new strategy of the PV inverter to over-
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come faults. The voltage elected should be higher than the voltage
of the MPP to reduce as fast as possible the output power.

To overcome the fault conditions, reactive power should be supplied
by the PV inverter. The requirement when the voltage drops below
50 %, is to have an injection of reactive current of at least 100 %.
Thus, the PV inverter has to be oversized in the range of 1.1 to 1.2
to comply with this requirement. In the case of wind farms, a study
has been developed using a converter 40% oversized. This study
shows that the larger capacity of the converter, the reactive current
support is increased [142]. In [109] a LS-PVPP of 10 MVA is studied
under different fault conditions with and without reactive power in-
jection. The results show that the LS-PVPP can provide support of
reactive current when faults occur in case of symmetrical faults. In
asymmetrical faults, the inverter triggers due to system protection.
The work assayed by Marinopoulos et al. [48] compares the differ-
ent grid code requirements concerning the reactive current injection
when a fault occurs. The control of FRT is performed locally at the
inverter control due to the time requirement. The PVPP is modelled
in DIgSILENT Power Factory® and several voltage sags are tested.
The results show that during a fault, large amount of active power is
lost and the reactive current injection allows a better performance of
the PVPP at the PCC.

The fulfilment of FRT requirements depends on the control used in
the PV inverter and the capability of the inverters. But a deeper
study that analyses the performance of the LS-PVPP during fault
conditions considering MPPT control and the variation of the PV
power during the day is still necessary.

3.4.2 Reactive power control

PV inverters can control the reactive power but this feature has not
been possible to use at the distribution level as IEEE 1547 required.
Today, the PV inverters used for LS-PVPP have already enabled this
characteristic. Lin Zhou and Yan Chao [143] study the reactive power
control strategy for PVPPs, where the proposed control is to change
reactive and active power in an independent way to permit the sta-
bility of the voltage at the PCC. Youngsan Bae et al. [144] assay the
enhancement of the reactive power control of inverters to improve
the power quality and to comply with German grid code. In this
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case, the control mode can be either by the setting of power factor
or reactive power. Another study is developed by Minambres et al.
[145] which regulates the voltage at the PCC when the mode cho-
sen is power factor control. However, none variation of radiation
or temperature are considered in the simulation, only disturbances
from the grid. Meanwhile, the study developed by Tu Van Dao et al.
[146] focuses on reactive power control to enhance the response of
voltage of the PVPP despite the solar generation fluctuation during
the day. The results show that the PVPP takes responsibility for their
own disturbances improving the voltage stability at the PCC. Similar
research is developed by Xiao et al. [147]. The online supervisory
voltage control proposed to allocate the reactive power and to track
online the voltage stability considers the variation of radiation dur-
ing the day. The transient response in a weak network is improved
with this type of control. Studies that consider different PV pene-
tration levels are conducted by [148] where the voltage is controlled
using the PQ capability of the PV inverters. The voltage stability
improves significantly, but as the inverter can absorb reactive power,
the grid starts to supply the reactive power needed by the PVPP. This
practice makes that the electrical system will be less efficient.

As the PV inverters can be used as STATCOM devices, some stud-
ies are focusing on how the LS-PVPP can help to overcome reactive
power change overnight period. Varma et al. have extensively stud-
ied the utilization of PV inverters as STATCOM during the night pe-
riod [149] when they are connected to the distribution system. The
results show that small PVPPs connected to the distribution system
help to stabilize the grid and to increase the power generation for
other power plants as wind farms. A similar approach has been de-
veloped in [150] in which the LS-PVPP is used especially as FACTS
to compensate the voltage between two feeders. In this case, the
LS-PVPP is interconnected between two feeders and the control de-
veloped manages the reactive and active power together. With this
control, the voltage has a better profile at the point of interconnec-
tion. In these studies, the network improves its power quality and
the voltage compensation especially at night periods.

In the case that the reactive power of LS-PVPP is not enough, addi-
tional reactive power compensation is needed to support the reactive
power required by the grid like STATCOMs and capacitor banks.
The inclusion of additional equipment is accepted by grid codes to
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comply with the requirements, however, there is no reported study
to view the advantages and disadvantages of these types of equip-
ment in LS-PVPPs. Different LS-PVPP designers as SMA and GPTech
have already added STATCOMSs or capacitor banks in their installa-
tions in order to comply with grid code requirements. The power
plant control manages the reactive power from the PV inverters and
the additional equipment as it is explained in [151]. The optimal
control of these equipments should be developed as it will manage
the reactive power for grid requirements and for the health of the
system.

3.4.3 Active Power control

The controllability of active power during the day independently the
external condition is an important issue in LS-PVPPs. Grid codes
require that LS-PVPPs provide active power curtailment, under and
over frequency control, overvoltage and undervoltage control, ramp
rate control, power reserve, reducing in some way the problematic
of the lack of inertia that the LS-PVPP has. For this purpose, the
addition of equipment and the control improvement are a common
practice nowadays. This section summarizes these solutions for ac-
tive power and frequency control.

To comply the grid codes, LS-PVPPs are adding energy storage units
(ESU) and/or diesel generators. The ESU helps to smooth the active
power despite the variable conditions along the LS-PVPP. Thus, the
ramp rate and the power curtailment required by the grid codes can
be managed by an adequate control of the ESU. It also can work as
a power reserve depending on the system design, but the cost of the
ESU could be a drawback. On the other hand, a group of diesel gen-
erators is commonly used for power reserve, power curtailment, and
frequency regulation. Depending on the application one or two of
these solutions are installed. For instance, the LS-PVPPs developed
in Puerto Rico by GPTech [152] have a system with a storage unit
and a diesel generator in order to comply with the strict grid code
requirements. Another example is the LS-PVPP of 5 MW constructed
in Cobija, Bolivia developed by SMA. This LS-PVPP is not connected
to the utility system but it has to provide service to a growing com-
munity that currently is consuming 37 GWh/year. In this applica-
tion, the main objective is to determine the maximum permissible
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PV power to reduce the fuel consumption and to provide electrical
stability.

In the energy storage unit, batteries are commonly used together
with an inverter and an energy management system (EMS). The
types of batteries used in LS-PVPP are molten salt, lithium-ion (Li-
ion), lead acid and flow batteries. Lead acid batteries are commonly
used in small PVPPs for their low cost. But its short lifetime has not
made it suitable for large scale applications. Flow batteries are an
emerging technology with higher lifetime, but its low energy den-
sity has not already attracted to LS-PVPP developers. Today, molten
salt and lithium-ion batteries are being used in current LS-PVPP due
to its high efficiency and energy density. However, the lifetime of
molten salt batteries is relatively lower than Li-ion [153], [154].

Despite the technology used, a main concern is to manage the en-
ergy stored together with the PV output power. The industry and re-
searchers are coming toward different EMS solutions to comply with
grid code requirements. A control is proposed in [155] that uses en-
ergy storage to mitigate the PV power fluctuation due to cloud cov-
erage. The control approach is based on the coordinated response
between the PV inverter and the energy storage using the inverse
characteristics of the PV array output. The results show that the ac-
tive power is smoothed during and after a severe cloud transient,
however, the simulation is not developed for LS-PVPP. Instead, it is
used for PV systems along the distribution grid located in different
geographical areas. The use of vanadium redox batteries (VRB) in
LS-PVPP is studied in [156]. This study shows that the implementa-
tion and the control of the battery has smoothed the output power of
the LS-PVPP when cloud coverage occur. This storage unit can sup-
ply 5 minutes of constant power. A ramp rate control based on life
cycle technology for real LS-PVPPs installed in the US is researched
in [157]. In this study not only batteries are considered, also fly-
wheels and ultracapacitors. With an appropriate weather forecasting
and storage sizing, the results show that 99 % of the violations of
ramp rate have been prevented.

Other researchers are trying to develop energy storage units with
another type of technology as fuel cells, flywheels, and ultracapac-
itors. The addition of fuel cells is studied by Monai, T and et al
[158]. It helps to have uninterrupted power supply and to enhance
the performance of the PV unit. N. Kakimoto et al. [159] study the
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inclusion of ultracapacitors for ramp rate control. The inclusion of
this device helps to smooth the active power control when there are
quick variations of solar radiation, showing a good response. The
use of flywheels is also attracting to LS-PVPP developers, but fur-
ther research is necessary. This technology helps to have an inertia
reservoir of the LS-PVPP in the case a failure is produced in the elec-
trical system [153].

As it was mentioned before, diesel generators are also part of the
LS-PVPP. The addition of diesel generator is a common practice for
LS-PVPPs located in rural areas. Usually, the control developed for
these hybrid PVPPs has the main objective to minimize fuel con-
sumption and to maximize the PV output power of the plant. As the
output of the diesel generator should remain constant, the use of it
is especially for power reserve. As the PV output power cannot be
smoothed by the use of this generator, the addition of energy storage
could be necessary. Besides, it helps in the reduction of start/stop
cycles of the generator [160]. A deep review of the system control
for LS-PVPPs with diesel generator in rural areas or weak grids is
studied in [161]. This review summarizes the most used techniques
for the control of these systems. The addition of a diesel generator is
also used for active power curtailment according to the studies de-
veloped by Tonkoski et al. [162]. The results show that the PVPP has
a good performance when there are frequency deviations and over-
voltages. Datta, M and et al [163] discuss a new control approach for
the use of diesel generator in LS-PVPP. In this work, a fuzzy control
for frequency stability and for MPP tracker is developed. The control
alternates between these two modes depending on grid conditions.
The performance of the grid improves with the solution proposed.
However, it does not consider the fulfilment of the grid code require-
ments.

Besides the addition of the equipment, the modification of the MPPT
is also necessary to control the active power according to the grid
code requirements. Craciun et al. [164] develop a new control method
of the PV unit for power ramp limitation and frequency support
without the use of any additional equipment. The control is based
on changing the voltage to a value higher than the one for the MPP,
to support as quickly as possible frequency variations. The results
show a good response in the frequency response and the ramp rate
control when the PVPP is in an IEEE 12 bus. Xin, Huanhai et al.
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propose a frequency regulation of small PVPPs connected in the dis-
tribution network, to provide primary and secondary frequency reg-
ulation to the power system. In the case of LS-PVPPs, Rahmann and
et al have studied a control to mitigate the fluctuation of cloud cover-
age [165] without using energy storage and to reduce the frequency
variations. This control is based on the deloaded operation concept
of the PV array, that is the operating point when the PV array is
shaded. However, for this control, it is necessary to have sensors and
microinverters connected to a small number of PV panels. Accord-
ing to the measurements, the MPPT will track the optimal operating
point in deload operation when the shading occurs. The results show
that the LS-PVPP reduces 15 % the ramp rate response when there is
no control. The drawback is the number of sensors and microinvert-
ers necessary to install in the LS-PVPP.

In addition to the modification of the MPPT control, the develop-
ment of different control modes for active power management has
also been researched. For instance, Yang, Yongheng and et al [166]
propose a new control method of a single phase PV system in or-
der to have two modes of control during the day: i) MPPT control
when power is less than the limit set by the TSO and (ii) a constant
power generation when the PV power is higher. Another interesting
research is developed by Huanhai et al. [167]. It discusses two other
modes of active power regulation. One mode is a frequency droop
control that helps the PV unit to work as a virtual governor. The
second mode is the emergency control that is enabled when there
are changes in frequency caused by the variation of meteorological
conditions or loss of load.

The improvement of the technology and control of PVPPs is still
emerging, but it will grow fast as in the case of the technology uti-
lized in wind farms. The enhancement of PVPPs response concern-
ing fault ride through capability, frequency and active power sup-
port, voltage and reactive power control will make easier the inte-
gration of LS-PVPPs as part of the generation system. Today, there
is the necessity to understand the economic impact of the additional
equipment to comply with the grid code requirements. Besides, the
adaptation of the control is an important issue nowadays to improve
the LS-PVPP performance.
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3.5 Global harmonization and future trend of the grid
code regulations

Taking into account the increase of PV generation, the grid code re-
quirements are being updated demanding a larger contribution in
grid support. China, Germany, and US, which are leading the utility
market, together with Romania and South Africa have adapted their
grid codes as they expect that more LS-PVPPs will be installed in
their grids. These grid codes demand that LS-PVPPs provide ancil-
lary services as FRT, active and reactive power control, voltage and
frequency support in order to have a similar performance as conven-
tional power plants.

The grid codes analysed present some similarities, but also important
differences as the requirements are adapted to the electrical charac-
teristics of each grid. In the case of FRT, the time that LS-PVPPs have
to withstand the fault is different in each grid code. For instance,
Germany imposes that LS-PVPPs remain connected for 0.15 s while
the disturbance occurs, but Puerto Rico states that the necessary time
should be about 0.625 s. In voltage and frequency boundaries, there
are no similarities between the grid codes as these values are strongly
dependent on the grid characteristics. In the active power control,
power curtailment and ramp rate are required by each grid code ex-
cept Romania that does not specify any ramp rate requirement. The
power reserve is only required by the grid code of South Africa and
Puerto Rico. Regarding the reactive power support, every grid code
permits that the LS-PVPPs support voltage disturbances by supply-
ing reactive power. The PQ capability, that the LS-PVPP should have,
presents similarities between the grid codes of China, US, and South
Africa, but Puerto Rico demands a wider capability. It can be stated
that Puerto Rico presents the most strict requirements as the grid is
isolated and any power plant installed should perform a strict volt-
age and frequency regulation, active and reactive power control and
also withstand any system disturbance.

Due to these differences, there is the necessity to harmonize these
grid codes in a more consistent manner. These would help PV invert-
ers’ manufacturers to develop universal solutions that could com-
ply with the main grid code requirements. In this trend, the Eu-
ropean Commission has developed a common grid code regulation
that applies for the integration of renewable energy: wind and PV
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power plants [168]. Currently, this grid code, specifies the general
requirements as FRT, voltage and frequency deviation boundaries,
frequency control and voltage and reactive power control. In addi-
tion, this grid code gives the freedom to each TSO to set the specific
values for each requirement. However, for a correct harmonization
of grid codes, the following issues should be considered:

e The frequency and the voltages ranges depend on the stability
of the grid. There are weak grids as the case of Puerto Rico and
South Africa, where there is continuous variation of voltages
and frequencies, where the PVPP has to support the grid and
withstand onerous conditions. Therefore, the harmonization of
the grid codes considering frequencies and voltage ranges is not
an easy task because of the dependence of the electrical system.

o The reactive current support for under or over voltages is neces-
sary to harmonize in order to improve the characteristics of the
PV inverters. Until now the PV inverters developed do not give
reactive power support to work on disturbances as IEEE 1547
demands. Therefore, the installation of STATCOM, FACTS, and
capacitor banks has been necessary to overcome any issue dur-
ing disturbances. However, PV inverters should help to work
during harsh conditions as their characteristics could permit it.
Therefore, a harmonization of these requirements could help
developers to improve the control of the PV inverters in order
that these can provide reactive power without the need for extra
equipment.

e The frequency control for under and over frequency for each
grid code presents different requirements, response curves, and
specific constraints. The differences among them do not help
to have a universal solution. For instance, ENTSO-E mentions
two operation modes for power plants with a power capacity
higher than 50 MW: limited frequency sensitive mode and the
frequency sensitive mode [122]. However, the grid codes pre-
sented by Germany, Romania, Puerto Rico do not have these
definitions but they do have the same approach for under and
over frequency control. Future grid codes should consider the
harmonization of these requirements considering terminology,
time response, and similar droop characteristics for under or
over frequency control.
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e It is necessary as well, that grid codes consider the natural con-
straints of the LS-PVPP during day and night. Some of the
ancillary services cannot be performed without solar irradiance
as active power will not be generated. Therefore, it is neces-
sary that grid codes clarify when the LS-PVPP should enter to
support the grid. Though it can be a disadvantage to not pro-
duce active power during the night, the LS-PVPP can be used
as STATCOM for voltage deviation support at these hours. If
the grid codes do not show flexibility on this issue, it will dis-
courage the installation of these power plants around the world
as the cost of installation will increase.

e As more renewable energy is integrated to the grid through
power converters as is the case of WPPs and PVPPs, the nat-
ural inertia of the grid to overcome frequency deviation will be
affected. Therefore, future grid codes will ask for inertia em-
ulation to these technologies. Spain and Ireland are already
requiring that WPPs to have this characteristic [112]. In the case
of PVPPs, the inertia emulation is still not required but it is ex-
pected to be a requirement in the future together with damp
power oscillations, spinning reserve and blackstart.

e Due to the increase of renewable energy systems interconnected
not only to the transmission system but also at the distribu-
tion level, new grid codes are being developed. For instance,
Germany has introduced the grid code VDE-4105 since 2012.
This specifies the technical minimum requirements for the con-
nection of distribution generators to or parallel the distribution
network [169]. These requirements are similar to the ones asked
to LS-PVPPs interconnected to the transmission system as fre-
quency and voltage support. Therefore, it is expected that more
grid codes ask ancillary services not only to LS-PVPPs but also
to PV systems interconnected at the distribution level.

The harmonization of grid codes will become a higher priority when-
ever more renewable energy will be integrated into the electrical sys-
tem. Grid codes should be aware of these conditions and therefore
could be necessary to demand another type of technology to be in-
tegrated into the grid as flywheels or energy storage power plants.
The experience joined between research and industry will help to de-
veloped enhanced grid codes for the integration of LS-PVPPs as well
as other types of power plants.
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3.6 Conclusions

The challenges that LS-PVPPs have to overcome to be connected to
the grid have been reviewed together with a comparison and analysis
of the different requirements imposed by the grid codes of Germany,
US, Puerto Rico, Romania, South Africa and China. The require-
ments of fault ride through capability, frequency and active power
control, voltage and reactive power support have been compared.
The technology and the control techniques developed to comply with
the grid code requirements have also been detailed and discussed.
From this review, the following conclusions are drawn:

o The integration of LS-PVPPs in the electrical system is becoming
more challenging as more requirements are necessary to be ful-
filled. The variability of the solar radiation and cloud coverage
cause problems of instability in the PCC regarding the voltage
and the frequency response. This intermittent energy source
makes difficult the control of the LS-PVPP for power curtail-
ment, ramp rate, and power reserve. Another big challenge is
the lack of inertia, as LS-PVPPs do not have rotational machin-
ery as conventional power plants that affects the grid stability.
Up today, all the grid codes discussed require that LS-PVPPs
perform primary or secondary frequency control. As more con-
ventional power plants are displaced from the grid, the control
of frequency by LS-PVPPs could be challenging. Thus, dealing
with the lack of inertia and the intermittency of the solar power
are two of the main challenges to overcome nowadays.

e The industry and researchers have already developed solutions
to permit LS-PVPPs to follow the grid codes imposed by each
country. One solution is the addition of extra equipment to help
to control active and reactive power. STATCOMs and capaci-
tor banks have been installed for reactive power support at the
PCC. Energy storage units and diesel generators have also been
installed in some LS-PVPPs to comply with power curtailment,
power reserve, and ramp rate requirements. In addition, other
solutions as the use of flywheels and ultracapacitors should be
studied further for this type of application. On the other hand,
the improvement of the PV unit control together with the con-
trol of the entire LS-PVPP are also part of the solution. The
MPPT control that has been widely used in small PV systems
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is suffering some changes as it may not be needed to get all
the time the maximum power. However, deeper research con-
sidering the improvement of control and coordination of all the
equipment is still necessary together with an analysis of the in-
vestment and operational costs.

Taking into account this review, one of the challenges to over-
come is to understand the capability curves of the PV generator
for future grid code compliance. This is studied in the following
chapter.

69



70



Part 11

Technical Limitations and
Capability curves






Chapter 4

Capability curve analysis of PV
generators for LS-PVPPs

“My house is solar powered. I tell Republicans, you can hate the subsides-I
hate the subsides, too - but you cannot hate solar panels. These are rocks
that make electricity, so they are incapable of receiving your hate”
Thomas Massie

The present chapter assesses the study of the PV generator capability
curves for their use in LS-PVPPs. For this purpose, the chapter fo-
cuses on three main aspects: (i) the modelling of the PV generator’s
main components, (ii) the operational limits analysis of the PV array
together with the inverter, and (iii) the capability curve analysis con-
sidering variable solar irradiance and temperature. To validate this
study a PVPP of IMW is designed, modelled and simulated in DIgSI-
LENT PowerFactory ® The results for each case scenario shows that
the capability curve and the limitations are directly affected by: the
solar irradiance, temperature, dc voltage, and the modulation index!.

This chapter is based on the following publications:

A. Cabrera-Tobar, E. Bullich-Massagué, M. Aragiiés-Pefialba, O. Gomis-Bellmunt, “Ca-
pability curve analysis of photovoltaic generation systems”, Solar Energy, 140 (2016),pp.
255-264.

A. Cabrera-Tobar, E. Bullich-Massagué, M. Aragiiés-Penalba, O. Gomis-Bellmunt, “Re-
active power capability analysis of a photovoltaic generator for large scale power
plants”, 5th IET International Conference on REnewable Power Generation (RPG), London,
United Kingdom, 21-23 Sept. 2016, pp. 1-6.
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4.1 Introduction

PV inverters have been progressively introduced to provide ancillary
services in LS-PVPPs as the grid codes demand. However, there is
still no deep study on the inverter limitations considering the power
production, the solar irradiance, ambient temperature, DC voltage
and pulse modulation. Alonso Albarracin [170] studies the photo-
voltaic reactive power limits of inverters used by small PV system.
In this study, the converter has two stages: a dc-dc converter and
then a dc-ac converter. The analysis is developed with this type of
unit for a single PV panel where the dc-dc converter has the task of
stepping up the voltage and to work at the maximum power point.
Because it is a small system, the variation of the dc voltage is not
considered. It also does not consider the pulse modulation factor.
Another study was developed by E.Delfino et al. [171], that obtains
the capability curve for a PV generator (PV panel and inverter). The
analysis considers the variation of the modulation index but assumes
that the dc voltage is constant. In both studies, the implication of so-
lar irradiance or temperature has not been considered in the control
or in the analysis. Besides, the voltage considered in both studies is
equal to the value that permits the PV generator to operate at maxi-
mum power point (MPP).

Accordingly, the aim of the current chapter is the analysis of the PV
inverter capability curves taking into account the solar irradiance, the
ambient temperature, the dc voltage variation and the inverter oper-
ation. For this purpose, this chapter is structured as follows: Section
4.2 explains the mathematical model of the PV generator. Section 4.3
presents the mathematical analysis and the capability curves of the
PV generator. Section 4.4 presents the influence of ambient condi-
tions and the inverter operation on the capability curves. The valida-
tion of the mathematical analysis is developed in Section 4.5. Finally,
the conclusions are drawn in Section 4.6.

4.2 PV generator model

In Chapter 2, the possible configurations of PV generators for LS-
PVPPs were studied and it was concluded that central configuration
is the most used configuration. Thus, in the present thesis, this con-
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Figure 4.1: Components of a PV generator interconnected with the grid
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Figure 4.2: Simplified model of the PV cell

figuration is the one under analysis. The main components of this
configuration are illustrated in Fig. 4.1. In this section, the model of
each component is detailed.

4.2.1 PV array model

The PV array is modelled as a source of current connected to a ca-
pacitor, where its current and voltage depends on the solar irradiance
and temperature. The PV array is an assembly of many PV panels
connected in series to increase the voltage and in parallel to increase
the current. The PV panel is an arrangement of PV cells, where the
circuit illustrated in Fig.4.2 corresponds to its model [53]. In this
model the losses are taking into account by the addition of a series
and parallel resistance (Rs and Rp). The output current (ipy) of the
PV cell is expressed as Eq. 4.1, which depends on the photogener-
ated current (ipp,), the diode current (iy) and the parallel current (ip).
The photogenerated current depends on the solar irradiance level
Eq.4.6. The diode current is the current that flows through the anti-
parallel diode, which depends on the saturation current iy 4.2. And
the parallel current corresponds to the current that flows through the
resistance Ry, 4.3 where vpy is the panel voltage.
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vd
ig=1p X et (4.2)
. Vpv —lpy - Rs
=~ 4.3
Ip Rp 4.3)

To calculate the output characteristics of the PV panel is necessary to
consider the open circuit voltage (voc) , short circuit current (isc) at
standard test conditions (stc) that are usually available on PV panels
data sheets. These conditions corresponds to a solar irradiance of
1000 W/ m2, temperature of 25 °C and atmospheric density of 1.5.
At standard conditions, the basic variables to use for further calcu-
lations are the thermal voltage (vi), the saturation current (io,.) and
the photogenerated current (ipp,,, ). The thermal voltage (Eq. 4.4)
depends on Boltzmann constant (kg), the number of solar cells inter-
connected in series in the PV panel (N;), the temperature at standard
conditions (T¢,.), the diode ideality factor A, the electron charge (q).
For standard conditions, the saturation current is calculated in Eq.
(4.5) shows. The photogenerated current reference is calculated in
Eq. (4.6).

T
Vi, = kp - AN - % (4.4)

Voc Vocstce

foge = (iscee = RStC) -e Vst (4.5)

1%

VoSste 7

. . R 0ocC

lphstc = lostc e TP+ R;tc (46)

However, for other solar irradiance (G) and ambient temperature
(Ta), the values of voltages and current changes but they still depend
on the variables at standard conditions. Besides, the cell temperature
(T¢) is variable during the day depending on the ambient conditions.
The basic formula to calculate the PV panel temperature is in eq. 4.7
which depends on the normal operating cell temperature (NOCT).

NOCT -20

(4.7)
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The new photogenerated current (i,,) and the new short circuit cur-
rent isc varies according to the solar irradiance value and tempera-
ture Eq. (4.8) and Eq. (4.10). The current variation because of tem-
perature has a correction factor: k;. This value is commonly very low
and thus the final equation considered in the present work will only
depend on the radiation value eq. (4.9). The short circuit current has
a similar equation and approximation.

G
i =i c—— +ki (Te=T 4.8
1ph lphstc Gstc + K ( C StC) ( )
G
i &1 C— 49
lph lphstc GStC ( )
G

ise ~ iscye - = 4.10
SC SCstc GstC ( )
The previous equations are valid only if the solar irradiance is higher

than 200 W/m?2. For lower irradiance, the equations are expressed in
(4.11) and (4.12) as it is explained in [172].

GZ

i ~1i 0.008. 4.11

ph Phstc Gstc ( )
GZ

isc A fscy  0.008. =" (4.12)
stc

Besides the variation of current depending on ambient conditions,
new values of voltages are necessary to calculate. The new thermal
voltage (vt) for other ambient condition is calculated in Eq. (4.13).
Then, the open circuit voltage for new ambient conditions (voc) is
calculated in Eq. 4.14, which depends on the cell temperature and a
temperature correction factor: ky 2.

T
Vi = Vi % o (4.13)
Tstc
VOC = VOCStC + kV X (TC —25) (414)

Taking into account the previous equations, the diode and the satu-
ration current can be calculated (Eq. 4.16 and (4.15))

2 In this model, the temperature correction factors for current and voltage (k; and ky )
should be given by the PV solar cell’s manufacturer.
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Figure 4.3: P-V and V-I curves of the PV array model for (a) variable solar irradiance and

78

T, = 25°C, (b) variable temperature and G = 1000W/ m?

i = (isc— 208 x e vt (4.15)
Rp

) ) Vpv +ipv *Rg B

ig=ip+e vt (4.16)

Then, the total current (ipy) of the PV panel can be written as:

( Vpv .Npar+RS.ipV

ipV = lph - iO (e Ns'Ad‘kB.TC/q ) - 1) - lp .Nser (417)

According to the equations developed in this section, the curves char-
acteristics of the PV array are illustrated in Fig. 4.3 at different solar
irradiance and temperature. From these characteristics three main
points can be observed: (i) short circuit current (isc), (ii) open cir-
cuit voltage (voc), (iii) maximum power point voltage (vmpp) - When
the solar irradiance changes, (isc) varies accordingly. But, when the
temperature changes, voc and vimpp vary more significantly than the
current. The general equation to calculate the value of vmpp is simi-
lar to the one used in eq. 4.14 and is written as:

Vmpp = Vmppg, +Kv - (Tc—25) (4.18)

Finally, the current and voltage values of the PV array are written
in equations 4.19 and 4.20 and depend on the number of PV panels
interconnected in series and parallel. The total power is calculated
as equation (4.21) shows.

iarray = IpV . Npar (4:.19)



4.2 PV generator model

Larray

it

vie | O

] | ]

Figure 4.4: PV inverter interconnected with the grid

Varray = Vpv ° Nser (4.20)

Parray = iarray * Varray (4.21)

It can be seen the PV array has dual behaviour: (i) as a current
source when the voltages are lower than vmpp and (ii) as a voltage
source when the voltages are higher than vmpp. The inverter con-
nected to this PV array should deal with this duality.

4.2.2 PV inverter

The PV inverter under analysis is a VSC converter that exchanges
power from the PV array (DC side) to the grid (ac side). This in-
verter has two IGBTs per branch and a phase reactor per line (L¢).
Furthermore, the transformer is modelled as an inductor. The grid
is modelled as three voltage sources with their corresponding induc-
tance (Lg) and the total resistance is neglected (Fig. 4.4).

The conversion from dc to ac developed by the inverter uses a modu-
lation technique that permits an ac current as similar as possible to a
sinusoidal waveform. For the current analysis sinusoidal PWM tech-
nique (SPWM) is considered, in which the output line to line voltage
(V1) depends on the dc voltage from the dc bus (V4. = Varray) and
a modulation index (M) (Fig.4.5). The relationship between the ac
and the dc voltage is linear if the modulation index varies between 0
to 1 as equation (4.22) shows. However, after this value, the relation-
ship is not linear and the power quality of the sine-wave is reduced.
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To connect the PV array and the inverter, a dc capacitor is used. Its
function and model is explained in the following section.

4.2.3 DC capacitor

In a PV inverter, the dc capacitor has two mains tasks: i) to smooth
the dc voltage ripple and ii) to permit a fast dc voltage control. The
ripple at the dc side is caused by the normal operation of the IGBTs.
This ripple affects to the normal operation of the PV generator, as
the power extracted from the PV array depends directly on the dc
voltage at the PV array terminal ( Fig. 4.6)[173]. The capacitor should
be large enough to reduce the ripple at the terminals of the PV array.
However, the power flow and the direct voltage control depends on
the fast variation of the dc voltage.

The equivalent circuit for the dc side of the inverter is illustrated in
Fig. 4.7, where the PV array is the dc generator acting on the dc link
capacitor. The energy stored in the capacitor is given by equation 4.23
and the power flowing through the dc circuit is written in equation
4.24.
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(4.24)

where; PpV is the output power of the PV array [W] and; Pinvm is the
active power flowing into the PV inverter.

4.2.4 Phase reactor

A phase reactor is usually connected to the ac side of the inverter
and has the following purposes [174]:
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to reduce the high frequency harmonic of the ac side.

to control of active and reactive power can be done indepen-
dently.

to limit sudden changes of power due to the solar irradiance at
the dc side.

to limit over-current due to short circuit currents

The design of these phase reactors depends on the control charac-
teristics of the PV inverter. In the case that the modulation of the
PV inverter is SPWM, the modulation index (M) and the dc voltage
are part of the phase reactor design. The rated current (I,;0q), the
ripple (Apjpple) and the switching frequency (fsw) is also considered
as equation 4.25 shows [175].

L Vic-(1-M).M
f =
4Irated 'Aripple'fSW

(4.25)

4.2.5 Transformer

The task of the transformer is to step up the ac voltage of the PV
inverter to an appropriate value for the LS-PVPPs internal grid. Be-
sides, the transformer also offers a galvanic isolation to the PV in-
verter. But also it works as a current filter and as a limiter of fault
currents. For PV applications, a three-phase three winding trans-
former is commonly used. The existing vector group for these type
of transformers are: Dy y,, Ddndn, YNy, y,,, YNdndn, YNy, dn as it
was mentioned in section 2.2.3.

A simplified model of the PV inverter ac side is illustrated in (Fig.
4.8), where X represents the total reactance due to the filter, the trans-
former, and the grid. For the purpose of the present study, the ca-
pacitance effect is neglected.

After the model has been developed, the analysis of the capability
curves and the limitations of the PV generator are analysed in the
following section.
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Figure 4.8: Simplified model of the Inverter

4.3 Capability curves of the PV generator

To analyse the capability curves of the PV generator it is necessary
to understand the limitations of voltage, current and power of each
component. This section presents the equations that represent the
limitations of the PV generator related to the transfer of active and
reactive power at the point of common coupling (PCC).

4.3.1 Voltage limitation

The dc voltage can vary from 0 to the maximum possible in order
to extract different values of power from the PV array. However, the
inverter sets the limitations of the dc voltage due to its operation.
The minimum dc voltage (vihin) accepted by the inverter that will
allow the ac voltage to be inside the values permitted by the grid
codes is calculated in equation (4.26). In this equation, the maximum
modulation index is considered (M = 1).

Voo = 2\/§ Va’b/
min \/g 1
In the case that the PV inverter is working at MPP, the minimum so-

lar irradiance accepted to keep the voltage higher than the minimum
value is calculated as:

(4.26)

Vdcmin — Vocgte 800

Gmin = ( k + 25 —Ta) . m (427)
\%
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Besides the minimum voltage, the maximum dc voltage vmax must
also be determined. This value depends on the open circuit voltage
of each panel times the number of panels connected in series (Equa-
tion 4.29). If the dc voltage is higher than the maximum of the PV
array, the power supplied will be zero. The maximum v, of the
PV array is dependent on the minimum temperature possible at the
location chosen. These voltage limitations are written as:

NOCT -20

) (4.28)

Vocmax = Vocste T kV ’ (Tamin + Gmin )

Vmax = VOCmax . Nser (4.29)

4.3.2 Current limitation

The limitations of the dc current of the PV array depend specifi-
cally on the solar panel characteristics and the solar irradiance. The
temperature does not play an important role in the variation of the
current and thus this factor is not considered. The maximum cur-
rent depends on the maximum solar irradiance and the isc value at
standard conditions as:

ey = iSCstc * % -Npar (4.30)
stc

The PV inverter current at the dc side should handle the current of

the PV array at the highest irradiance. This current and the voltage

determine the inverter operation area on the dc side.

4.3.3 Active power limitation

The PV curve of the PV array illustrated in Fig. 4.9 shows the be-
haviour of power vs the dc voltage. Three important points are nec-
essary to analyse as: (i) Py ., (ii) PdCVmpp and (iii) Pg. . The
minimum value of Power (Pdcvmin)’ at the left side of the curve, con-
siders the minimum dc voltage possible and the current at any am-
bient condition. In this case, if the solar irradiance is too low, the
current will be close to 0 and the PV array will not be supplying
enough active power to the grid. The maximum power (Pdcvmpp) is
obtained when the dc voltage is equal to the value of vimpp for each
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Figure 4.9: Power vs Voltage at the dc side. Main power points to analyse

solar irradiance and the corresponding temperature. The final point
of power Py, is when the dc voltage is equal to the open circuit
voltage that depends especially on the temperature. For any solar ir-
radiance and temperature, the values of Pg. ., P dcympp and Py
are defined as:

Pdc,in (G, Ta) = Vinin - 13c(G, Ta) (4.31)
Pdcvmpp (G, Ta) = vmpp(G, Ta) - 14c(G, Ta) (4.32)
Pdcymax (G Ta) = Vnax(G, Ta) - 1qc(G, Ta) (4.33)

Considering these power variations due to the solar irradiance and
temperature, the maximum possible power (Pmaxarray) that can be
extracted from the PV array is determined at the highest solar irradi-
ance and the lowest temperature possible at the location of the PVPP
(equation 4.34). With this limitation of power, the PV inverter should
be designed for this active power taking into account an overrate of
25 % (equation 4.35).

Prnaxarray (Gmax, Tamin) = Vmpp (Gmax, Tamin) ’ Idc (Gmax, Tamin) (4.34)

Pmaxinverter = Pmaxarray -1.25 (435)

From the analysis developed above, a safe operation area (5.0.A) is
determined as illustrated in Fig. 4.10.
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Figure 4.10: Safe operation area (SOA) of a PV generator
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Figure 4.11: Phasor diagram of the PV inverter interconnected with the grid.

4.3.4 Reactive power limitations

From the model and the phasor diagram, illustrated in (Fig. 4.11),
the equations of the active and the reactive power are:

Vgrid ' VCOI‘IV

P=3 X - sin(d) (4.36)
Vrid
Q=3 fi“ <Vc0nv cos(3) —vgﬂd> (4.37)

The maximum apparent power that the PV generator can inject into
the grid is given by the rated power of the inverter. Graphically, this
limitation is illustrated as a circumference centred in the origin (Fig.
4.12). The equations for these limitations are:
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Figure 4.12: Basic PQ capability curve of the PV generator

3
S= ﬁ'vgrid ’ Igrid (4.38)
$? = P2 + Q? (4.39)

If Vgyiq is multiplied by each variable of the phasor diagram, a new
equation is obtained:

3. V2. .\2 V. .-V 2
d rid * Vconv
P> ) = (3. —— 44
+ <Q +— 3 X (4.40)
From this equation, the new curve is a circle that has a centre in

-3V2. 3Verid-Veony o .
Xg“d in the Q axis with a radius of % (Fig. 4.12). This

curve represents the voltage limitation of the inverter. The radius
of this curve varies due to the modulation index and the dc volt-
age. Also, the total reactance value at the PCC influences the final
value for this radius. Drawing both equations together, the basic PQ
capability of the converter is obtained and illustrated in Fig. 4.12.
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4.4 Influence of ambient conditions

In this section, the influence of ambient conditions on the limitations
of active and reactive power is analysed considering the PV array and
the PV inverter. According to the model of the PV array, its character-
istic curves are illustrated in Fig.4.3 at different solar irradiance, tem-
perature and dc voltage. It can be stated that the instantaneous value
of power (p;,s;) and current depends on the instantaneous value of
irradiance, temperature and dc voltage (equation 4.41).

pinst(Gf T,V4o) = iarray(G; T, Varray) * Varray (4.41)

W In the case that the PV inverter works at the MPP, then the dc
voltage (vmpp) varies depending on the solar irradiance and temper-
ature. Thus, the active power at this point has the following equation:

pmpp (Gr T, Vmpp) = iarray(G/ T, Vmpp (G/ T)) : Vmpp (G, T) (442)

Considering the equations for the dc power explained before and the
inverter’s efficiency (r), the ac output power equations at the PCC
are written in (4.43) and (4.44).

Pacinst (G/ T, Vdc) = I(G/ Ta, VdC) " Varray - T](G/ Ta, Varray) (4-43)
PaCmpp (G T, Vg = Impp(G, Ta) - Vmpp(G, Ta) - N(G, Ta, Vmpp) (4.44)

Depending on the ambient conditions, the active power that the PV
generator can supply has two limitations. The first limitation corre-
sponds to the highest solar irradiance, the minimum temperature of
the plant location and the corresponding vmpp. The second limita-
tion corresponds to the maximum solar irradiance and the maximum
temperature with the corresponding vmpp. The difference between
these values depends a lot on the difference of temperature that the
geographical location has. These two limitations are formulated as:

Prslcm;,lx1 = Pyc(Gmax, Tmin Vmpp) * N(Gmax, Tmin, Vmpp) (4.45)
PacmaXZ = Pdc (Gmax/ Tmax, Vmpp) : T](Gmax/ Tmax, Vmpp) (4-46)
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The limitation of the reactive power is calculated considering the
two circles that dominate the PQ capability curve. If the curve is
dominated by §? = P2(G, T,) + Q?, then the reactive power will de-
pend on the active power variation that was defined in the previous
equations. In the case the curve is dominated by the equation (4.40),
then the limitation of the reactive power depends on the dc voltage
and the modulation index as it is expressed in equation (4.47). Con-
sidering the variation of the dc voltage, the reactive power can be
written as (4.48) or (4.49).

: 3V3 Vgrid “Vac-M

= X 4.47
Q=7 < (447)
3v3 Vgrid - Varray - M
inst(G, T, Vqo) = : 4.48
Qinst( dc) 5 \/i X ( )
3v3 Verid  Vmpp(G,T) - M
Qupp(G, T, Vgo) = V3 Vgrid Vmpp (4.49)

22 X

The modulation index varies depending on the dc voltage value,
meaning that the reactive power remains almost constant. In or-
der to manage the reactive power, M can be imposed. This affects
the ac voltage value of the converter, thus M only can vary between
two permitted values: My j, and Mmax. These values depend on the
ac voltage dead band set by the grid codes. For instance, Romania,
Germany, South Africa and China have the same deadband of +10%.
Considering the dc voltage equal to vmpp for a single value of solar
irradiance and temperature with an imposed M, the minimum and
the maximum reactive power are defined as:

3\6 Vorid - Vmpp (G, Ta) - My
Quin = — v - —80C PP min (4.50)
22 X
3V3 Vgrid : Vmpp(G/ Ta) - Mmax

22 X

Qmax =

(4.51)

With the analysis developed previously, some interesting capability
curves are obtained. For a variable dc voltage, the PQ curve that is
obtained is shown in Fig. 4.13. In the case that the dc voltage is equal
to vmpp, the PQ capability curve is illustrated in Fig.4.14. Finally, Fig.
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4.15 illustrates the PQ curve when the dc voltage is equal to vmpp and
M is imposed to vary the reactive power.

4.5 Validation of the system

To validate the PQ capability curves obtained in the previous section,
a PVPP of 1 MW is designed, modelled and simulated in DiGSILENT
PowerFactory ®. The PVPP has two PV generators of 0.5 MW each.
The main characteristics of these PV generators are detailed in Table

Al
PV panel characteristics PV array characteristcs
Voc 58.8 [V] Parray 0.5 [MW]
Isc 5.01 [A] Nser 15
Impp 4.68 [A] Npar 175
Vimpp 47 [V] Tin, Tmax 0-70 [°C]
ky 045[1/°C]  Gmax 1100 [W/m?]

Table 4.1: PV panel and array characteristics

The PVPP will work in underexcited or overexcited operation®. To
test the PVPP under different solar radiation and temperature, three
study cases are analysed: (a) Variation of dc voltage from vy, to
vmax, (b) Variation of the vmpp value, and (c) the variation of the
modulation index.

4.5.1 Variation of the dc voltage

The PQ capability curve is analysed by the variation of the dc voltage
under different ambient conditions. To understand the performance
of the PV generator, two solar irradiance values are tested: 400 and
1000 W/m?. Each solar irradiance is tested with three different tem-
perature values: 10, 20 and 40 °C. The results are plotted in Fig. 4.16
to Fig. 4.17

3Underexcited: absorbs reactive power. Overexcited: supplies reactive power. In both
cases, the PVPP supplies active power
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—— Voltage limitation (Inverter) PA
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Figure 4.13: PQ capability curve of a PV generator for Vq. variable at maximum solar
irradiance. (a) Minimum temperature (b) Maximum Temperature.
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— Voltage limitation (Inverter)
— Current limitation (Inverter)
—— Power variation
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Figure 4.14: PQ capability analysis of the PV generator considering (a) Constant Temper-
ature and variable solar irradiance (b) Constant solar irradiance and variable

Temperature.
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Figure 4.15: PQ capability curve of a PV generator for M variable. (a) Constant Temper-
ature and variable solar irradiance (b) Constant solar irradiance and variable

Temperature.
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Figure 4.16: PQ capability analysis of the PV generator (G=400 W/m?) for a variable V4.
(a) Ta=10 °C (b) Ta=20 °C(c) Ta=40 °C
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Figure 4.17: PQ capability analysis of the PV generator (G=1000 W/m?) for a variable V4.
(a) Ta=10 °C (b) Ta=20 °C (c) Ta=40 °C.

95



Chapter 4 Capability curve analysis of PV generators for LS-PVPPs

96

4.5.2 Variation of vmpp value

In this case the Vmpp value varies according to the solar irradiance
and temperature that permits extraction of the maximum active power
for each ambient conditions. In this case, three scenarios are consid-
ered:

e Scenario 1: The solar irradiance will vary from 0 to 1000 W /m?
with steps of 1 W/m?2. The ambient temperature is constant
Ta =10 °C.

e Scenario 2: The ambient temperature will vary from 10 to 40 °C

with steps of 0.1 °C. The solar irradiance has a unique value of
1000 W/m?.

e Scenario 3: The solar irradiance will vary from 0 to 1000 W/m?

with steps of 1 W/ m2. The ambient temperature is constant
T, =40 °C.

The PQ curve of the PVPP at the PCC, for each scenario, when the
voltage is Vmpp, is illustrated in Fig.4.18.

4.5.3 Variation of the modulation index

In this case, the dc voltage is equal to the vimpp that varies according
to the solar irradiance and temperature. The scenarios analysed con-
siders the variation of solar irradiance, temperature and modulation
index. In each scenario, the step size of the modulation index varia-
tion is 0.01 and it varies from 0.5 to 1.5. For these scenarios, the PQ
curve is illustrated in Fig. 4.19.

e Scenario 1: The solar irradiance will vary from 0 to 1000 W /m?
with steps of 1 W/m?. The ambient temperature is constant
Ta =10 °C.

e Scenario 2: The ambient temperature will vary from 10 to 70 °C

with steps of 0.1 °C. The solar irradiance has a unique value of
1000 W/m?.

4.6 Conclusions

This chapter has studied the capability curves of the PV generator
considering the variation of solar irradiance, temperature as well as
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Figure 4.19: PQ capability analysis of the PV generator for a variable modulation index (a)
G =0 to 1000 W/m?, T, = 10 °C (b) T, = 10 to 70 °C, G = 1000 W/m?.
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some electrical characteristics such as the dc voltage and the mod-
ulation index. Figures 4.13 to 4.15 summarize these curves. For
this purpose, the current chapter has presented the corresponding
mathematical model of the PV array and the PV inverter. It has also
presented the limitations of voltage, current, and active power for
the PV generator where Fig.4.10 was presented. Finally, a valida-
tion study was conducted in DIgSILENT PowerFactory® where the
complete model has been introduced and simulated under differ-
ent conditions. From the mathematical analysis and the simulation,
some conclusions are discussed.

e The PQ capability curves of the PV inverter are characterized by
four main parameters: solar irradiance, temperature, dc voltage
and the modulation index. These values are dependent on each
other in order to obtain the complete PQ curve. In the case
where the dc voltage is equal to a single value, the active power
and the reactive power will depend mainly on the solar irradi-
ance, temperature, and modulation index. But in the case the
dc voltage is variable, the complete curve can be obtained for a
single solar irradiance and temperature.

e The solar irradiance and the temperature are important param-
eters to identify the SOA of the PV inverter. First, the highest
solar irradiance and the lowest temperature determine the high-
est active power that the PV inverter can supply to the grid. It
is necessary to mention that the highest temperature limits the
output active power that the PV generator can supply to the
system.

e The dc voltage and the modulation index are also parameters
that affects the PQ capability curve and the operation of the PV
inverter. In this chapter, it has been shown that the dc voltage
can vary between vy,in, and vmax. The first value depends on
the ac voltage value at the output of the PV inverter and the
modulation index. The second value depends specifically on
the highest solar irradiance and the lowest temperature.

e In the case that the dc voltage chosen is equal to vimpp, the max-
imum active power can be obtained for a determined solar irra-
diance and temperature. However, this single point of operation
does not permit the PV inverter to work in all of the PQ curves
at any moment. Only a variation of solar irradiance will permit
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the change of point of operation. This characteristic is not desir-
able in LS-PVPPs as it is necessary to provide ancillary services
to the system.

e In overexcited operation, the limits of reactive power depend
more on the modulation index than the solar irradiance or tem-
perature. But it continues to depend on the dc voltage. Thus,
its drastic variation could affect the ac voltage at the PV inverter
terminals. The control should consider these limitations to vary
the modulation index together with the reactive power.

After the capability curves have been analysed taking into account
the solar irradiance, the ambient temperature, and the dc voltage
effect, the next chapter deals with the dynamic control of the PV
generator. In addition, Chapter 6 will present a discussion about the
compliance of the PQ capability curves required by grid codes taking
into account the curves analysed in this chapter.
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Chapter 5

Dynamic response of a PV generator
considering its capabilities curves

“A 1000-megawatt solar power station occupies square miles (or square
kilometres) and works only in the daytime. Even so, the dream of
producing electric power from sunlight on a massive scale won'’t die.”
Franklin Hadley Cocks, Energy Demand and Climate Change

This chapter analyses how the dynamic response of a photovoltaic
(PV) generator is affected by its PQ capability curves under quick
variations of solar irradiance and different temperature values. For
this purpose, the dynamic model of the PV generator is detailed con-
sidering the base model explained in Chapter 4. The dynamic control
of the PV generator is implemented taking into account the active
and reactive power control limitations. The study is completed by
a dynamic simulation in DiGSILENT PowerFactory®, where quick
changes of solar irradiance are tested. The effect of the dc voltage, so-
lar irradiance, and temperature in the PV generator operating point
is shown together with the corresponding PQ capability curves.!

This chapter is based on the following publications:
A. Cabrera-Tobar, E. Bullich-Massagué, M. Aragiiés-Penalba, O. Gomis-Bellmunt, “Dy-
namic response of a PV generator considering its capabilities curves”, Submitted to IET
Renewable Power Generation.
A. Cabrera-Tobar, O. Gomis-Bellmunt, “Dynamic study of a photovoltaic power plant
interconnected with the grid”, PES Innovative Smart Grid Technologies Conference Europe
(ISGT-Europe), Ljubljana, Slovenia. 9-12 Oct. 2016. pp. 1-6.
A. Cabrera-Tobar, O. Gomis-Bellmunt, “Performance of a small photovoltaic power
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5.1 Introduction

The PV generator’s inverter can already provide reactive power un-
der some constraints of current and voltage [176]. However, it is
necessary to analyse the PQ capability curve of this generator con-
sidering ambient conditions and the performance of the PV inverter.
In [177],[178], the reactive power response of a PV generator has been
studied but these do not consider the effect of the ambient condition
on the capability curves.

The capability curves studied in Chapter 4 can influence in the con-
trol of the LS-PVPP. Thus, a proper study of the dynamic response
of the PV generator considering its capability is necessary. Some
authors have studied the dynamic performance of the PV generator
when variable radiation occurs, however, these do not consider the
limitations of the PV generator for future integration to the trans-
mission system [179], [180], [48]. The purpose of this chapter is to
analyse how the capability curves affects the dynamic performance
of the PV generator when quick changes of solar irradiance occur at
different ambient conditions.

This chapter is structured in four main topics: the dynamic model,
control of the PV generator and lastly some dynamic simulations.
This study has the purpose to show the performance of the PV gen-
erator under quick variations of solar irradiance when the PQ capa-
bility curve is considered.

5.2 Dynamic model

For the present study, the dynamic model relates the different com-
ponents of the PV generator presented in Chapter 4, with the dy-
namic variation of solar irradiance, temperature, and electrical vari-
ables.

To develop the dynamic model, a modular system is used, where
each module has its own characteristics and model, but the interac-
tion between them is what defines the PV generator’s performance.
In this way, each of the models can be developed in parallel and the
performance of each of them can be tested individually. The modu-
lar dynamic model proposed for this thesis is illustrated in Fig.5.1,
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and consists in five modules: (i) forecasting, (ii) PV array, (iii) Bus
dc, (iv) PV inverter, and (v) ac side.

The first module is related to the forecasting of solar irradiance and
temperature during the day. The accuracy of the forecasting permits
to enhance the performance of the PV generator. Knowing the solar
irradiance and temperature in advance can permit to know the avail-
able maximum power at each instant during the day, and thus the
control of the PV generator can be improved according to plant op-
erator’s requirements. The techniques used for an accurate forecast-
ing model for different scale times can be developed using: various
meteorological data such as pressure, relative humidity, tempera-
ture, wind speed- combined with past observed data [181, 182]. For
the purpose of the PV generator model, the output of this module
should be the solar irradiance and the ambient temperature.

The second module is the PV array, which input is the data given by
the forecasting module and the output are the output power (Ppy )
and the Vmpp at each solar irradiance. As it was explained in Section
4.2, the model of the PV array depends on the dc voltage at its termi-
nals. Thus, another input for the model is the dc voltage that comes
from the dc bus model. The output power will be varying according
to this voltage and the solar irradiance at each time set during the
day.

The third module is the DC bus voltage, which is based on a capaci-
tor behaviour. Its dynamic model can be characterised as:

ic(s)
sC

Vic(s) = (5.1)

Then, the third module is the PV inverter which model was ex-
plained in Section 4.2.2. The dynamic behaviour depends on the
conversion from dc to ac voltage considering as well its dc and ac
limitations (see Fig. 4.4). The modulation index varies accordingly
the dc voltage value at its input and the reference ac voltage. The in-
verter, however, also is the one that performs the dynamic control of
the PV generator playing with the variables given by all the modules
presented in Fig. 5.1.

The ac system module compresses the behaviour of the grid, phase
reactor and transformer. The outputs of this module are: the ac
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Figure 5.1: Modular dynamic model of a PV generator

voltage, the ac current, the frequency and the phase angle. 2

By taking into account all these models, the control of the PV gener-
ator is developed in the following section.

5.3 Dynamic control

A VSC converter is used to control active and reactive power as well
as to set the amplitude, the angle and the frequency of the output
phase voltages. For these, there are three control strategies com-
monly used for grid tied PV inverters: (i) direct control, (ii) vector
control and (iii) power synchronization control [183].

In PV inverters, the most used technique is the vector control, where
the current and three phase voltages are transformed to the rotating
direct-quadrature frame. This will be synchronised with the ac grid

2A detailed model of this system will be explained in AppendixA.
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Figure 5.3: PV generator general control

voltage by a phase locked loop (PLL). The general control of a PV
generator for grid-tied systems is illustrated in Fig. 5.3. This control
consists of a maximum power point tracker (MPPT), phase locked
loop (PLL), inner current loop, outer control, and voltage modula-
tion. Each of these blocks are explained in the following section.

5.3.1 MPPT

PV generators commonly work at maximum power point at each so-
lar irradiance and temperature. The tracking of this point (MPPT)
is often developed by an algorithm that its main purpose is to find
the voltage (Vvmpp) or current (impp). Several type of algorithms have
been used to solve this issue as Perturb and Observe (P&O), hill
climbing, beta method, incremental conductance, fractional short cir-
cuit current, fractional open circuit voltage, pilot cell, current sweep,
soft computing methods® and several others [184], [185] [130], [131].

3S0ft computing methods for MPPT are artificial neural network, fuzzy logic control,
genetic algorithm, differential evolution and chaos search method
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All of these methods have to deal with quick changes of irradiance,
PV panel’s aging, number of sensors used and partial shading condi-
tions [184]. One of the most popular is the one called “ Perturb and
Observe” where the sensed variables are voltage and current. This
algorithm is based on the calculation of power by using the current
and voltage measured. It is based on the variation of the dc voltage
at each time step and thus a perturbation of active power occurs in
the system. If the active power increases with respect to the previ-
ous value, then the control should reduce the dc voltage considering
a Av value. But in the case the active power reduces, the next Av
should be added to the previous value of dc voltage. Its popularity
is because it is easy to implement, it does not need a periodic tuning
and it is not PV array dependent. The drawbacks of this algorithm
are: oscillations around the MPP and tracking deviation when quick
changes of solar irradiance occur [131].

In this thesis, however, a modification of the algorithm is developed.
Instead of being comparing the previous value of active power with
the measured in the new time step, it is compared with the one cal-
culated in the PV array model thanks to the forecasting data (Fig.
5.4). Each time step, the change of dc voltage (Av) is equal to 0.02
p-u and the output voltage from the algorithm (v} ) can vary inside
the limits of v, and vmax.

5.3.2 Inner current control

The inner current control is the one that gives the signal references
(v and Vé‘l) to the voltage modulation block which has to transform
this voltage references to three phase voltages with the correspond-
ing modulation technique. The inner current control improves the
performance of the VSC as it uses as feedback the current of the con-
verter and compares it with the current references that come from
the outer controller (Fig. 5.5).

5.3.3 Outer controller

The outer controller defines the current reference signals (i:‘i and i;k{)
for the inner current controller. In the case of PV generators for LS-
PVPPs these signals are related with the active and reactive power
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Figure 5.4: Algorithm implemented for MPPT

4. For the active power, three types of controllers can be part of the
system: active power controller, direct voltage controller, and the fre-
quency controller. For reactive power, the reactive power controller

4The active power is related with i} and the reactive power with iﬁl as the d,yis of the dq
rotating frame is aligned with ac network voltage phasor
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Figure 5.6: General outer control of a PV generator

and the ac voltage controller can also be designed.

In this case, the dc voltage controller and the reactive power con-
troller are designed to test the dynamic response of the PV gener-
ators considering its capability curves. This control is illustrated in
Fig. 5.6

dc voltage controller

The dc voltage controller ensures the power balance between the
source (PV array) and the ac power injected into the grid. For this
the main equation is the relationship between in the input and out-
put power in a lossless PV generator:

va =P,c (5.2)
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Figure 5.7: PV inverter’s dc voltage control

where:
PpV = lpV * VpV (5.3)
Pac = Vpccdig + Vpccqig (54)
Taking into account the model of the dc side presented in Section
4.2.3, the energy stored at the capacitor side is equal to eq. (5.5).

Then the square of the dc voltage (Vl%v) can be assumed equal to the
dc energy (W) transferred from the dc to the ac side.

We = %CV%V — Vpy = Wy = %WC (5.5)
Thus, the dc voltage control operates on the error of the stored en-
ergy SWg. = W3- Wy.. For the control, a PI is used, which its
dynamics not only depends on the energy stored at the capacitor
side but also on the MPPT time response plus the limitations due to
the inverter and the ambient conditions. The diagram of this control
is illustrated in Fig. 5.7

Reactive power controller

The expression to evaluate the reactive power flowing to the ac grid
can be formulated as:

Qac = Vpeeq icgi ~Vpeeg * igq (5.6)

In the dq frame when it is synchronized with the grid vpee, = 0,
so the reactive power reference can be controlled by iy (eq.5.7). To
control this reactive power and to cancel the steady state error a PI
control is used (Fig. 5.8)

i* = 2/3Qref

; (5.7)

Vpeeq

In this case, the reactive power control has the main task of injecting
or absorbing reactive power when it is needed: ac voltage variations
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or grid support (Q,.f). In any of the cases, the PV inverter can only
surplus these requirements inside the PQ capability curve. The re-
active power should follow the reference given by the first control,
this is limited by the PQ capability curve that depends on solar ir-
radiance, temperature, and the dc voltage. The iz‘i limitations are
written in the equations (A.21) and (A.22). In the case, that the re-
active power required is higher than the limitation, the PV inverter
will only provide the maximum permitted at that conditions, as the
voltage chosen at each time is equal to vmpp that only can vary from
Vmin t0 Vmax. The block diagram of the reactive power control is
illustrated in Fig. 5.8.

i = \/ iy ~13(G, Ta, Vmpp) (5.8)

_ 2/3Qmax(G, T, Vmpp)
= vq

(5.9)

1qmax

5.4 Phase locked loop

The final block is the PLL structure, which is a feedback control sys-
tem that has the task to adjust the phase angle between the grid ref-
erence (dq) frame and the converter (dq) reference frame (Fig. 5.9).
To do this, the controller has to align the grid voltage phasor with
one of the two dq axes. In this case, it is aligned with the d-axis
which means that the V% = 0. With this new angle, the VSC becomes
synchronised with the grid, so vg = 0 in steady state [186]. When the
PLL angle is obtained, then the voltages and currents can be trans-
formed from abc frame to dq rotating frames and vice-versa.



5.5 Dynamic simulation

Figure 5.9: dq diagram for AC side inverter
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Figure 5.10: Phase lock loop controller diagram

The feedback control structure of the PLL uses commonly a PI which
compensates the error between the reference voltage vg" = 0 and the
C

q
In this section, the dynamic control was presented considering the
capability curves. The following section will present the simulation
of this PV generator under different scenarios.

new v¢ considering the new phase angle (Fig. 5.10) °.

5.5 Dynamic simulation

In this section, the dynamic model of the PV generator is simulated
in DiGSILENT PowerFactory ® under different scenarios to present
its performance when the capability curve is considered. The PV
generator under study has a power capacity of 0.6 MVA and its
main characteristics are detailed in Table A.1. Additionally, the cor-
responding P-V curves for variable solar radiation and temperature
are presented in Fig. 5.11

5The PLL used in this thesis can be improved by using an estimator. This is explained in
Appendix A
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PV panel characteristics PV array characteristcs
Voc 58.8 [V] Parray 0.5 [MW]
Isc 5.01 [A] Nser 15

Impp 4.68 [A] Npar 175
Vmpp 47 [V] Trin, Tmax 0-70 [°C]
ky 0.45 [1/°C] Gmax 1100 [W/m?]

Table 5.1: PV panel and array characteristics
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Figure 5.11: P-V curves for variable solar irradiance (a) T, = 10°C , (b) T4 = 40°C

The first case study is when the solar irradiance varies from a low
irradiance (200 W/m?) to a high value (1000 W/ m?) in a small period
of time and then it comebacks to (200 W/m?) (Case study A). The
second case study considers the change of solar irradiance from high
(1000 W/m?2) to low (200 W/m?) and then it comebacks to (1000
W/m?) (Study case B) (see Fig. 5.12). In each case, the simulation
is developed for two different temperatures (a) T, = 10°C and (b)
T, = 40°C. Additionally, a reference of reactive power is applied and
is equal to —0.6 MVAr that is the same as the nominal power of the
PV generator. Thus, the PV generator will work close to the limit
given by the PQ capability curves.

For case study A, the results of active and reactive power for each
ambient temperature are presented in Fig. 5.13 and Fig. 5.14. When
the ambient temperature is T, = 10°C, the active power expected is
0.176 and 0.825 p.u. for a solar irradiance of 200 and 1000 W/m?
respectively. When the solar irradiance changes suddenly from 200
to 1000 W/m?, the expected active power cannot be fulfilled instan-
taneously. In fact, after 0.5 seconds, the active power is 0.304 p.u.
instead of 0.825 p.u. As the solar irradiance changes again from 1000
to 200 W/m?, the active power returns to a value close to 0.176 p.u.
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Figure 5.12: Quick changes of solar irradiance tested in the present application (a) Study
case A, (b) Study case B

In this study case, the absorbed reactive power is close to 0.985 p.u
and 0.951 when the solar irradiance goes from 200 to 1000 W/m? and
vice-versa. However, the expected range of reactive power is from
0.98 to 0.57 p.u. When the ambient temperature is T, = 40°C, the
active power expected is 0.129 and 0.486 p.u. for a solar irradiance of
200 and 1000 W/m? respectively. However, the active power reached
by the PV generator when the solar irradiance is 1000 W/m?, it is
close to 0 p.u. Then, the absorbed reactive power is around 1 p.u.

For case study B, the results of active and reactive power for each
ambient temperature are presented in Fig. 5.15 and Fig. 5.16. When
the ambient temperature is T, = 10°C, the active power expected
is 0.825 and 0.176 p.u. for a solar irradiance of 1000 and 200 W /m?
respectively. The active power that the PV generator injects when the
solar irradiance is 1000 W/m? during 1.5 seconds goes from 0.22 to
0.6 p.u. The absorbed reactive power also changes from 0.959 to 0.798
p-u. However, when the solar irradiance changes instantaneously to
200 W/m? , the active power reduces at the same speed from 0.6
to 0.117 p.u. The reactive power also changes instantaneously from
0.798 to 0.935 p.u When the ambient temperature is Ty = 40°C, the
active power expected is 0.486 and 0.129 p.u. for a solar irradiance of
1000 and 200 W/m? respectively. However, the active power reached
by the PV generator when the solar irradiance is 1000 W/ mz, itis O
p-u. Then, the absorbed reactive power is around 1 p.u.

According to these results, the operational area in dynamic mode
together with the capability curves is illustrated in Fig. 5.17 and
Fig. 5.18. The capability curve when the ambient temperature is
10°C for a variable solar irradiance from 0 to 1000 (W/m?2) with a
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Figure 5.13: Dynamic response of a PV generator for case study A and T, = 10°C (a) Active
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Power, and (b) Reactive power

dc voltage equal to the correspondingvmpp shows a wide range of
operation. However, when the ambient temperature is 40°C, the
maximum active power that the PV generator can inject is 0.3 p.u
corresponding to a solar irradiance of 470 W/m?. For study case A,
it can be seen that the area of operation is very close to the limitation
curve as it tries to absorb the maximum reactive power possible.
The active power goes from 0.176 p.u to 0.304 p.u. but when the
ambient temperature is 40°C, the active power goes from 0.176 to 0
p-u. Thus the area of operation is reduced. For study case B, the area
of operation inside the capability curve increases as the active power
is closed to the maximum when the solar irradiance is equal to 1000
(W/m?) but when the ambient temperature is 40°C the operational
area is similar to study case A.
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Figure 5.14: Dynamic response of a PV generator for case study A and T, = 40°C (a) Active
Power, and (b) Reactive power

Considering the results of the dynamic simulation together with the
capability curves a broad discussion is presented in the following
section.

5.6 Discussion

From the dynamic simulation of the PV generator under the case
study A and B with different ambient temperature, some important
points can be addressed.

MPPT dynamics: The MPP for each solar irradiance and temperature
is illustrated in the P-V curve (Fig. 5.11). These power points cor-
respond to the ideal point of operation at the PQ curve (Fig. 5.17).
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Figure 5.15: Dynamic response of a PV generator for case study B and T, = 10°C (a) Active
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Power, (b) Reactive power

However, it can be seen that these points are not reached in case A
or B. When the solar irradiance varies from low to high value, the
dc voltage value at that instant influences on the active power value
(Fig. 5.11). Then, the MPPT starts to work to reach the MPP, but
as its time response is higher than the disturbance, the MPP is not
reached. In the other hand, when the solar irradiance decreases in-
stantaneously, the active power does it at the same speed and only
depends on the value of dc voltage that is set at the moment of the
change and not due to the MPPT time response.

Effect of temperature: The cell temperature plays an important role
in the PV generator’s performance as it varies not only depending
on the ambient temperature but also on the solar irradiance. The
PQ curve is affected when the ambient temperature increases and
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Figure 5.16: Dynamic response of a PV generator for case study B and T, = 40°C (a) Active
Power, (b) Reactive power

the voltage are equal to vmpp. In the case the ambient temperature
is 40°C, the PV generator can inject active power only if the solar
irradiance is varying from 0 to 470 W/m?. For higher solar irradiance
the value of vimpp is lower than the vy, so the inverter cannot inject
active power as it is working outside the safe operation area. In
this chapter, when the vmpyp is lower than vy, then the dc voltage
chosen is equal to v;,. In this way, the PV inverter can still inject
active power. However, this makes that the active power will be less
than the maximum possible at that solar irradiance and depends on
the P-V curves of the PV array. In this case, for a voltage equal to
Vmin and solar irradiance equal to 1000 W/ m? the active power that
the PV generator can inject is close to zero as vy, is close to the
open circuit voltage for the given temperature (Fig. 5.11).
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Figure 5.17: Dynamic area of operation inside the capability curves for Case study A (a)
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2 =10°C, and (b) T, = 40°C

Reactive power limitation: in any of the study cases, the reference of
reactive power is higher than the rated power of the PV generator.
This makes that the PV generator works close to the capability curve.
In this case, the operation area is in the four quadrants where the PV
generator can absorb reactive power and inject active power. In this
area, the limitation is given by the PV generator nominal current
and depends basically on the variation of active power. As it was
discussed before, the variation of active power depends on the solar
irradiance, temperature and dc voltage. Thus, the reactive power has
to change each time the solar irradiance or temperature changes. It
can be seen that despite the quick changes of ambient conditions (for
study case A) the PV generator can absorb reactive power around 1
p-u. But for study case B the reactive power can go from 0.75 p.u to
0.99 p.u instantaneously as the solar irradiance decreases.
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Figure 5.18: Dynamic area of operation inside the capability curves for Case study B (a)
T, = 10°C, and (b) T, = 40°C

5.7 Conclusions

In the current chapter, the modelling and the control of the PV gener-
ator were presented in detail considering the P-V and the PQ curves
for the corresponding ambient conditions. Then, the dynamic sim-
ulation together with an analysis of the results were presented. Ac-
cording to this study, some conclusions can be drawn.

e When the dc voltage is equal to Vmpp, then the ambient con-
ditions play an important role in the active power that the sys-
tem can deliver and the same occurs with the value of reactive
power that the PV generator can absorb or inject. However, due
to the dynamic response of the MPPT, the changes of active and
reactive power can go smoothly around the capability curves.
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e The use of the PQ and the P-V curves helps to develop the
control at any ambient condition and to understand the dy-
namic performance when quick changes of solar irradiance oc-
cur. However, it is important to notice that when the solar irra-
diance is high and changes quickly to a lower value, the reduc-
tion of active power occurs instantaneously.

Taking into account this dynamic control that considers the capabil-
ity curves presented in Chapter 4.3, the management of active and
reactive power can be enhanced in order to comply with grid code
requirements. Therefore, the next chapter proposes a new control
considering the dynamic model, the basic control and the results
presented in the current chapter.



Chapter 6

Active and reactive power control of a
PV generator for grid code compliance

“I'd put my money on the sun and solar energy. What a source of power! 1
hope we don’t have to wait until oil and coal run out before we tackle that”
Thomas Edison, 1931

The grid codes reviewed in Chapter 3 explains that the LS-PVPPs
should provide ancillary services as voltage and frequency regula-
tion as well as a good response under fault conditions. For this
reason, the enhancement of the local control of the PV generators
is necessary. Thus, the aim of this chapter is to propose a local con-
troller of active and reactive power to comply with the grid codes
restrictions. For this purpose, the control considers the capability
curves, studied in Chapter 4, which vary due to the change of solar
irradiance, temperature, and some electrical characteristics. To val-
idate the control, the PV generator is modelled led in DIgSILENT
PowerFactory® and tested under different ambient conditions. The
results show that the control developed can manage the active and
the reactive power in the desired point at different solar irradiance
and temperature!.

IThis chapter is based on the following publication:
A. Cabrera-Tobar, E. Bullich-Massagué, M. Aragiiés-Pefialba, O. Gomis-Bellmunt,
“Topologies for large scale photovoltaic power plants”, Renewable and Sustainable En-
ergy Reviews., 59 (2016),pp. 309-309.
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6.1 Introduction

PV inverters have been used in small PV systems where ancillary
services were not necessary to address. However, with the develop-
ment of LS-PVPPs the control of active and reactive power during
the day has become an issue. Thus, the control of the PV generator
should be improved considering the grid codes and the capability
curves analized in Chapters3 and 4 respectively.

Commonly, in small PV systems, the control of active power has been
developed by tracking the maximum power point (MPPT) and many
techniques around this topic have been used as it is explained in
[184]. However, in LS-PVPPs this approach is no longer valid due to
their new operational requirements. One of the solutions for active
power control is the use of energy storage but this causes the in-
crement of cost installations [187]. Much research has been done in
this direction, where the main challenge is limiting the active power
variations [155, 188, 189, 190, 191, 192]. An alternative solution is the
improvement of the control by considering the characteristics of the
PV generator. So far, there is limited research in this area and few
work has been developed. For instance, Y. Yang et al. [166] explain
how a constant power generation can be achieved without using en-
ergy storage for a limited part of the day. The control is developed
for a two stage inverter (dc-dc and dc-ac) and other grid require-
ments are not studied. Furthermore, the study presented in [193]
explains the control of active power for frequency regulation using a
two stage PV inverter (dc-dc and dc-ac). The proposed control varies
the duty cycle at the dc-dc converter when a frequency deviation
occurs. The same approach has been presented by various authors
like [187] and [194]. However, none of them includes the variation
of solar irradiance or the capability curves of the PV generator used.
For a single stage of inversion, a study has been presented by [195]
where the control of active and reactive power is developed by the
variation of the dc link voltage reference as well as the modulation
index. However, this technique was not applied under variable solar
irradiance.

On the other hand, for the reactive power control of PV systems
in LS-PVPPs few work has been developed. For instance, Rakibuz-
zaman et al. [111] explain the control of reactive power and how
the capability curve could influence in the response. However, the
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variation of ambient conditions is not considered in this approach.
Additionally, R. Varma et al. are working on the control of the LS-
PVPPs as STATCOM to support the grid when power oscillation oc-
curs [196]. However, in this work, it is considered the remaining in-
verter capacity and depends on the solar irradiance behavior. From
a general point of view without any specific source of energy, new
types of reactive power control for grid tied inverters have been pre-
sented in [197], [198]. These studies do not take into account the
variation of solar irradiance during the day or the corresponding ca-
pability curves of the PV generator. In the case of wind power plants,
the control of active and reactive power has been developed in pre-
vious years. For instance, the study developed by R. Almeida et. al
[199] proposes an optimized control strategy to manage the active
and reactive power by a wind generator. This strategy combines the
pitch control and the inverter’s control to manage the rotor’s speed
for the required point of operation.

It is worth to point out that the control of active and reactive power
in a LS-PVPP has not commonly been developed considering the ca-
pability curves of the PV generator or the combined performance
limitations between the PV inverter and the PV array Fig.6.1. As
it is explained in Chapter 4, these curves are characterized by four
main parameters: solar irradiance, temperature, dc voltage, and the
modulation index. In the case where the dc voltage is equal to a
single value, the active power and the reactive power will depend
mainly on the solar irradiance, temperature and modulation index.
But in the case the dc voltage is variable, the complete curve can be
obtained for a single solar irradiance and temperature. Thus, an im-
proved control of active and reactive power for grid code compliance
can be developed.

The aim of this chapter is to propose a new control of active and re-
active power for a PV generator considering the corresponding capa-
bility curves and the grid code requirements. For active power, two
main targets are accomplished: (i) Power curtailment, and (ii) Power
reserves, by using an adaptation of the MPPT. For the reactive power
control, two considerations are addressed: (i) preference of active
over reactive power and (ii) preference of reactive over active power.
Then, the control is validated by a simulation of a LS-PVPP modeled
in DIgSILENT PowerFactory® under different ambient conditions.
Finally, the results and the discussion are presented together with
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Figure 6.1: Conceptual diagram of the scope of this chapter
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the conclusions.

6.2 Control of a LS-PVPP

The control of the LS-PVPP permits its integration to the electrical
system considering the requirements given by the grid codes, con-
sequently, these type of power plants can participate in ancillary
services. The challenges that LS-PVPPs have to overcome were dis-
cussed in section 3.3, and in summary, it can be stated that the main
objectives of the control for the LS-PVPP are the control of active
and reactive power to manage voltage and to be part of primary and
secondary frequency control.

To address these objectives, a hierarchical control architecture is con-
sidered, as it is illustrated in (Fig. 6.2), where the first stage is the
electrical system operator who sends the requirements, then the sec-
ond stage is the power plant control and the third stage is the PV
generator. The control of the LS-PVPP is focused on the reference
calculation of active and reactive power according to the transmis-
sion system operator [192, 151]. It is also responsible to apply grid
support actions, for example in case of disturbances. In this control, a
PI is added to reduce the error between the reference and the power
available in the grid. The total active or reactive power calculated
by the controller is divided by the total number of PV generators
in the LS-PVPP and this is the reference value under which the PV
generators should respond (Fig. 6.3 and 6.4) [151],[200].

After these references are calculated, the PV generator develops its
corresponding control according to grid code requirements and the
behaviour of the internal grid to keep ac voltage and frequency con-
stant. A general control structure of a PV generator is illustrated in
Fig. 6.5, where three main blocks can be seen: active and reactive
power controller, and inverter control. The task that the active and
the reactive power controller has is to deliver the power demanded
by the power plant controller. This control should consider the vari-
ation of ambient conditions and the PQ capability curves of the PV
generator analysed in Chapter 4and Chapter 5. Meanwhile, the in-
verter control is in charge of grid synchronisation, voltage modula-
tion, dc voltage regulation and the current loop as it was explained
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Figure 6.2: Proposed control architecture for a LS-PVPP

in Chapter 5. The detail block diagram of the PV generator control
is presented in Fig. 5.3.

The control of active and reactive power in a PV generator for LS-
PVPPs is explained in the following sections.

6.3 Active power control

According to the grid codes reviewed in Chapter 3, the active power
management for LS-PVPPs should consider: power curtailment, ramp
rate control and active power reserves. In this section, the active
power control of a PV generator is explained in detail with emphasis
on power curtailment and active power reserves.

6.3.1 Power curtailment

In section 5.3, the dynamic control of the PV generator was explained
in detail. However, in that control, it was assumed that the PV gen-
erator was working at the MPP. So the active power control depends
on the solar irradiance, temperature, and the dc voltage. However,
to have an active power management less dependent on the ambient
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conditions and to comply with the grid codes, this control should be
changed.

In the present chapter, to address this power curtailment, the PV gen-
erator cannot be working at MPPT. Instead, the control has to work
close to the reference of active power (P,.f) set by the PPC. Thus, a
reference power point tracker is used (RPPT), which aim is to look
for the P, at each instant. For that purpose, any algorithm used for
MPPT can also be used in RPPT but the target point is what changes.
In this case, as P&O is used, the dc voltage is changed by steps (Av)
until the active power supplied by the PV array is the same as the
power reference. Each time the solar irradiance changes, the algo-
rithm should only decide if the dc voltage reference should increase
or decrease its value (Fig. 6.6(a) ). However, as the solar irradiance
changes, the reference of active power could be higher than the max-
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Figure 6.5: General control structure of a three phase grid connected PV generator in a
LS-PVPP.

imum possible power that the PV generator can supply. In this case,
the algorithm starts to work as a normal MPPT (Fig.6.6(b) ).

Considering this approach and the curve of active power versus ir-
radiance (PG curve), two operation zones can be distinguished: (I)
MPPT control, (II) RPPT control. On this curve, three main points are
considered: cut in, cut out, and nominal solar irradiance (Fig. 6.7).
When the value of solar irradiance is too low (less than 50 W/m?),
the PV generator cannot work properly as the dc voltage could be
lower than the vy,in. The solar irradiance at which the PV generator
firsts starts to generate power is named as “cut-in solar irradiance”.
As the solar irradiance increases, the PV generator starts to work
with the MPPT control, when the power reference is fulfilled, the
point of solar irradiance is the one named as “cut-out solar irradi-
ance”. After this point, the RPPT control is used in order to keep the
reference power. However as the solar irradiance increases, the cell
temperature as well, then the dc voltage could be again out of the
dc voltage limitation and the power generated by the PV generator
will not reach the reference. This point is called, the nominal solar
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irradiance and another active power reference should be calculated.

6.3.2 Active power reserves

The fluctuation of solar irradiance during the day together with the
cloud coverage may cause fluctuation of frequency due to the vari-
ation of the generated active power. This situation could happen in
a scenario where the most of the generation comes from renewable
energy. This problem can be seen especially in countries or islands
that are not connected with the continent generation. Thus, the grid
codes from these countries requires that the power plants have power
reserves in order to give a response of active power for primary and
secondary frequency control 2.

2Primary frequency control takes place in the period of up to 30 s after a frequency
deviation occurs and secondary frequency control takes place between 5 seconds to 10

131



Chapter 6 Active and reactive power control of a PV generator for grid code compliance

pw) 4
" Pt
P \l Deloaded
" N\ [4p operation
Popps .\\
// NP

-

" Vav)

Figure 6.8: Deloading operation in PV generators

To have this type of response, it is necessary that the PV generator
does not supply the maximum power and instead it should work in
a suboptimal operating point according to grid characteristics. The
power reserve could be from 10 % to 20 % of the power plant capacity
(deloaded operation) [125] (Fig.6.8).

To control the PV generator for active power reserves, it is necessary
to calculate at each time step the possible maximum active power
that the PV generator can supply. Then, the reference power should
be given by the percentage required by the TSO of the maximum
possible active power (eq. (6.1) and eq.(6.2)). With this new reference,
the RPPT control explained in Section 6.3.1 can be applied.

Preserve = APtso * Pdepp (G, Ta) (6.1)

Pref = 1-)dcmpp (G, Ta) = Preserve (6.2)

After the active control has been addressed, the reactive power con-
trol is explained in the following section.

6.4 Reactive power control

Taking into account the grid code requirements studied in Chapter 3,
it is necessary that LS-PVPPs could supply or absorb reactive power

minutes [122]
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Figure 6.9: Control scheme for control of active power in PV generators

due to voltage disturbance or grid requirements. As it was explained
in Section 6.2, the central control of the PVPP is the one who calcu-
lates the reference of reactive power. Then, the PV generator has to
reach this value.

However, due to the limitations and the capability curves (see Chap-
ter 4) could not be feasible to supply or absorb reactive power at
a given reference. Hence, the possible reactive power that the PV
generator can supply or absorb depends mainly on the active power
that varies with solar irradiance, temperature, dc voltage, and mod-
ulation index (see Fig. 4.13 to 4.15). If the reference of reactive power
is small (less than 0.4 p.u), the PV generator could reach this value
for almost any solar irradiance or temperature, except for higher so-
lar irradiance (Fig. 6.10). Meanwhile, for higher values then it could
not be possible to provide the reactive power for almost any solar
irradiance (Fig. 6.11).

The grid codes, however, require that the PV generator could inject
or absorb reactive power according to the Fig.3.4, and in the case
of voltage disturbance it is necessary to respond according to Fig.
3.7. In case of disturbance the amount of reactive power that the PV
generator should be capable to provide, should not depend on the
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solar irradiance and temperature at that instant.

Thus, this section presents a novel control to address this issue in or-
der to provide reactive power despite the ambient conditions when
the reactive power control is set as a priority (Fig. 6.12). This con-
trol reads the reference of reactive power given by the plant oper-
ator, then if the reactive power control is not a priority the control
is developed as it was explained in Section 5.3 with a conventional
reactive power regulation. But if the reactive power is set as a pri-
ority, then the PV generator has to calculate the maximum reactive
power (Qmpp) that the PV generator can supply in that moment. If
the reference is lower than this value, the normal control of reactive
power can be applied (Fig.5.8 (Chapter 5))

However, if the reference of reactive power is higher than the Qppp
, then the active power should be reduced according to equation
6.3 or 6.4 depending if it is absorbing or injecting reactive power
respectively. The new reference of active power is reached by RPPT
control.

Pref = 4/ s? _Q%ef (6.3)
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It is important to notice that each time the solar irradiance changes,
the generated active power varies depending on the dc voltage value.
The RPPT control should again track the reference of active power
calculated due to reactive power reference. This behavior is illus-
trated in Fig. 6.13, where the first point is for a given solar irradiance
(A). At this point, the active power that the PV generator can supply
is Ptppr in the case any curtailment or power reserve is activated. In
this instant, a reference of reactive power is given to the generator’s
control. However, with this power, the Qyppr is lower than the ref-
erence. Thus a new reference of active power is calculated (Pq;). To
achieve this point the dc voltage has to change from vmpp to vyef and
the PV generator starts to work at point B. Then the generator can
supply the value of reactive power equal to the reference (point 3).
In the case the solar irradiance changes a new PV curve is generated
(blue line), because of the dc voltage value, the new active power is
P, and the PV generator starts to work in point C (PV curve) and 4
(PQ curve). As the RPPT control has to follow the reference of reac-
tive power, then the dc voltage reduces to reach the reference (Point
D and point 3). Thus, this new control is called reactive power point
tracker (QPPT).

In the following section, a study case is presented to implement this
new control of reactive for different scenarios.
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Figure 6.14: PVPP diagram under study

6.5 Case study

A LS-PVPP of 24 MW is designed and modelled in DIgSILENT PowerFactory®
and has the configuration presented in Fig. 6.14. For the present

study, the results for a single PV generator is presented and its main
characteristics are summarized in Table A.1. The design of this power

plant was developed according to the solar irradiance and temper-

ature data are taken from Urcuqui-Ecuador in 2014. Besides, the

inverter has been oversized 20 % of the maximum active power ca-

pacity of the PV array. Each PV generator has a nominal power

capacity of 0.6 MVA.

Two cases studies are considered: (i) testing the active power control
(case study A) and (ii) testing the reactive power control (case study
B). For each type of control, the PPC is the one that sends the ref-
erences of active or reactive power to the local controller. For these
tests, three days are chosen with different solar irradiance and an
ambient temperature around 10°C to 25°C.

6.5.1 Case study A

For this case study, three different active power values are set as
references during the day:
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e Set a power reserve of 20 % of the maximum power capacity
from 6:00 to 10:00 and from 15:00 to 18:00.

e Set a power curtailment of 50 % of the maximum capacity from
10:00 to 15:00.

e Deactivate the power curtailment to reach the maximum power
point during 10 minutes (11:25 to 11:35).

The test is developed for day one and two, and the results are illus-
trated in Fig. 6.16. For any of the days tested, it can be seen that
the control of active power makes possible to keep the power reserve
equal to 20 % of the maximum power capacity for an active power
higher than 0.20 p.u. When the generated active power is lower than
0.2 p.u, the power reserve is not reached and instead is equal to the
maximum possible.

However, in the case of power curtailment, there are some differ-
ences between the first and the second day. On day 1, the active
power reference is reached easily with the control due to the suffi-
cient solar irradiance. On day 2, however, the new reference of power
is only reached during ten minutes in the morning and 80 minutes
in the afternoon. This behavior is due to the drastic changes in solar
irradiance during the day.
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Figure 6.17: Active power response for day 3 considering MPPT

The deactivation of the power curtailment in order to get the max-
imum power during 10 minutes is successful on day 1 and day 2.
It is important to notice that due to the MPPT control, the ramp
rate to get the maximum power is 0.05 MW /min on day 1 and 0.026
MW /min on day 2.

6.5.2 Case study B

In this case study, the reactive power control is tested considering
the solar irradiance of day 3. To understand the performance of this
control, some tests are developed: (a) active power priority and (b)
reactive power priority.

Active power priority

When the priority is given to the active power, the MPPT control is
used. The total active power supplied by the PV generator is illus-
trated in Fig. 6.17. Considering the variation of solar irradiance and
temperature during the day, the maximum reactive power that the
PV generator can absorb is illustrated in Fig.6.18 together with the
operational area. It can be seen, that the maximum reactive power
that the PV generator can absorb is variable in the time. For instance,
from 10:00 to 12:00, the minimum reactive power absorbed is close
to 0.6 p.u. From 12:00 to 14:00, there are important solar irradiance
variations which produce quick changes of active and reactive power.

In the case that a reference of reactive power is required (Quef =
—0.8p.u) by the PV generator and the MPPT is still used, the re-
sponse of it is illustrated in Fig. 6.19 together with the operational
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area. With these conditions, the PV generator can follow the reac-
tive power reference between some hours (06:00 to 08:00 and 15:00 to
18:00). However, when the active power exceeds a certain value, the
PV generator cannot follow the reference of reactive power.

For a Q¢ = 0.8p.u, the PV generator can inject the reactive power
depending on the voltage limitation and the modulation index. A
modulation index of 1 and 1.75 is tested and illustrated in Fig. 6.20
and Fig. 6.21 respectively together with their operation area. When
the modulation index is 1, the reactive power is equal to 0.45 p.u
for any solar irradiance. Meanwhile, when the modulation index is
1.75, the reference of reactive power is reached from 07:00 to 10:00
and from 13:30 to 18:00. However, from 10:00 to 13:00, the reference
of reactive power is not reached. Instead, the maximum possible
reactive power is injected, which depends on the solar irradiance.
The curve that limits its behaviour from 10:00 to 13:00 is the current
curve, for the rest of the day it is the voltage curve.
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power and (b) Operational area
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Figure 6.21: Injected reactive power with MPPT control and M = 1.75 (a) Response of

reactive power and (b) Operational area

Reactive power priority

To test this control, two references of reactive power are simulated:
(i) Qref = —0.8p.u and (ii) Qe = 0.8p.u. For the first reference (ab-
sorption of reactive power), the results of active and reactive power
are illustrated in Fig. 6.22 with the corresponding capability curve.
Due to the reactive power priority, the PV generator absorbs a value
of reactive power equal to its reference almost all the time. Due to
the changes in irradiance and the response time of the control, there
are specific times where there is an error around 0.05 p.u. In order
to have this reference of reactive power, the active power is limited
to 0.6 p.u between the hours 08:00 to 13:00.

For the second reference (injection of reactive power), two different
modulation index are tested: (i) M = 1 and (ii) M = 1.75. The results
are shown in Fig. 6.23 and Fig. 6.24 respectively with the correspond-
ing operational area. When M = 1, the reactive power cannot reach
the reference of reactive power and stays at the maximum value (0.45
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Figure 6.22: QPPT response when a reactive power reference is applied (a) Active power,
(b) Reactive power, and (c) Operational area
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Figure 6.23: Power response with QPPC for M = 1 (a) Active power and (b) Reactive power
, and (c) Operational area
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Figure 6.24: Power response with QPPC for M = 1.75 (a) Active power and (b) Reactive
power, and (c) Operational area

p-u). In the case M = 1.75, the PV generator injects a reactive power
equal to the reference during all the time by the reduction of active
power from 09:00 to 13:30.

6.6 Discussion

From the controller presented in this chapter and from the obtained
results, some important issues are necessary to be addressed:
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6.6.1 Active power control

The control of active power in a suboptimal point (lower than the
MPP) can be developed with an RPPT control. The PV generator can
supply power according to an active power reference. The response,
however, depends as well on the solar irradiance fluctuations during
the day. For instance, on the second day, between 14:00 to 15:00
quick solar irradiance variations are presented and the control tries
to respect the 20 % of power reserve but the control does not follow
this reference.

The ramp rate due to the MPPT control to reach the maximum power
from a given reference is variable depending on the solar irradiance.
Two different ramp rates were reached during the two days one close
to 0.05 MW /min and the other close to 0.026 MW /min. The first one
was obtained due to a variation of active power of 0.146 p.u and
0.0658 p.u for the second one. The difference between them is the
maximum active power reached that depends on the solar irradiance
variation at that moment. In the first case, the value of solar irradi-
ance for that instant is around 900 W/m? and in the second case is
around 270 W/m?,

6.6.2 Reactive power control

For the injection or absorption of reactive power, the response also
depends on the solar irradiance when the active power generation is
a priority. It can be stated that with a maximum active power, there
will be a maximum reactive power that can be injected or absorbed
depending on the capability curves. Because of this, if a reference
of reactive power is set and at the same time the active power con-
trol is a priority, the reference will be reached only if it is lower than
the maximum reactive power point possible at that instant. In the
case that the reactive power is a priority and there is high solar ir-
radiance, the reference of reactive power can be reached only if the
active power point changes to another point of operation lower than
the MPP.

It is important to notice that for injection of reactive power, the varia-
tion of this value does not present large fluctuation as it depends on
the changes of dc voltage together with the modulation index. If the
maximum modulation remains fixed, then the reactive power that
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the PV generator can inject also remains close to a fixed value. How-
ever, this value could be lower than the reference set by the control.
Therefore, a change of modulation index helps to fulfil the reference
of reactive power demanded by the PPC.

6.6.3 Compliance of grid codes

Considering the grid code requirements regarding the management
of active power, it can be stated that working with RPPT for a given
reference helps to comply with the basic requirements as power re-
serves and power curtailment without the addition of energy storage
at variable solar irradiance. It can be seen that for quick solar irradi-
ance variations as the ones presented on day 2, the power curtailment
helps to reduce the variability of power generated that can affect the
grid performance.

Regarding the reactive power, the PV generator has to follow the ref-
erence sent by the PPC. However, due to the limitations and the PV
generators capability curves, it could not be feasible to inject or ab-
sorb reactive power at a given reference [201] when the generation
of active power is a priority. For absorption of reactive power, if the
reference of reactive power is smaller than 0.57 p.u (corresponding
to G = 1000W/ mz), then the PV generator can absorb this reactive
power reference at any solar irradiance during the day. However, if
the reactive power reference is higher than 0.57 p.u then the PV gen-
erator cannot absorb this reference of reactive power at different solar
irradiance. In the case of injection of reactive power, the maximum
possible reactive power is equal to 0.45 p.u. Thus, the PV generator
cannot inject higher reactive power.

When the QPPT is applied, then the results show that the PV gener-
ator can reach the reference given. For absorption of reactive power,
if the reference is higher than 0.57 p.u then the PV generator can
absorb this reactive power by changing the maximum active power
generated to 0.6 p.u. Though, this means that there is 20 % of active
power losses between 09:30 to 13:00 (Fig. 6.22). For injection of re-
active power, the reference of reactive power only can be reached by
the increment of the modulation index to 1.75 p.u that can cause the
injection of higher harmonics to the grid. For higher solar irradiance
(800 to 1000 W/m?), the power generated has to be limited to 0.6 p.u
by the variation of the dc voltage.
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Figure 6.25: Capability curves comparison considering the grid codes of Puerto Rico, Ger-
many and the capability curve extracted from the current study case

Considering the response of the PV generator for the different sce-
narios for reactive power, it can be analysed if the requirements of
the grid codes can be achieved under different scenarios. Fig. 6.25
illustrates the capability curve given by the PV generator together
with the capability curve required by Puerto Rico and Germany for
steady state conditions. When QPPT is utilized, the PV generator can
inject or absorb reactive power according to the requirements but the
active power generated could be lower than the Pmpp. For absorbed
reactive power, if the reference is 0.623 p.u, then the new reference of
active power should be 0.78 p.u. For the injection of reactive power,
the modulation index has to be higher than 1 to comply with this
reference.

However, when the reactive power is not set as a priority then the
requirements asked by the grid code of Puerto Rico cannot be ful-
filled for higher solar irradiance and maximum modulation index of
1. So, new equipment should be installed in order to give reactive
power support as STATCOM, capacitor banks, FACTS. However, for
the case of Germany, at any irradiance the PV generator can supply
or inject the reference of reactive power as it is lower than 0.57 p.u
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without making any change in the operation of active power or the
modulation index.

Additionally, it can be seen that for an active power generated lower
than 0.78 p.u (corresponding to G = 900W /m?), the PV generator can
absorb or inject reactive power higher than the limitations imposed
by the grid codes without reducing the generated active power. Thus,
it is necessary that the Grid codes will consider the effect of the PV
generator performance at different solar irradiance, temperature, dc
voltage and modulation index in order to set higher limitations and
improve the performance of the LS-PVPP.

6.7 Conclusions

This chapter has presented the control of active and reactive power
for a PV generator considering its capability curves variation ap-
plied in a large scale photovoltaic power plant. For this purpose, the
current chapter has presented the general configuration and control
structure used commonly in a LS-PVPP. Then the active power con-
trol for a PV generator has been presented considering active power
curtailment and active power reserves. Additionally, the control of
reactive power was also studied under two different considerations:
active power priority or reactive power priority taking into account
the corresponding capability curves. Finally, a simulation of the con-
trol proposed was conducted in DIgSILENT PowerFactory ® where
the complete model has been introduced and simulated under dif-
ferent conditions. From the control developed and the simulations,
some conclusions are discussed.

e The quick variation of solar irradiance affects not only to the
active power response but also to the reactive power. When
the solar irradiance is high, then the reactive power capability
is reduced. Besides, this could disrupt the plant with quick
variations of reactive power, this can be diminished with an
appropriate control of the reactive power.

e The ambient temperature also affects the total reactive power
that the LS-PVPP can provide at the point of common coupling
(PCC). When the ambient temperature is higher than (25°C),
then the reactive power is increased especially when the reactive
power is supplied by the PV generator.
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e The modulation index and the dc voltage value play an impor-
tant role on the point of operation of the PV generator when
reactive power is injected. For an appropriate control, the max-
imum modulation index can vary between 1 to 1.75 to comply
with grid code requirements.

e The capability curves play an important role in the control of
the PV generator when active and reactive power control are
considered. These curves should be taken into account for each
solar irradiance, ambient temperature, dc voltage and modu-
lation index. The reactive power reference can be achieved by
the consideration of these capability curves together with the
control.

e Considering the grid code requirements regarding the manage-
ment of active power, it can be stated that working with RPPT
for a given reference helps to comply with the basic require-
ments as power reserves and power curtailment. However, a
deeper study on ramp rate control must be developed consider-
ing variable solar irradiance. In the case of reactive power, grid
codes should also consider the behaviour of the PV generator
according to ambient conditions in order to set the limitations.

The general control of the PV inverter depends as well on the mea-
sured variables as the phase angle and the frequency. The variation
of solar irradiance affects directly to the measurements of these vari-
ables. Thus, the next chapter will study the improvement of the PLL
to have an accurate phase angle and frequency.
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Future research outcomes and
Conclusions






Chapter 7
Conclusions

“ I think the future for solar energy is bright”
Ken Salazar

The thesis” main objective was to study to what extent a PV generator
can be controlled to comply with the plant operator’s requirements
considering the capability curves under variable solar irradiance and
temperature. Hence, four main challenges were identified and ad-
dressed thorough out this thesis.

Chapter 2 examined the available technology to construct a LS-PVPP,
as well as what is the most used internal configuration and ac collec-
tion grid to accomplish such aim. As LS-PVPPs have to interact with
the electrical grid, several grid codes have been adapted to permit
their integration in a smooth way. A deep comparison and analy-
sis of the grid codes of Germany, Romania, China, South Africa and
Puerto Rico was presented in Chapter 3. Additionally, the chapter
discussed the challenges that LS-PVPPs have to face to accomplish
these grid codes as well as the necessary technology to do it.

As the basic unit of a LS-PVPP is the PV generator, Chapter 4 pre-
sented its capability curves considering variables as the solar irra-
diance, ambient temperature, dc voltage and the modulation index.
The chapter has shown in detail the static model used, the mathemat-
ical analysis and the simulations to validate the study. In Chapter 5,
a dynamic model of the PV generator was developed to study the
dynamic performance of each of the components. The model was
developed considering the effect of solar irradiance, ambient tem-
perature and dc voltage on the dc power as well as the behaviour
of the PV inverter. Additionally, this chapter presented the dynamic
control used where the capability curves were included.
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Using the dynamic model and control developed in Chapter 5, a
complete control for the active and reactive power in order to comply
with grid code requirements is explained in Chapter 6. In the case
of active power: power curtailment, ramp-rate control, and power
reserve were explained in detail. In the case of reactive power, two
types of control were considered: preference of Q over P, preference
of P over Q.

This chapter presents the thesis final conclusions and recommenda-
tions for future research.

7.1 Final Conclusions

The thesis final conclusions, based on the objectives presented in
Chapter 1, are classified according to the four challenges: system
integration, technical limitations , dynamic modelling, and dynamic
control.

7.1.1 System Integration

Based on the performed literature review for LS-PVPP, the common
PV generator configuration is the central one that has a PV array
interconnected to a single stage PV inverter through a dc capacitor
and then it is connected to a transformer to step up the voltage. This
configuration shows low levels of reliability, flexibility, and MPPT ef-
ficiency. The mismatching losses due to the PV array configuration
are higher than in other configurations. However, its robustness, eas-
ier control, and installations’ lower cost are the main characteristics
that make this configuration the preferred one. However, another
configuration which is interesting to study is the multistring topol-
ogy. This has been used in fewer LS-PVPPs but this topology could
be more used in the future. Regarding the ac collection grid, the state
of the art shows that radial configuration is the most used as it has
the lowest cable cost.

Additionally, the system integration can be performed due to the
grid codes. In Chapter 3, a comparison between the grid codes of
Germany, Puerto Rico, Romania, China and South Africa was devel-
oped. In this comparison it could be seen that the trend of these grid
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codes is to ask ancillary services to the LS-PVPPs with a similar be-
haviour as conventional power plants. From this comparison, it can
be stated that Puerto Rico has so far the most strict requirements re-
garding voltage and frequency regulation, active and reactive power
control and also system disturbance response.

For the system integration, the knowledge of the PV generator op-
eration is essential in order to develop an adequate control for the
LS-PVPP and at the same time comply with the grid code require-
ments. In this thesis, the focus was to enhance the knowledge of the
PV generator considering its limitations, and control when solar ra-
diance varies for different values of ambient temperatures as it was
presented in Chapter 4 and Chapter 6.

The addition of equipment as energy storage, STATCOMs or FACTs
could be necessary in order to comply with the grid code require-
ments presented in Chapter 3. However, the improvement of the
PV generator’s control presented in Chapter 6 showed that the grid
codes could be accomplished without the use of extra equipment.
This is true for grid codes of Germany, South Africa, China but not
Puerto Rico as it requires higher values of reactive power.

7.1.2 Technical limitations & Capability curves

The PV generator -PV array, inverter, and transformer- is the basic
unit of the entire LS-PVPP. An adequate analysis regarding its limi-
tation considering as a single unit was presented in Chapter 4.

To develop the technical limitations and capability curves, the under-
standing of the PV generator performance regarding the solar irradi-
ance, ambient temperature, power and dc voltage was necessary. On
this premise, it is important to notice that the active power of the PV
array depends not only on the ambient conditions but also on the dc
voltage.

Besides, the ambient temperature together with the solar irradiance
affects the PV solar cell temperature. As it was explained in Section
4.3.1, the increase of solar cell temperature affects the point of op-
eration in the P-V curve. The power extracted could be lower than
expected and could affect the overall performance of the PV gener-
ator and the LS-PVPP. Higher solar irradiance means higher solar
cell temperature that is translated in lower expected active power.
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This behaviour of the PV array has not been broadly considered in
the understanding of the PV generator as a unit in previous studies.
Thus, in this thesis the different studies developed in Chapters 4 to
6 consider the effect of the ambient temperature as well as the solar
irradiance.

The capability curves were extracted considering the behaviour of
the PV generator on the dc and the ac side. Besides, the limitations
of each parameter for the capability curves were studied taking into
account the variation of solar irradiance and ambient temperature.
The capability curve is being limited when the PV generator works
only in the MPP. However, when the dc voltage is variable, the active
and reactive power can vary around the complete capability curve
for that condition. The capability curves and the limitations were
considered as well in the control of the PV inverter and were tested
under variable conditions in Chapter 5 and Chapter 6.

7.1.3 Dynamic Modelling

In order to understand the performance of the PV generator in a
LS-PVPP considering the variation of solar irradiance, temperature
and other electrical characteristics, the present thesis relied on the
development of a detailed model of the PV generator.

The model developed in this thesis is modular, which implies that
each component can be modelled independently. In this sense, the
PV array is a module, where the model considers the variation of
solar irradiance, ambient temperature, and dc voltage. The data for
solar irradiance or ambient temperature can be taken for a complete
day if a day analysis is necessary. Also, the model accepts quick
changes of solar irradiance under a determined ambient temperature
as it was discussed in Chapter 5.

Other modules are the DC capacitor, PV inverter, transformer and
the grid. Each of them has been modeled accordingly. Any change
developed inside the modules will not affect the performance of the
independent modules. The inputs and outputs of each module are
clearly identified in Chapter 5. Thus, the model can be changed
depending on the analysis developed.

In addition, any test developed on this model showed the influence
of the ambient conditions, capability curves, and grid on the general
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performance of the PV generator. Besides, the compliance of the grid
codes can also be considered.

7.1.4 Dynamic control

Taking into account the dynamic model, the limitations and the grid
codes, the control for active and reactive power has been developed
(Chapter 6). The control of active power is related directly to the
changes in solar irradiance, ambient temperature, and the dc voltage.
Considering these variables, the one that can be controlled is the
dc voltage. Commonly, the small PV system wanted to control this
voltage to be equal to the corresponding vmpp. It was seen that the
controllability of the PV generator can be improved if the dc voltage
can vary around the corresponding P-V curve. So, power reserves
and power curtailment can be achieved when the dc voltage point of
operation changes.

Besides, this thesis shows that the reactive power can be managed in-
side certain limitations. The capability curves and adequate control
permit the management of the reactive power at different ambient
conditions. Depending on the control chosen, the active power gen-
erated could be affected.

Considering this new control, the references of reactive power can
be reached by the PV generator. However, this could not be true for
the complete LS-PVPP as it depends on the grid strength and also
the losses inside the power plant. Thus, the LS-PVPP could still need
extra equipment to comply the grid codes requirements. This will
happen especially for the case of Puerto Rico, where the reference of
reactive power is higher.

7.2 Recommendations for Future Research

This section indicates possible areas for future research on the field
of LS-PVPPs and extension of the work performed in this thesis.

e Regarding the PV generator configuration, Multistring topology
is one that is attracting to investors. Though now it is not the
technology preferred, it could change in the upcoming years.
Thus, a deep cost analysis for the same study case should be
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developed. Additionally, it is necessary to study the control
of the inverter used in this topology as it could present other
problems to overcome.

Additionally, a deep study of LS-PVPPs with dc collection grid
could also be developed. As the PV solar cell supplies dc power,
it could be more helpful to have the internal grid of the power
plant in dc connection. However, a deep analysis of cost, opera-
tion, and maintenance is still missing. Additionally, a technical
and economical comparison between the dc and the ac collec-
tion grid is also necessary.

Research could focus on the improvement of the grid code re-
quirements taking into account the technology used. This will
help to the development of future grid codes in order to permit
the integration of LS-PVPP.

Because of the requirements demanded by grid codes an im-
provement of technology is mandatory. The use of additional
equipment as energy storage systems, diesel generator, FACTS
and capacitor banks help to comply the grid codes. A deep
study about these technologies inside LS-PVPPs is still neces-
sary.

As multistring topology in PV generators is possible, it is nec-
essary to extract the capability curves of generators connected
through this configuration. The variation relies in the use of the
dc-dc converter that regulates the dc part, so the reactive power
could be less affected by this value.

It is necessary to test the control of reactive power for the com-
plete LS-PVPP under variable solar irradiance in each PV array.
Besides, the addition of extra equipment to comply grid code
requirements is also necessary to be studied.

With the control proposed in this thesis, the LS-PVPP can partic-
ipate in voltage and frequency regulation. So, studies consider-
ing weak and strong grids together with the control developed
in this thesis is still missing.

Frequency and inertia regulation is an important issue to be
solved for future grid code requirements. The control of the PV
generator should be enhanced taking into account the capability
curves studied in this thesis and the control presented.
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Appendix A

Improvement of a phase locked loop for
PV generators

“When there is a big solar energy spill, it's just called " a nice day " ”

Commonly, small PV systems have been used for residential appli-
cation where the fluctuation of power during the day has affected
drastically to the electrical system operation. However, with the in-
stallation of LS-PVPPs together with more power plants based on
renewable energy in the transmission system, the fluctuation of solar

irradiance can affect the electrical values as frequency and voltage
[202] at the PCC.

According to the grid codes reviewed in Chapter 3, LS-PVPPs should
provide ancillary services and to support to the grid in case of per-
turbations. Thus, an adequate measurement of the voltage and fre-
quency at the PCC is an important issue to solve in order to design
an adequate control. The measurement or the calculation of these
variables should discriminate when the perturbations are caused by
the grid or by the same LS-PVPP due to the variation of solar irradi-
ance.

In a PV generator, where the inverter is the basic electronic equip-
ment, a PLL is used to synchronise the generator with the grid by
the measurement of the phase angle together with the calculation of
the frequency. However, the PLL could present some disturbances
when phase angle changes due to the sudden injection or reduction
of active power [203], [202], [179],[180]. For instance, when the solar

179



Appendix A Improvement of a phase locked loop for PV generators

180

irradiance changes in a small period of time, the frequency calcula-
tion is drastically affected and does not represent the real value at
the PCC [179].

The accuracy of the frequency measurement can affect the control
and the response time. Some methods - such as active and passive -
have been developed to detect frequency or phase deviation for small
PV applications (lower than 1 MW) interconnected with a microgrid.
On active methods, the inverter adds an error value to the frequency,
the voltage or the phase, interfering with the power quality of the
system. Commonly, the time response of this method is in between
0.3 to 1 s [204]. However, for PV application this method can present
more problems to the control when the solar irradiance varies as
it will be difficult to discriminate in a small period of time if the
variation of frequency occurs because of the solar irradiance, the grid
or the applied method.

For passive methods, the system usually measures voltage, frequency,
power or phase distortion at the point of common coupling and com-
pares it with a set threshold. The challenge is to choose the correct
parameters to define the threshold value according to the application
but still there is a non-detection zone where the PV inverter can fail
[205]. Also, the variation of solar irradiance in a small period of time
could make that the value of frequency or voltage goes out from the
threshold and can be activated by error. The time response of this
method is in between 43 to 50 ms [204].

Another method, however, is to develop an algorithm to estimate
the variables as voltage and frequency at the PCC. In the case of
frequency estimation, the algorithms used can be classified as: zero-
crossing-based methods, discrete Fourier transformation, Kalman fil-
tering, adaptive notch filters, and recursive Newton-type algorithm,
PLL [206, 207]. All of these methods assume that the voltage wave-
form is purely sinusoidal, but these algorithms present problems in
presence of noise, speed convergence and accuracy [208].

PLL is the most used technique for grid connected inverters, how-
ever, for PV applications, it can present problems when solar irra-
diance varies. The study developed in [209], propose a new PLL
structure that is built using a second order generalized integrator.
For this, the voltage is measured at the PCC and the inverter current
angle is modified intentionally, if there is a difference between the an-
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Figure A.1: PV generator model with an LCL filter

gle measured by the PLL and the modified angle, then it is assumed
that there is a perturbation in the system. However, this method does
not consider the perturbation caused by the PV generator operation
when solar irradiance changes.

Another method that was recently studied for grid tied inverters is
the development of a state observer to estimate the phase shift and
the frequency by an adequate model of the interconnection between
the PV inverter and the grid. The study developed by [210] details
the observer design for a grid tied inverter with a specific LCL filter
for voltage, current and phase shift estimation. Another study was
developed in [211] where the observer estimates the phase shift to be
used in a PLL and thus the general control is improved. In any of
these studies, the observer has not been applied to the integration of
PV generators with the electrical system.

Thus, this Appendix presents the evaluation of a state observer for
frequency estimation considering the variation of solar irradiance by
comparing it with a conventional PLL. This observer will be tested
with a PV generator connected to the grid through an LCL filter
(Fig. A.1) as this filter reduces the perturbation caused by the solar
irradiance and the grid [210].

Analysis of the current Phase locked loop

Considering the dynamic model and control of the PV generator ex-
plained in Chapter 5, the output voltage of the inverter is directly
affected by the changes of power as it is described in eq. (A.1) and
eq.(A.2) [186]. In addition, P and Q depend on the solar irradiance,
temperature and dc voltage according to the capability curves de-
scribed in section 4.3. The output voltage presents small variations
when changes of solar irradiance occur that affects directly to the
PLL. Thus, the information given by the PLL (frequency and phase
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Figure A.2: Active power and frequency perturbations due to changes of solar irradiance
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when no MPPT is used

angle) suffers from distortion during these moments [179] .

3Ls dP(G,Ta, Vao) |, 5Leog

C
Vq= g P Q(G, TarVdc)"‘Vd (A1)
vE dt vE
2
3Lt dQ(G, T, V Lo
Ve = Lg ( & do) : pccg P(G, Ta, vqc) (A2)
V4

In the previous equations, the ac Voltage depends on the changes of
power due to solar irradiance and ambient temperature. Addition-
ally, it also depends on the dc voltage variation which depends on
the MPPT or PPT applied. In the case, the algorithm perturb and
observe is applied, the dc voltage changes in small steps until the
system reach the desired power point. However, in the case the algo-
rithm used does not consider any small steps of dc voltage and only
calculates the vimpp at each new solar irradiance, then the PV genera-
tor changes the active or reactive power immediately. This behaviour
affects the frequency calculated by the PLL as it is illustrated in Fig.
A2.

In this thesis, a MPPT control has been used, though the perturbation
has reduced, the frequency calculated by the PLL is not accurate
enough and can affect future algorithms. Taking into consideration
this behaviour, a solution should be analysed and applied. For this
study, the solution chosen is a state observer of frequency which is
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Figure A.3: PV generator general control

added to the PV inverter s control (Fig. A.3). This observer has the
main task of supporting the frequency and the phase measured by
the PLL when quick changes of solar irradiance occur. The objective
of this observer is to calculate the frequency and the phase shift at
each instant considering the real interaction between the PV inverter
and the grid through the LCL filter.

Frequency steady state observer

In control theory, a steady state observer can be defined as a sys-
tem which provides information of the internal behaviour of some
parameters in a real system. The behaviour of these parameters can
be estimated or observed from the inputs, outputs and control vari-
ables that identify to a real system. To apply this theory, an accurate
steady state model of the real system is necessary. If a system can be
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Figure A.4: General Luenberger observer

modelled, then it can be observable.

The steady state of any system can be expressed as:

x = Ax + Bu (A.3)
y = Cx+Du (A4)

where u and y are the inputs and outputs of the system.

Then, the observer can be designed from these steady state equa-
tions. However, extra terms can be included that will be the possible
error that has the new system to determine the behaviour of the sys-
tem. The extra term commonly is a matrix L which the main function
is to decrease the error between the measured output and the esti-
mated output (Luenberger observer). So, the observer will have the
following expression “:

%= Ax+Bu+L(y-9) (A.5)

¥ = Cx+Du (A.6)

Taking into account the expression explained before, the Luenberger
observer can be illustrated in block diagrams (Fig. A.6)

IFor estimated variables the symbol: “will be used in the current chapter
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In grid tied inverters, this theory has been applied in order to esti-
mate voltage or current at the ac side in order to decrease the number
of sensors, to have a redundant system, or to improve the control. For
instance, the work developed in [212] presents the dc voltage estima-
tion using a steady state observer to improve the control. This theory
has also been used for frequency support in multi-terminal HVDC
system, where the frequency deviation can be estimated through the
interaction of the dc converters at the dc side of the grid [213].

A steady state observer for grid tied inverters have been deeply stud-
ied in [214] and [210] for voltage and current estimation. However,
this theory has not been applied in PV inverters where the phase
deviation occurs at each change of solar irradiance and temperature.
These studies are going to be applied in the current analysis to ob-
serve the frequency and the phase disturbance.

In a PV grid tied inverter, the Vgcc is imposed to be zero, however
when disturbances occur this value could change. Then, as it is
shown in Fig. 5.5, the igq of the converter is directly affected by
the ac voltage, the grid frequency, the LCL filter, and the changes of
solar irradiance and dc voltage. Thus, the frequency estimator will
be constructed on the premise of this relationship (iqq vs f). For this,
the steady state model of the ac system is needed and then the design
of the observer is developed.

AC system model and control

The model of the inverter interconnected with the grid is illustrated
in Figure A.5 and can be defined by a state vector, where the state
variables for the system are the current from the converter and the
grid, besides the voltage at the point of common coupling.

x = [ic Vpce ig]T (A7)

where vpc is the voltage at the point of common coupling, ic and
ig are the converter and the grid currents, respectively. The state
space model of the grid tied inverter can be expressed in the form of:
% = Ax+Buand y = Cx.
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Figure A.5: Grid connected LCL filter considering stationary frame

. 1
L] [Hes k0 1 0
a4 | oy & ) 0 A8
dt VPCC = Cf ]1 g Cf X+ O VC + 1 Vg ( . )
y=[1 0 0]x (A.9)

In stationary reference frame, the grid voltage is defined as:
Vg = ejﬁgvg (A.10)

where 1 is the phase angle and equal to 0g = [ wg.

After the ac system model for a PV generator connected to the grid
through an LCL filter, the frequency estimator can be designed.

Design of the frequency steady state observe

The design of the current frequency estimator is based on the work
developed in [210]. The estimator has two parts: (i) a Luenberger
observer and (ii) an adaptive controller. The Luenberger observer
has the structure represented in Figure A.6, where the variable to
observe is the current in dq frame. Every time the solar irradiance
change, the real (ij) and the imaginary component (ig) presents some
perturbations.

The full order observer estimates the state variables x = [ic Vpec ig] T,
where an additional term is included: L= [l} 1, 3] T
plication, the Luenberger observer is written as:

. For this ap-
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j’t( = AX+Byvc +Bovg + L(y - ) (A.11)

¥ = Cx (A.12)

As the measured voltage is at the PCC, the real grid voltage and
phase angle are not being measured, thus in the previous equation,
these variables are also estimated. The observer error ¢ = x —X satis-
fies the equation:

§—(A-LC)e+B(i(@g> -9 Al

i 2(ef¥8lvg —Vg) (A.13)
where Vg and ¢ corresponds to the estimated voltage amplitude and
phase angle respectively. The linearisation of this error can be done
by using the small-signal approach. To linearise, the relationship
between the phase angle and the grid frequency is considered.

d g _ AO—L()CO ]BZVgO g B2 ~ O ~
It |:§p:| _[ 0 0 2y 10| Bt || e (A.14)

From this, the relationship between the current converter and the
angular speed error can be determined as:

_ _ -1
w@ = C6I-A2 B (A.15)
where:
B, =[0 1] (A.16)
Ay= AO‘OLOC JBZ(‘)’gO (A17)
Zi(s) = fe—1c (A.18)

The selection of the full order observer gains is developed by the
direct pole placement. This system has a third order dynamics that
corresponds to the error dynamics.

det(sI— A + LC) = (s + a0 )(s> + 260008 + ©02) (A.19)
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Considering the gains, the current observer is constructed and the re-
lationship between the current and the angular speed is determined.
The imaginary component ig is the one that presents a relationship
with the angular speed perturbation each time the solar irradiance
varies in large proportion. Due to this relationship, a PI adaptative
controller is linked with the Luenberger observer. The objective of
this is to reduce the error of the estimated iy when perturbation oc-
curs.

i(s) JVgo
G o1 = . A.20
90 " 56 T TSCilolgs F a0l 1 2r000s 1 oB) )

From eq.A.20 a PI can be determined:

~ bs b p
O = kaP5Ec + k0 / £iedt (A21)
The gains are calculated as follows:

—2€w.Cf.LC.Lgcxc02

Pobs = Vg (A.22)
2 2
0°.Cg.Lo. Leow
o = (A23)
obs Vgo
Then, the phase angle and the frequency are estimated by:
fops = 2ndgdt (A.25)

The frequency estimator constructed is then tested in DigSilent Pow-
erFactory together with the PV inverter control explained previously,
the following section explains the study case and the results.

Simulations and Results

A PV generator of 0.6 MVA was simulated in DiGSILENT Power
Factory as part of a LS-PVPP of 20 MVA. The PV generator’s char-
acteristics are summarized in Table A.1. The complete model and
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Figure A.6: Frequency estimator for grid tied PV inverter

Table A.1: PV panel and array characteristics

PV panel characteristics PV array characteristcs
Voc 58.8 [V] Parray 0.6 [MW]
Isc 5.01 [A] Nser 15

Impp 4.68 [A] Npar 175
Vmpp 47 [V] Tmin, Tmax 0-70 [°C]
ky 0.45 [1/°C] Grmax 1100 [W/m?]
L 0.03 [p.u] Cs 0.04[p.u]
Lg 0.05 [p.u] Wgo 21 x 50[rad/s]

control of the PV generator explained in the previous sections is im-
plemented in DiGSILENT PowerFactory together with the designed
frequency observer. For the analysis, the LS-PVPP is connected with
a grid that has a short circuit ratio equal to five.

The PV generator together with the frequency observer is tested un-
der two study cases scenarios:

e Study case A: Fast change of solar irradiance from 1000 to 0
W/m?2 and from 0 to 1000 W /m? (Fig.A.7 (a)).

e Study case B: One day of solar irradiance in Urcuqui-Ecuador
(Fig. A.8 (a))

In each of these cases, the frequency calculated by the PLL and the
observer is obtained. Additionally, two PLLs with different band-
width are used. The first one is used for grid synchronization (PLL
(A)) and the second one only to calculate the frequency grid (PLL(B)).
For each PLL and the observer, the gains used are summarized in Ta-
ble A.2. The results are illustrated in Fig. A.7(b) and Fig. A.8(b) for
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Figure A.7: Study case A . (a) Solar irradiance variation (b) Estimated and calculated fre-
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quency

study case A and B respectively.

For quick changes of solar irradiance (Study case A) from high irra-
diance to low, the frequency measured by the PLL (A), presents some
perturbations due to its quick dynamics. The time that the PLL uses
to stabilize is 0.6 s. After this time the frequency came back to be
the same as the grid is imposing. With PLL (B), the perturbations
have diminished but the time of stabilization is almost the same as
PLL (A). The maximum perturbation has a value of 0.02 p.u. The ob-
server, however, presents a frequency value with lower perturbations

Table A.2: Gain controllers
Controller kp Unit ki  Unit
Observer 0.018 [H.rad/Vs?] 0.01 [H.rad/Vs?]
PLL (A) 10 [rad/Vs] 30 [rad/Vs?]
PLL (B) 20 [rad/Vs] 30 [rad/Vs?]
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Figure A.8: Study case B . (a) Solar irradiance variation (b) Estimated and calculated fre-
quency

(0.001p.u) and a time response of 0.072 s. But, when the irradiance
goes from a low to a high value, the frequency calculated by any of
the strategies is similar and the perturbations are close to 0 p.u. This
behaviour is due to the MPPT that slows the dynamics of the PV
generator when quick changes of solar irradiance occur. The power
moves smoothly thanks to the dc voltage control. However, when
solar irradiance goes from high to low, the MPPT by itself cannot
control the quick change of power.

For study case (B), the frequency estimated or calculated by any of
the strategies (PLL or observer) does not show high perturbations.
The dynamics of the MPPT control permits that the variation of solar
irradiance does not affect instantaneously the ac power supplied by
the PV generator. However at 13:30 pm in Fig. A.8(b), a perturbation
can be seen when the solar irradiance goes from 840 to 412 W/m?,
in ten minutes. Due to this change, the PV generator presents a
ramp rate close to 2 MW/min. This change of power makes the
ac voltage present some perturbations and thus the PLL (A or B) is
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affected. The frequency calculated by these two PLLs presents some
deviation from the real value. Meanwhile, the frequency estimated
by the observer does not present these perturbations and is equal to
the one imposed by the electrical system.

The observer presents fewer perturbations and faster response than
the PLL when quick changes of solar irradiance occur. The perturba-
tion and the settling time are both substantially diminished. How-
ever, this observer depends on the LCL filter and the grid inductance.
For future work, an estimation of the Lg is going to be studied con-
sidering weak grids.
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