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Resumen

Resumen

El concepto de sistemas de energia de multiples fuentes, como por ejemplo en
microrredes basadas en fuentes de energia renovable (RES), almacenamiento y conexion a la
red, tiene como objetivo participar activamente en el equilibrio de la produccién y el consumo
de electricidad. Esta tesis estudia los desafios de la integracién de RES respaldados por sistemas
de almacenamiento de energia (ESS) a la red principal en un sistema de energia de gran escala,
ademas de considerar la eficiencia de ESS y los posibles problemas a largo plazo.

Aerogeneradores (WT) y sistemas solares fotovoltaicos (PV) son fuentes de energia
accesibles y dos de los sistemas de energia renovable de mas rapido crecimiento que juegan un
papel vital en las microrredes eléctricas. Esta creciente penetracidén de las energias renovables
en la generacién de energia implica una conexién precisa entre la red principal, las cargas
potenciales y los recursos de energia. En este contexto, los convertidores electrénicos de
potencia y las técnicas avanzadas de control son aspectos relevantes que han motivado a los
investigadores a desarrollarlos.

El convertidor es un componente crucial para la conexién de una fuente de energia a la
red o a la carga local. En cuanto a la conexién a la red, la mayoria de los estudios se han centrado
en los inversores para proponer nuevas topologias y estructuras de control. Los inversores
basados en fuente de impedancia, también llamados inversor de fuente Z (ZSl), han captado el
interés de los investigadores en los ultimos afios. Estos inversores pueden reducir o elevar la
tension, realizar la conversidn en una sola etapa e integrar un ESS sin un convertidor adicional
como caracteristica principal. Muchas modificaciones estructurales se han desarrollado para
mejorar su estructura. Uno de ellos es el cuasi-ZSI (gqZSl), que tiene varias ventajas sobre la
topologia ZSI basica. Debido a las interesantes caracteristicas que los hacen adecuados para
aplicaciones con RES, el gZSI ha sido seleccionado en esta tesis para integrar plantas hibridas
con energia edlicay PV a la red principal.

En aplicaciones de sistemas de energia a gran escala, un solo inversor no puede satisfacer
la potencia requerida; por lo tanto, se pueden necesitar varios inversores para construir un
inversor multinivel de puente H en cascada (CHBMLI). El concepto ZS/qZS, integrado con
inversores multinivel, hereda los méritos del CHBMLI con una mayor fiabilidad del inversor
gracias a la inmunidad a los cortocircuitos. Cuando se aplica a sistemas de energia a escala de
MW, qZS-CHBMLI se puede escalar facilmente agregando mds mddulos en cascada.

El sistema de gestidon de energia (EMS) es otro tema importante que debe abordarse
mediante el uso de un esquema de control adecuado. Un esquema de control apropiado debe
generar las sefiales de control relevantes para extraer la potencia demandada de las fuentes de
entrada de forma individual o simultdnea mientras se mantiene la tensién o corriente de salida
regulada. Desde una perspectiva amplia, el estudio del EMS para RES es importante para lograr
una operacién eficiente de los sistemas de generacion de energia respaldados por ESS y la
conversion de energia con cargas locales o red, y satisfacer los requisitos de calidad de la energia.

Esta tesis propone EMS inteligentes innovadores para lograr el correcto funcionamiento
de un EMS estructural basado en la eficiencia de ESS y problemas a largo plazo para plantas
hibridas con WT, PV, ESS y gZS-CHBMLI. Se propone una funciéon multivariable no lineal
restringida para aumentar la eficiencia de los almacenamientos de energia de la bateria (BES)
utilizados en una planta hibrida y conectada a una red a través de qZS-CHBMLI. Se utilizan
algoritmos inteligentes para resolver la funcién objetivo propuesta. La funcién Fmincon de




Resumen

MATLAB vy el algoritmo de aprendizaje por refuerzo (RL), que aprovecha una funcién de
recompensa no lineal, son los algoritmos de resolucién usados para el problema de optimizacidn
propuesta. Ademas, un nuevo EMS basado en légica difusa ha sido implementado.

Este tema merece un mayor esfuerzo de investigacion, ya que no hay estudios publicados
que hayan abordado el estudio de BES-qZS-CHBMLI con plantas hibridas que integran WT y PV,
combinando RL y nuevas estrategias de control basadas en la eficiencia de las BES. En cuanto a
la topologia del sistema, pocos estudios han abordado la dindamica de la microrred AC con
plantas hibridas, BESS y un optimizador-EMS conectado a la red. En la mayoria de los estudios,
se ha utilizado un convertidor CC/CC para implementar la estrategia MPPT para fuentes de
energia PV y WT, y habitualmente se utilizd un inversor de fuente de tensidn (VSI) para la
conversion CC/CA. La topologia propuesta aqui se basa en ES-qZS-CHBMLI, sin convertidor CC/CC
adicional. Ademas, todos los estudios previos publicados han utilizado una configuracién de
planta basada en un BES-qZS-CHBMLI integrando los mismos sistemas PV y BES en cada mddulo
en serie e integrando sistemas PV o WT con diferente potencia nominal en cada maédulo.
Finalmente, la evaluacidn del funcionamiento de la red en términos de potencias activas y
reactivas desde el punto de vista del operador de red no han sido considerado en estos estudios
previos. Con respecto al EMS, los trabajos previos han implementado un EMS basado en
distribuir la potencia entre los BES segln su estado de carga (SOC), donde se ha pasado por alto
la eficiencia de los BES porque el EMS se centrd solo en los valores del SOC y la potencia
demandada.

Esta investigacién ha desarrollado nuevas soluciones para mejorar el control y operacién
de las plantas eléctricas hibridas con sistemas WT, PV y EES mediante el uso de inversores mas
eficientes y estrategias de control basadas en algoritmos de control inteligente.




Abstract

The concept of multi-source energy systems, i.e., microgrids based on renewable
energy sources (RES), storage, and grid connection, aims to actively participate in the
balance of electricity production and consumption. This thesis studies the integration
challenges of RES supported by energy storage systems (ESS) to the main grid in a large-
scale power system, considering ESS efficiency and long-term issues.

Wind turbines (WT) and solar photovoltaic (PV) systems are accessible variable
sources and two of the fastest growing renewable energy systems that play a vital role in
microgrids as energy sources. This growing penetration of RES in power generation entails
precise connection between the main grid, potential loads, and power resources. In this
context, power electronic converters and advanced control techniques are relevant
aspects, having motivated researchers to develop them.

The converter is a crucial component for the connection of a power source to either
the grid or local load. Regarding the grid connection, most studies have focused on
inverters to propose new topologies and control structures. Inverters based on
impedance sources, also known as Z-source inverters (ZSl), have attracted the interest of
scientists in recent years. These inverters can implement voltage buck/boost, perform
conversion on a single stage, and integrate an ESS without an additional converter as the
main feature. Many structural modifications have been made to improve their structure.
One of them is the quasi-ZSI (gZSl), which has several advantages over the basic ZSI
topology. Owing to the interesting characteristics that make them suitable for RES
applications, the gZSI has been selected in this thesis to integrate WT-PV power plants
into the main grid.

In large-scale power system applications, a single inverter cannot satisfy the
required power; therefore, several inverters can be arranged to build a cascaded H-bridge
multilevel inverter (CHBMLI). The ZS/gZS concept, integrated with multilevel inverters,
inherits the merits of CHBMLI with improved inverter reliability owing to short-circuit
immunity. When applied to MW-scale power systems, qZS-CHBMLI can be easily scaled
by adding more cascaded modules.

The energy management system (EMS) is another important issue that must be
addressed using a suitable control scheme. An appropriate control scheme must generate
relevant control signals to draw the demanded power from the input sources individually
or simultaneously while maintaining the regulated output voltage or current. From a
broad perspective, studying the EMS for RES is important to achieve efficient operation
of power generation systems supported by ESS and power conversion with local loads or
grid, and to satisfy the power quality requirements.

This thesis proposes innovative intelligent EMSs to achieve proper operation of a
structural EMS based on ESS efficiency and long-term issues for hybrid power plants with
WT, PV, ESS and gZS-CHBMLI. A constrained nonlinear multivariable function was
proposed to increase the efficiency of the battery energy storage (BES) used in a hybrid
power plant and connected to a grid through gqZS-CHBMLI. Intelligent algorithms were
used to solve the proposed objective function. Reinforcement learning (RL) algorithm
taking advantage of a nonlinear reward function and fmincon MATLAB function are



Resumen

solvers of the proposed function. In addition, a new EMS based on fuzzy logic has been
developed to dispatch power between BESs.

This topic is worth greater research effort, as there are no published studies that
have addressed the study of BES-qZS-CHBMLI with hybrid power plants integrating WT
and PV systems that combine RL and novel control strategies based on the BES efficiency.
Regarding the system topology, few studies have addressed the dynamics of AC microgrid
with hybrid power plants, BESS and an optimizer-EMS connected to the grid. In most
studies, DC/DC converters have been used to implement the MPPT strategy for PV and
WT power sources, and a voltage-source inverter (VSI) was commonly used for DC/AC
conversion. The topology proposed herein is based on ES-gqZS-CHBMLI, without an
additional DC/DC converter. Moreover, all these previous studies have used a
configuration of a power plant based on a BES-qZS-CHBMLI integrating the same PV
systems and BESs into each module in series and integrating PV or WT sources with
different nominal power in each module has not been sought. Finally, the evaluation of
grid performance in terms of active and reactive power at the sight of the grid operator
was neglected in these previous studies. Regarding the EMS, previous studies have
executed an EMS based on distributing the power among the BES according to their state-
of-charge (SOC), where the BES efficiency has been overlooked because the EMS focused
only on the SOC values and demanded power.

This research developed new solutions to improve the control and operation modes
of hybrid power plants with WT, PV systems and ESS by using more efficient inverters and
control strategies based on intelligent control algorithms.
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Intelligent control of hybrid power plants with wind turbines, PV solar systems and energy storage systems

1. Introduction

Although traditional power systems have satisfied energy demand for a long time, they
will not be able to meet the current challenges alone, as fossil fuels are predicted to run out
soon. In the last couple of decades, there has been great interest in using RES worldwide owing
to the increase in energy demand and the reduction of environmental pollution. The integration
of RES into power systems can be attributed to environmental, economic, and social benefits.
Driven by these benefits, future power systems are predicted to be entirely RES. Therefore,
modern power systems combine non-conventional resources to provide sustainable power
systems capable of meeting the significant increase in demand.

Among the RES, WT and PV technologies are currently the most common ones owing to
their exceptional benefits they provide. Nowadays, application of these sources for the large-
scale power systems is increasing, starting to reach a significant share in the RES market.
However, many factors must be taken into account if hybrid power sources are inserted to the
power network. In this regard, power electronic converters, energy storage system, advanced
control techniques, and energy management systems are relevant aspects to be taken into
account in order to alleviate the existing issues.

The first issue is finding an appropriate topology for application of RES in large-scale
power systems. Among different suggested topologies, multilevel inverters have shown growing
interest in power system applications. One proposed multilevel configuration is a cascaded H-
bridge multilevel VSC that is assembled by connecting multiple single-phase full-bridges or H-
bridges in series. Using more IGBT switches and passive elements is not economical, however,
inserting RES as the clean power sources makes the multilevel configuration very practical and
util for large power systems. Each module could be controlled independently, and the modules
can support output requirements all together.

The second issue is intermittent characteristics that exist in the nature of RES. Lack of
natural energy leads to less power production by RES and therefore the requirements of the grid
may not be satisfied. Hence, ESS must be inserted to back up the energy production or to save
the available energy having been not requested by the demand. Among ESS, the
electromechanical batteries are commonly used as they are more economically and
environmentally friendly.

Another factor is the way of inserting ESS to the configuration. Using a DC-DC converter
as a bridge for connecting ESS to the power system has been suggested more in the previous
studies. However, it is not economical to add additional converter for every ESS. For this reason,
instead of conventional multilevel inverter/converters, impedance-based sources, also called Z-
source inverters (ZSls), are receiving a great deal of attention because they provide interesting
characteristics that make them suitable for RES applications combined with ESS. Using this
network allows to insert ESS to the system without any connectors. The ESS can mitigate the
intermittent nature of solar generation and make the PV installation able to operate even during
the absence of sunlight for a certain period. Also, the ESS can smooth the PV and WT power
outputs and contribute to voltage and frequency regulation. The use of different BES, combining
different storage nominal and initial components, could have advantages for large hybrid
penetration, covering a wide range of power and energy requirements.
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The last important issue is that the use of ESS requires local controllers and also energy
dispatching by a suitable supervisory control of the energy sources. From a broad perspective,
studying the control systems for RES generation is important to achieve an efficient power
conversion with energy storage and satisfy the power quality requirements. There are numerous
control techniques. Among them, PI/PID controller is extensively found in the literature, but the
need for more robust control systems leads to the use of intelligent control techniques. In this
work, the aim is to design a control system based on advanced control techniques for different
control variables, and the main goal is introducing proper EMS based on multi objective
purposes such as the state of charge (SOC) of the BESS, efficiency of the BESS, voltage, or reactive
power, among others, in order to improve the efficiency and operation of the energy sources.

This thesis studies of a hybrid power system combining quasi-Z source converter inverter
(gZSl) technology, RES (WT and PV power plants) and BES to provide enhanced solutions for
controlling the operating variables of energy sources (RES and BES). However, the integration of
RES such as WT and PV in the main grid or connecting them to local loads requires precise actions
and monitoring owing to the intermittency and fluctuation of these sources. Thus, it is necessary
to find solutions by advanced control and operation techniques to maximize RES power
utilization while maintaining the system reliability.

In the previous paragraphs, the expected relevance of intermittent renewable energy
sources, particularly of WT and PV, in the electric power systems has been stressed.
Furthermore, the availability of various battery storage systems, based on dissimilar operating
principles, and different nominal operations, has been presented. As seen, there exist a vast
number of alternatives regarding the technology, operation and topology of hybrid systems
comprising wind and solar power generations supported by energy storage as an auxiliary
source. Therefore, it is interesting to study these options to make reasonable and informed
decisions in terms of these parameters.

The scenario described above advances the framework of this thesis. The main topology
contribution of this work is the evaluation of diverse hybrid system configurations consisting of
wind and PV power generations as the main power source, and electrochemical energy storage
as an auxiliary element. Regarding the system topology, few studies have addressed the
dynamics of AC microgrid with hybrid power plants, BES and an optimizer-EMS connected to the
grid. In most studies, a DC/DC converter was used to implement the MPPT strategy for PV and
WT power sources, and a VSI was commonly used for DC/AC conversion. The topology proposed
herein is based on ES-qZS-CHBMLI, without an additional DC/DC converter. Moreover, all these
previous papers have used a configuration of a power plant based on a BES-qZS-CHBMLI
integrating the same PV systems and BESs into each module in series and integrating PV or WT
sources with different nominal power in each module haven’t been sought. Finally, the
evaluation of grid performance in terms of active and reactive powers at the sight of the grid
operator was neglected in these previous works. Regarding the EMS, the referred works have
executed an EMS based on distributing the power among the BES according to their SOC, where
the BES efficiency was overlooked because the EMS focused only on the SOC values and
demanded power.

To cover the mentioned gaps of previous studies, this thesis studies a hybrid power plant
based on a BES-qZS-CHBMLI but integrating hybrid RES (WT and PV systems, and not only PV
power plants), and different BES (and not the same BES) into each module connected in series;
while operator power requests are considered in controllers design and evaluated in
experimental results. On top of that, the development of an optimal EMS is suggested to satisfy
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the power demand while dispatching energy among the BES to optimize their efficiency. The
alternatives were studied under various configurations, regarding the location of the ESS or the
storage technology. Moreover, several control strategies have been designed and implemented
on the modelled systems. The evaluation and comparison of the control strategies have also
been carried out. The results obtained from the simulations completed have been discussed in
the corresponding sections. These outcomes provided crucial information on the performance
and adequacy of the configuration, storage device, or control strategy, under the operating
conditions imposed on the simulations. From the observation of the results obtained,
conclusions have been drawn in every analysis.

This thesis has been developed under the “8215 — Ingenieria Energética y Sostenible
(Sustainable and Energy Engineering)”’ Doctorate Programme of the University of Cadiz. This
work has been carried out in the Sustainable and Renewable Electrical Technologies (PAIDI-
TEP023) Research Group, led by Dr. Luis M. Fernandez Ramirez, supervisor of this thesis.
Furthermore, this work has been funded by the Regional Ministry of Economic Transformation,
Industry, Knowledge and Universities of Junta de Andalucia under Grant PY20_00317. The
University of Cadiz also funded a research stay at the Chair of Power Electronics, at Kiel
University (Kiel, Germany), under the supervision of Prof. Marco Liserre (Chair Director) and Dr.
Jun (Senior Lecturer), carried out during the research process of this thesis. As a result of the
research works carried out during the progress of this thesis, one journal paper already
published and another journal paper under review and three conference papers, all of them
with blind peer-review process, have been published presenting the main advances and
contributions. The journal paper has been published in scientific journals indexed in the Science
Citation Index Expanded edition of the Journal Citation Reports (JCR-SCIE), and the proceedings
of three of the conference papers have been published at the IEEE Xplore Digital Library.

The rest of this document is organised as follows. After this introduction, chapter 2
presents the objectives and hypotheses of the thesis. A thorough review of the backgrounds is
carried out in chapter 3. The configurations under study are described in chapter 4. The
proposed intelligent control and EMS systems are presented in chapter 5. The simulations and
experimental results are shown and discussed in chapter 6. Finally, chapter 7 draws the main
conclusions of the thesis, presents its main contributions, and proposes several future research
works that can give continuity to this study.
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2. Objectives and Hypotheses of the thesis

This section presents the main objectives of this work. Furthermore, the hypotheses to be
evaluated throughout this study are stated.

2.1. Objectives of the thesis

The fundamental objective of this thesis is the study of the configuration, control, energy
management and operation of a hybrid power plant integrating RES and BES into a configuration
based on gZS-CHBMLIs, to generate new knowledge in the topic, and propose innovative
solutions that favour its viability and contribute to its development. To fully comprehend the
operation of such schemes, dynamic modelling and simulation are valuable tools to analyse their
response under various working conditions. Taking this into account, the specific objectives of
this thesis are:

e Determination of the hybrid power under study: Definition of the parameters and
characteristics of the hybrid power plant under study.

The first step is finding a useful topology of multilevel inverters with hybrid RES sources
and ESS. Besides that, PV and WT initializing parameters must be evaluated. Balancing RES
output power with grid demand (summation of output power of modules with grid operator
needs) is also important to have a stable condition. Defining appropriate ESSs type and their
nominal parameters is another subtask. One of the contributions of this thesis is using BESs with
different nominal and under study parameters.

¢ Dynamic modelling of the main components: Modelling of the elements of the hybrid
power plant (PV power plants, WT, BES and qZS-CHBMLIs), and evaluation of their operation.

Designing model is a fundamental objective for further tasks. Implementing impedance
network with suitable active and passive elements, displacement of ESS parallel with gZs,
switching bridge type and modulation technique are studied.

¢ Design and evaluation of the control systems for the energy sources of the hybrid power
plant.

Designing control systems for active and reactive powers, and voltage levels in the hybrid
system is another objective. Parameters such as active and reactive power, as well as voltage at
the DC link and the grid are of particular interest. These variables determine how the hybrid
system interacts with the power system where it is connected. In order to achieve a satisfactory
integration of these hybrid arrangements in larger networks, it is crucial to develop adequate
control strategies for the previously stated magnitudes.

¢ Design of the supervisory control system for EMS considering different EMSs

Beyond all the mentioned-fundamental objectives, EMS is the main contribution of this thesis.
For storing energy or supporting the RES with the BES, SOC and MPC as conventional EMSs
methods, and optimization algorithms based on fmincon Matlab function, fuzzy logic, and
machine learning algorithms like RL are exploited.

11
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e Evaluation and comparison of the different solutions proposed in order to increase
BESSs total efficiency.

Due to the distinctive performance of every EMS, it is interesting to evaluate and compare
the response of efficiency attained by each EMS. This can be achieved by introducing different
range of batteries output power. In other words, during designing EMS is appreciated to think
about the amount of each ESS outpower and SOC values simultaneously (and not only SOC
values).

¢ Developing and analysing experimental results by real time simulators.

The designs can be implemented, assessed, and validated experimentally in laboratory
through an OPAL RT 4510 HIL system (a compact, extremely powerful HIL). Finding real time
results assures the practical usage of the proposed topology and control algorithm.

¢ Analysing critically and comparing the configurations under study.

After the modelling and simulation stages, it is essential to undertake a thorough and
critical observation of the results obtained. A correct interpretation allows drawing conclusions
on the strengths and weaknesses of different topologies and/or storage devices to develop
successfully certain applications.

2.2. Hypotheses of the thesis

Growing interest in using intelligent algorithms in different aspects of control systems is
inevitable and power converters are no exceptions. Meanwhile, the integration of RES into the
main grid is expected to yield more efficient and reliable systems, which will support the
development and implementation of sophisticated converters for the interconnection between
RES and grid. Therefore, it is crucial to design intelligent control algorithms for RES control and
optimization and to execute all actions that can potentially improve the integration of multilevel
inverters to hybrid power systems. In this regard, this thesis addresses the study of the
hypotheses stated below:

¢ The incorporation of a grid connected CHBMLI with hybrid RES can improve the output
power level, making that applicable for large-scale power systems.

The grid connection of large-scale RES can deal a great amount of demand. Taking
advantage of energy diversity from nature, cascading the output levels attained by sources, and
using ESS implies a more accurate balance between actual electricity production and a pre-
established demand.

¢ Using qZSI into the CHBMLI improves output response and system efficiency and raise
open/short circuit immunity. Moreover, ESS could be paralleled with impedance network which
omits the need for a DC-DC converter.

Using cascaded modules in multilevel inverters, the integration of ESS through DC-DC
converter imposes a huge number of moneys for investment market, especially when the

12
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number of modules increases significantly. Hence, using gZSl is totally economically as the values
of its passive elements are small.

¢ The incorporation of ESS will secure the generation during the lack of sun and wind
energies. In other words, storing and producing energy by ESS covers intermittent characteristic
of RES.

Coupled operation of ESSs and RES allows obtaining a controlled electric power output
from the hybrid system. Regardless of the characteristics of the incoming PV irradiance and
temperature and wind profile, sufficient power flows toward grid when ESS are used.
Furthermore, unexpected fluctuations in both demand and generation can be smoothed
through a proper control of the ESS.

¢ The proposed solution will allow the integration of hybrid RES (WT and PV systems, and
not only PV power plants), and different BES (and not the same BESs) into each module
connected in series.

In the configurations evaluated in this work, the interest in applying different sources and
batteries parameters has been taken into account. Hence, each module has its own input source
parameters and nominal batteries parameters that makes this topology more practical.

e The optimal EMSs to be developed will allow to satisfy the power demand while
dispatching energy among the BESs to optimize their efficiency.

EMSs proposed in this thesis have multi functions. The proposed objective function
introduces a term of efficiency in ESSs productions and limits the SOC values through the
proposed constrains. Moreover, the EMSs have never forgotten their main task of satisfying grid
operator requests.

¢ The use of intelligent algorithms and optimizers in the energy management of the
system under study increases the energy efficiency, and well power tracking.

Saving potential energy or producing sufficient one is an important task that whatever the
EMS acts better, more energy can be saved and therefore, the system efficiency increases
greatly.

¢ The hybrid configurations considered allow managing the reactive power exchange with
the grid. Apart from active power, the reactive power flows within the elements of the hybrid
systems, and more importantly the exchange with the grid, are also observed.

To evaluate these hypotheses, the main components comprising the grid connected
CHBMLI have been modelled and simulated through the Matlab/Simulink software and some of
its toolboxes. Recent versions of Matlab/Simulink include an RL toolbox and a fmincon Matlab
function allowing the implimintation of EMSs in Simulink. Several modifications and examples
have been added on the RL detailed toolbox available in the SimPowerSystems library. The most
relevant changes are targeted towards the agents’ details.

To validate the Simulation results, OPAL RT 4510 HIL system is used that allows modelling
and simulating in real-time the components of ESS, power converters and grids, and testing
power electronics controllers in a wide range of applications.

13
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Acknowledged models have also been used for the energy storage devices. Furthermore,
data and technical features of commercially available equipment provided by manufacturers
have been used when possible, in the design and sizing processes, in order to increase the
accuracy of the ESS models and resemble the behaviour of actual devices.

At the end, simulations of various operating conditions have been carried out in the
simulation software Matlab/Simulink. The hybrid systems modelled have been evaluated under
irradiance changes, fluctuating wind speed, variable grid active and reactive power demands.
Analysing the results obtained from these simulations allows highlighting the most significant
differences among the configurations considered, thus illustrating the main benefits of each
alternative according to the target application.

14



CHAPTEHR

- o

T HREE

< a— kD20






Intelligent control of hybrid power plants with wind turbines, PV solar systems and energy storage systems

3. Review of the background — State of the Art

Sustainable and environmentally friendly renewable energy sources (RES) and energy
savings are gaining more penetration in power systems as clean alternatives [1]. In fact, around
70% of the new electricity generation units are projected to be low-carbon technologies, raising
the total share of these sources to nearly 45% of the total generation in 2030 [2]. Inevitably,
renewable sources have a key role to play here. For instance, estimations of a 4,000% and a
1,000% growth in the total final energy consumption share of solar PV and wind power
respectively are reported in [3].

Nonetheless, the benefits of a higher participation of renewable energies transcend the
climate indicators. Furthermore, it is frequently considered as a whole industry, with
technological, economic, political and social implications added to the environmental benefits
[4]. Such indirect effects of renewable energies are often studied thoroughly, and the figures are
promising. Solar PV and wind manufacture and installation, as well as bioenergy feedstock
harvesting and hydropower, are expected to be the main drivers of employment growth in RES
sectors. This plan also estimates employment reduction and stabilization in the fossil fuels and
nuclear sectors respectively, however obtaining a net increase in the global energy industry [5].
Fig. 3.1 shows the pressing needs and attractive opportunities driven by the ongoing energy
transformation.

REDUCED
CARBON EMISSIONS

70% lower

FALLING
ENERGY COSTS
Renewables
fully competitive

+Paris Climate Agreement
*National Determined
Contributions (NDCs)

+ Competitiveness,
decreasing costs of
renewables, fostering
green growth

REDUCED
IMPACT, GREATER
ECONOMIC GAIN
USD 3-7 payoff
for each
USD 1spent

. . JOB CREATION
«Local pollution, per capita

emissions, floods

7 million
more jobs
economy-wide

* Income and quality
jobs

Safety and Resilience
« Economy competitiveness,
and exports market share

IMPROVED
ENERGY SECURITY
-64% demand
of fossil fuels

FULL ENERGY
ACCESS

100% energy
access

« Sustainable Development
Goals (SDGs)

Safety and
resiliency

Fig. 3.1. Benefits of RES [6].

Fig. 3.2 presents international renewable energy agency (IRENA) costing database of
15,000 large scale RES power projects and 1.5 million rooftop PV systems covering half of all
existing and planned RES capacity.
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Onshore wind Solar photovoltaic Offshore wind Concentrating solar power
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Fig. 3.2. Renewable power generation cost for the last 12 years [6].

Currently, wind turbine (WT) and photovoltaic (PV) systems are the most promising RES,
because they provide a large unlimited volume of energy without emissions and other benefits
such as global availability, high rate of technological development, no moving parts (in the case
of PV generation), high reliability, no emissions, and more competitive costs with respect to
other generating technologies [7-9]. However, the intermittent characteristics of these sources
and their dependency on environmental conditions negatively affect consumer needs [10].
Therefore, to cover this stochastic nature of WT and PV sources, energy storage systems (ESS)
are being applied to compensate the power demand that RES cannot satisfy or to store power
not requested [11]. Fig. 3.3 provides that wind and solar PV would be prominent generation
sources by 2050. Wind power supply would need to increase from 6% in 2018 to 35% of total
electricity needs by 2050. It shows that recently wind power supply would need to increase from
6% to 35% of total electricity needs by 2050 and solar PV generation share would need to
increase from 2% to 25% by the same year.
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Fig. 3.3. Renewable power generation share by 2050 [6].
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This section deals with a review of the most relevant research published in the field of
hybrid power systems comprising WT, PV and ESS as a means of improving grid integration of
RES. In this regard, WT, PV power sources, ESS technologies, high power converter topologies,
and control algorithms and EMS applied for hybrid cascaded multilevel inverters will be
discussed. It is divided in five subsections. First, the most applicable RES are discussed. Second,
ESS types and applications are reviewed. Third, the use of RES in high power systems through
high power converters are presented. Then, impedance network inverter types are reviewed
and the application of them in hybrid RES is discussed. At the end, various energy management
systems, control strategies and modulation techniques of cascaded multilevel gZSI hybrid RES
based are reviewed are discussed in the literature, also examining their performance and
principal characteristics.

3.1. PV panels technologies

Fig. 3.4 represents the share of each continent in solar PV capacity installations. Asia is poised
to dominate the solar PV installations, with more than half of global installations by 2050,
followed by North America (20%) and Europe (10%). Even though installed capacity may remain
highest in Asia, North America and Europe, market growth seems likely to shift to other regions,
with large markets also expected to emerge in South America and Africa.
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Fig. 3.4. Worldwide solar PV capacity installations [6].

In RES power system marketing the technology used in the manufacture of PV cells is a
priority, since efficiency is a factor that influences the performance and the costs of the plant.
In 2013, the highest efficiency of a cell reached 18.8% However, the maximum commercial
efficiency is 15%, and the most frequently found values are in a range between 9% and 12% [12].
Nowadays, various materials are used to manufacture PV panels.
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The most used material is silicon, due to its high efficiency and maturity [13] and the
availability as the second most abundant raw material [14]. Practically, crystalline
semiconductors of mono-crystalline silicon and GaAs have shown a better performance. Highly
expensive, GaAs manufacturing and raw materials are mainly used in PV concentrators and in
space technology, due to greater resistance to high temperatures and being lighter [8]. To make
this technology more economical, poly-crystalline or amorphous organic and inorganic materials
have been introduced as the examples of silicon-based but less pure materials called mono-
crystalline silicon. The most commercialized one is poly-crystalline nowadays [15].

Another technology that has excellent potential due to its low weight, high flexibility, and
low cost, is thin-film despite its low efficiency [16]. Amorphous silicon is the most popular
technology compared to other materials like CIS, CIGS and CdS, CdTe, and despite being the
most common and occupying the first position in the market among thin-film technology, it is
more prone to degradation [13].

Polymer PV cells are another relatively new technology that are based on organic
macromolecules derived from petrochemicals. Manufacturing is much cheaper, cells are lighter
and less fragile, compared than mineral semiconductors cells. Their flexible nature makes them
very suitable for integration into flexible materials or organic polymers or silicones, even textile
fibres. However, it suffers of limited lifetime due to the degradation of polymers when exposed
to sunlight [14,15, 17].

Other less popular PV technologies have also been introduced. Based on the combination
of crystalline and non-crystalline silicon the hybrid solar cell has been introduced [12] that suffer
of manufacturing complexity. The Graetzel solar cell, also known as a dye-sensitized solar cell, is
a relatively new technology that is being studied as an alternative to problems of efficiency, cost,
and environmental issues [18]. low-cost, very easy creating, semi-flexible, semi-transparent, or
even totally transparent in those recently designed are the advantage of this technology.
However, lower energy conversion efficiency compared than that of silicon-based, and wear of
the electrolyte or the anode in use at certain environmental conditions are disadvantages of this
technology [18].

Based on [19], crystalline silicon is the predominant material today and will continue for
years. However, in the long term (2030 and beyond) silicon will be progressively reduced. For
the authors, many technologies will coexist, and the efficiencies will be slightly different from
today’s values. Moreover, it is mentioned that these technologies can be divided into two types:
(i) Cells with ultra-low-cost, with efficiencies varying from medium to low, highlighting the
concept of dye-sensitized cells; and (ii) cells with ultra-high efficiency, highlighting the third
generation in PV cells (such as the multijunction made of amorphous Silicon or Gallium Arsenide)
[lais thesis]. Razykov et al. In reference [20] it is expected that thin-film photovoltaic
technologies to play an important role in the future global PV market. It is stated that further
research and development will be conducted to increase the effectiveness of Copper Indium
Gallium Selenide (CIGS) thin films, CdTe, Si, and multijunction cells and nano PV devices.

3.2. Wind turbines

Nowadays, wind turbines play a crucial rule worldwide in electricity production and they
are considered prominent options. According to different prospective scenarios, wind power
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generation will be able to provide up to 18% of the global electricity demand by 2050, preventing
up to 4.8 Gt of CO2 from being released to the atmosphere annually [20]. In its annual report
for 2012, the IEA said that the global wind power capacity now operating in 100 countries can
provide more than 3% of the world’s electricity demand. Fig. 3.5 is worldwide wind capacity
installations showing that Asia (mostly China, India, Iran) would largely drive the pace of wind
capacity installations, with more than half of global installations by 2050, followed by North
America (23%) and Europe (10%). For offshore wind, Asia would take the lead in the coming
decades with more than 60% of global installations by 2050, followed by Europe (22%) and North
America (16%). Another potentially a game-changing wind turbine technology is floating
offshore that multiplies the global offshore wind potential covering 5-15% of global offshore
capacities by 2050.
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Fig. 3.5. Worldwide wind capacity installations [6].

There is a huge word wide effort to increase participation of WT in future power systems.
It is expected to come true by 2030 to reach from 964 GW to 1,933 GW of wind power capacity
and from 1,684 GW to 4,042 GW in 2050 [21].

The wind turbines are classified as Horizontal Axis Wind Turbine (HAWT) and Vertical Axis
Wind Turbine (VAWT) [22]. The first used wind turbine was VAWT but researchers suggest that
it can only be used economically for small wind projects like residential applications and HAWT
can be used to generate bulk amount of electricity. Traditional windmills generally used to work
on thrust principle, at that time they were employed for grinding grains and pumping water. In
modern wind turbines, aerodynamic principle is adopted for rotating the blades. Aerodynamic
structure of blades uses lifting force of air for rotation of prime mover. In olden days, wind
turbines were used to work in constant speed irrespective of wind velocity. But these wind
turbines suffer from mechanical stress due to high wind speed.

3.3. Energy storage technologies

Inserting energy storage system into Hybrid RES power plants allows the excess energy
generated to be stored for a later use when necessary. Energy storage can help power grids
withstand peak demand, allowing transmission and distribution grids to function efficiently. In
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shorter periods, storage can be effective in smoothing short peaks and distortion in voltage [21].
ESS in electric power grids is inserted to fulfil power quality, bridging power, and energy
management. To maintain the power quality, batteries must intervene rapidly to satisfy the
reference parameters in a short time [23-25]. Switching from one generator to another takes
several minutes that in this interval BESs have the duty of suppling power, this process is known
as bridging power [25-27]. Energy management system that is the main contribution of this
thesis, involves sorting or producing energy in various operational conditions.

Traditionally, grid operators were responsible for monitoring and operating electric
power systems to maintain the power balance between consumption and generation
instantaneously. Due to the fact that both sides can experience variations in time horizons
ranging from seconds to days, seasons or years [28—-31], this task is a certainly hard. Moreover,
the operator rarely can modify the demand patterns. Beyond all, with a larger penetration of
RES in the power systems, there is always uncertainty on the production side, which in turn arise
new challenges for the grid operator to manage the intermittency and uncertainty of RES
productions.

Nowadays, a wide variety of energy storages designed based on different physical
principles that can be used in applications with renewable energies. Battery energy storages are
more common in RES power system applications, especially in PV cases. In fact, ESS can develop
several tasks in hybrid applications with renewable sources, such as load levelling and voltage
or frequency regulation. Moreover, the ESS can manage the intermittency and fluctuations of
the renewable generation, allowing a controlled output from a natural resource [32,33]. Each of
these operations requires a particular behaviour of the ESS. Some demand a fast response with
a short duration energy boost, while others need a long-term energy supply with little variation.
Moreover, the ESS can combine with the main power source through different topologies, by
using the power conversion technology available. Hence, it is worth mentioning and
summarising the storage technologies suitable for the purpose of this thesis.

Currently, Energy storage technologies can be classified as electrical, electrochemical,
chemical, thermal, and mechanical, which are based on various concepts and physical principles.
The main features and performance of ESS is behind on physics of them, and a superiority
comparison is not possible [34-36]. Electrochemical batteries are typically used as ESS because
of their low cost and non—toxic materials [37].

Electrochemical batteries are based on chemical reactions and have the double function
of storing and releasing electricity, alternating the charging and discharging phases, without
noise or emissions [38]. There is a wide range of technologies used in the manufacture of these
storages, such as lithium-ion, lead-acid, sodium-sulfur, nickel-cadmium, nickel-metal, nickel-
iron, hydride, zinc-air, lithium—polymer, iron—air, etc. It has been noted that their main
advantages are their high energy density and the maturity of some of these technologies. And
their main drawback is the relatively low durability for high amplitude cycles [38]. According to
[28], large-scale storage was rare until recently and some batteries contain toxic material, and
therefore, the environmental impact of discarding these batteries must be considered. Based
on [29] batteries that are potentially suitable or more practical for large-scale storage are lead-
acid, nickel-cadmium, sodium-sulfur, sodium nickel chloride, and lithium-ion.

Lead-acid batteries are the oldest and the most frequently used rechargeable type that
working based on lead dioxide (cathode) and lead (anode) chemical reactions and sulfuric acid
that acts as an electrolyte [30]. Their advantages are highly energy-efficient (between 85 and
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90%), easy-installing, low level of maintenance, and low investment cost [21]. Regarding the
disadvantages, they provide competitive costs and relatively limited lifetime, low energy
density, and can cause a large environmental impact [29].

In Nickel Cadmium batteries, nickel hydroxide is used in the positive electrode, while
cadmium hydroxide is used in the negative. The electrolyte is an aqueous solution of potassium
hydroxide with some lithium hydroxide. NiCd batteries have a high energy density (50-75
Wh/kg), robust reliability, and very low maintenance requirements, but a relatively short cycle
life (2000-2500) [31]. The main disadvantages of these batteries are a relatively high cost due to
the expensive manufacturing process, and the fact that cadmium is a toxic heavy metal, and
therefore poses problems associated with the disposal of NiCd batteries [33]

In Lithium-ion (Li-ion) batteries, a pair of graphite (anode) and lithium metal oxide
(cathode) plates filled with dissolved lithium salts in organic carbonates [28]. The main feathers
of them are high energy density, cycle life and efficiency, very low self-discharging rate, with a
maximum of 5% per month, and almost 1500 life cycles [39]. However, the battery life is highly
depended on temperature that can be severely shortened by deep discharges. Other
disadvantages are in the structure of them as they need a protection circuit to maintain safe
operation of this fragile battery types. The protection circuit is built into each battery pack to
limit the maximum cell charge voltage and prevent the cell voltage from shrinking discharges
[21].

Sodium sulphur batteries compose of a positive-negative molten sulphur- sodium
electrode that are separated by a sodium beta-alumina ceramic electrolyte [40]. A high
temperature, typically in the range of 300-350 2C, are used to keep sulphur and sodium in a
liquid state [41]. This battery type for a full depth of discharge (DOD) has an expected 2.500
cycles operational duration of 15 years. The energy density is higher than the lead-acid battery.
Beyond that, except sodium, this battery type is 98% material-recycling [42].

Vanadium redox flow batteries are using redox technology that offer significant
advantages, such as the absence of self-discharge and degradation for deep discharge [21].
Depends on the number of cells in a battery stack the power is rated, while the energy is a
function of the volume of electrolyte stored in the tanks. It offers a high energy density
(compared to lead-acid batteries) and long life. The variety of the application of this battery type
like applications in electric utilities and industrial end-users makes them valuable in marketing
as well as almost 85% cell efficiency [28] that is considered high.

Metal-air batteries, usually composed of aluminium or zinc, are a promising and the
cheaper technology in comparison to other technology types [28]. The lithium-air battery has
received more interests among the various metal-air batteries. These batteries have shown a
limited operating temperature range during different tests [21]. Needless to say, that high
reactivity of lithium with humidity and air can cause a fire, which is a high safety risk.
Additionally, low life cycle for these batteries has been reported [43].

Based on the competence application of BES, some features can be reviewed. A brief
review of the most relevant characteristics and typical values is presented in Table 3.1 produced
with data obtained from [44].
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Table 3.1. BES features and typical values [44].

Pb-ac Li-ion (MWh) NaS Redox-flow Metal-air
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(A)  Power rating: The nominal amount of MW discharging or charging power that a
storage device can have.

(B)  Storage capacity: The amount of available energy in the ESS after a complete charge
cycle [47].

(C) Discharge time: The range of time that the ESS can keep releasing energy
continuously. They are considered as a long-term storage or short-term technologies.

(D)  Response time: The needed time for an ESS to start sorting or releasing energy on
demand [47,84]. For the electrochemical batteries milliseconds respond time is
considered to rapidly changes on the energy demand.

(E) Efficiency: The electric energy output-input ratio during a complete charge and
discharge cycle. This term for batteries is around 90% of the inputted energy and
batteries are considered as high efficiencies technologies. This term is evaluated in
this thesis for different EMS and compared in varies control algorithms to find the way
of increasing that.

(F) Lifetime: The expected time in years that each ESS can remain in operation. For

batteries it can be almost a decade.

As it has been previously stated, due to the intermittent and uncontrollable nature of RES,

a large penetration of PV and WT sources into electric power systems might introduce stability,
reliability and power quality issues that threaten the proper operation of the grid, other
suppliers and consumers.
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3.4. High voltage converter technologies

The energy produced by the RES is always in fluctuation and converting it to an
appropriate AC voltage and frequency power is crucial. The interface between the sources and
stand-alone load or grid is fulfilled by using power converters to transfer reliable and efficient
energy toward the consumer side [45]. A converter is considered as a desirable bridge if the
factors such as good regulation of the output voltage and frequency, high efficiency and
reliability, protection against short circuits, and safety are fulfilled [46]. DC-AC converters, called
inverters, has the duty to provide an alternating current with identical features like frequency
of grid network that is being connected. Current-source inverter (CSI) and Voltage-source
inverter (VSI) by two-level have been applied for energy conversion in industry, however its
usage is limited in high-voltage, high-power systems by switching ranges due to semiconductor
manufacturing technology of silicon carbide or gallium nitride [47, 48]. Hence, other inverter
topologies have been suggested and in the following are reviewed.

3.4.1. High voltage source converters

3.4.1.1. Series/parallel-connected switch cells

Connected switch cells and multilevel converters have been introduced for high-power
applications to take advantage of fulfilling synthesized output voltage level and improving
harmonic performance. In [49] series/parallel-connected switch cells have been proposed for
high-voltage, high-power converters. Fig. 3.6 shows a schematic diagram of an n-module VSC by
n identical two-level VSC modules are connected in series and parallel, respectively, at their AC
and DC ports. In the AC-side to achieve the desired voltage level and waveform, corresponding
open-winding transformers are used. The modularity feature of this inverter type that reduces
manufacturing costs, facilitates maintenance, and permits provisions for spare parts makes
them a desired topology [50].
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Fig. 3.6. Schematic diagram of multimode VSC composed of n two-level VSC modules [50].
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Also, an alternative configuration has been suggested that VSC modules are connected in
series at both the AC and DC sides. However, because of various practical limitations, the
number of series-connected switch cells is limited and cannot be constructed for any voltage
level.

3.4.1.2. Cascaded (H-bridge) multilevel voltage source converters.

Multilevel configurations have been introduced as another option for high-power
application system to accommodate their voltage requirements [51]. One proposed multilevel
configuration is a cascaded H-bridge multilevel VSI that is assembled by connecting multiple
single-phase full-bridges or H-bridges in series. Fig. 3.7 shows the topology of this converter
type. The necessity of multiple isolated DC sources in each module makes this topology
expensive (if RES is not used), while it is attractive for reactive-power exchange, as in static
synchronous compensator (STATCOM) applications. Furthermore, to achieve the desired
voltage level, corresponding open-winding transformers are used in the AC-side connection.
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Fig. 3.7. Schematic diagram of a wye-connected, H-bridge-based, multilevel VSC [50].

3.4.1.3. Capacitor -clamped multilevel voltage source converters.

Another class of multilevel converters is the capacitor-clamped multilevel VSC that also is
known as flying capacitor multilevel VSC (FC-VSC) [52]. Fig. 3.8 illustrates the topology of this
converter type. Dispatching voltage is reached by floating additional capacitors, not clamped
diode. The gap among two capacitors corresponds to the nominal voltage of the devices, defines
capacitors voltages.
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This converter type has not been used widely in practice as a large number of relatively
large-size capacitors must be used, and therefore, the regulation of the capacitor voltages is
challenging.

Fig. 3.8. One-leg five level capacitor-clamped multilevel VSC [53].

3.4.1.4. Diode-clamped multilevel voltage source inverters.

To avoid the drawbacks of the aforementioned multilevel converter class, a diode
clamped multilevel VSI has been realized for different voltage levels [54]. Fig. 3.9 shows a
conceptual diagram of an n-level Diode-clamped multilevel converter in which the AC side
consists of legs represented by a fictitious n-tuple-through switch, and the DC bus consists of n
- 1 nominally identical capacitors C1 to Cn-1. In this topology dynamic and static overvoltage
for switching devices is limited using clamping diodes connected in series. Different voltage
levels are generated for output voltage in the ranging between half value of positive and
negative of Vpoc. Hence, it becomes necessary to consider several diodes in series to find the
required voltage. In contrast to main devices, the nominal voltage of the clamping diodes is
higher than the voltage of one level. The number of clamping diodes is increased based on the
level number of inverter legs if rated voltage of a clamping diode equals rate voltage of the main
switching devices. Although this inverter offers lower switching losses and stress and a less
distorted synthesized AC voltage, it requires a multimodule structure for high- voltage
applications and the number of levels should be limited to seven or nine levels maximum.
Moreover, in practice, more diodes are needed that makes more practical problems such as
parasitic inductances or package difficulties [55].
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Fig. 3.9. Conceptual representation of an n-level diode-clamped multilevel VSC [55].

3.4.2. High voltage impedance source multilevel converters.

For the mentioned cons of conventional multilevel inverter/converters, impedance-based
sources, also called Z-source inverters (ZSls), are receiving a great deal of attention because they
provide interesting characteristics that make them suitable for RES applications combined with
ESS [56], [57,58]. It takes advantage of an impedance network in the input of inverter for voltage
balancing. The impedance network has passive and active elements makes it capable for this
purpose. Offering a shoot-through (ST) state during the zero-state interval makes this inverter
type capable of boosting the input voltage, which improves inverter reliability and enlarges its
application fields. To improve some characteristics of the usual impedance inverter, many
configurations have been suggested such as: high-performance improved ZSI (HP-1ZSI) [59],
Quasi-resonant soft-switching Z-source inverter (QRSSZSI) [60], neutral point ZSI (NPZSI) [61].

The quasi-ZSI (qZSI) has been suggested as a topology modification that could be used for
energy conversion purposes in multilevel cascaded structures [62]. Several gZSls can be
arranged to build a cascaded H-bridge multilevel inverter (CHBMLI) and easily scaled by adding
more cascaded modules without the need for a voltage transformer at the inverter output. In
this case, the output filter is smaller than that of other multilevel configurations [63]. Fig. 3.10
illustrates the n-layer of the (a) ZSI-CHBMLI (b) gZSI-CHBMLI for grid connected PV power
applications.
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Fig. 3.10. Topology of n-layer grid-tie PV system (a) ZS-CMI based (b) qZS-CMI based [64].

The gZSI-CHBMLI balances the dc-link peak voltage in each module to achieves voltage
step-up/down function during dc to ac single-stage power conversion. Hence, the distributed
maximum power point tracking (MPPT) is achieved independently in each module. Moreover,
due to allowing shoot-through states, the system shows high reliability and low cost due to
saving one-third of the modules when compared to conventional multilevel converters [65].

Independent dc-link peak voltage controls of all modules, modulation type, MPPT
algorithm based on ST duty cycle, grid-tie power control are basements of designing the qZSI-
CHBMLI based grid-tie PV system. Not many, some works have executed in these four control
parts. In [65] the qZS-CMI’ advantages over the conventional CMI in terms of reliability, cost,
and efficiency have been studied when applied to MW-scale PV power systems. For PV
applications, [66] worked on efficiency evaluation of GaN switches-based ¢ZSI-CHBMILI.
References [67-69, 64] suggested control methods for both single-phase and three-phase qZSI-
CHBMLI based PV power system. If ESS is used in this configuration, an appropriate EMS is
necessary to dispatch power between storages. In the following the control and modulation
techniques used for qZSI-CHBMLI are reviewed.

3.4.2.1. Dc-link peak voltage controls.

For each module in each phase the dc-link peak voltage control must be included. Dc-link
voltage vary between zero and the peak value, but the peak voltage value of DC-link must be
controlled in a constant value. In [56] suggested a proportional (P) regulator of the inductor
current closed loop and a PI regulator of dc-link peak voltage closed loop employed to ensure
zero-error tracking and improve the dynamic response, respectively. The shoot-through duty
cycle and voltage of capacitor C; used to calculate the actual dc-link peak voltage. To achieve
the balanced dc-link voltage in three phases, the dc-link peak voltages of all modules set to the
same desired value.

Independently control scheme was suggested in [70] for a three layers qZSI-CHBMLI
system. The peak voltage value of DC-link was made of the sum of V¢ and Ve of impedance
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network. Hence, Vc1 and V¢, were added together to produce the peak value. In this paper, the
output power reference was adjusted by a PI controller to build the peak value. The output
power reference was different according to each PV string output power.

3.4.2.2. Power control.

The grid-tie current control to reach demanded power level is another issue to be
considered in designing qZSI-CHBMLI. All the studies have the same idea of using two-phase
stationary a3 frame through two-phase transformation, that can be fulfilled through sensing the
phase angle of grid voltage by the phase-lock loop (PLL) ensuring unity power factor operation.
Reference [56] came with a bright idea for three-phase model in which the grid-tie current peak
value references are the outputs of the total PV voltage controllers. A proportional and resonant
(PR) regulator was used in grid-tie current control to track the zero-error sinusoidal references.

In [71] controlling active and reactive powers were sought in a three-level neutral-point-
clamped gZSI-CHBMLI topology connected to a single-phase grid. Two paralleled control loops
were used that were regulated by Pl controllers: the internal control loops for adjusting the
amplitude of the reference signal and the external control loops for adjusting the phase of the
reference signal. The internal control loop regulates the error of the d component of the grid
current by acting over d and g component of the inverter reference voltage. The external control
loop regulates the error of the g component of the grid current and acts just over g component
of the inverter reference voltage.

In [70] gZSI-CHBMLI topology with three modules connected to a single-phase grid, the
sum of each PV string output power defined the total power injected to the grid. The grid-
injected current drawing from each module is the same as the modules are in the series
connection. As each module provides different power level, references [72,73] introduced a
proportionality factor calculated by sharing each module power per total output power. The
grid-tie current closed-loop control is fulfilled in the mentioned papers and give the idea in this
work to design appropriate controllers.

3.4.2.3. MPPT techniques.

To maximizes power output from RES various MPPT techniques are presented till date. In
this part the perturb and observe (P&O) and fuzzy logic control algorithms are briefly reviewed.

P&O MPPT is widely used in wind and solar energy systems based on perturbing a control
parameter in small step-size and observing the changes in a target function, until the slope
becomes zero [22]. In the other words, a mathematical optimization function is used to search
for the local maximum points of the function to get the optimal operating point that maximizes
the extracted energy. If the operating point is to the left of the peak point, the controller must
move the operating point to the right to be closer for the maximum point, and vice versa.

In [74,75] author proposed flow chart of Perturb & Observe to find reference power and
speed in WT systems connecting to constant load. In [76] experimental test on P&O for PMSG
WT suggested for a variable load. Where, based on the deviation of generator voltage per
power, the operating point executed to shift towards its MPP (toward or reverses perturbation
direction).
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In [77], P&O algorithm were proposed for a hybrid system comprising of wind, solar and
fuel cell. [78] suggested an adaptive P&O to reduce the effect of mechanical stress on generator
caused by unwanted torque. P&O step size was replaced by a ramp signal and the MPP on the
curve was tracked by using the normal flow of P&O. [79-82] suggested P&O algorithm for wind
turbine maximum power extraction based on different generator parameters.

For WT applications, conventional analytical methods can be used to reach the
appropriate blade pitch angle for above rated wind speeds [83] but using actual formulas and
practical results needs linear approximations that are unrealistic assumptions. A common pitch
angle control method for variable speed WT is to use rotor speed as a function of wind speed.
However, rotor speed, torque, and system dynamic vary with changes in the wind pattern, and
this dependence is problematic. So, other controllers like Pl, sliding mode, adaptive and robust
controllers have been implemented to reduce this sensitivity [84,85]. The linear Pl with fixed
gains covers only a specific range of operating points [86]. Most of the sliding mode control
methods increase the chattering phenomena and putting high mechanical stress on WT system
[87]. Adaptive controllers have difficult tuning based on linearized model at specific operating
points and in robust controllers, controller operation changes constantly. For the mentioned
drawbacks of classical controllers, intelligent pitch control methods capable of getting arbitrary
non-linear relationship between the input and output, have become more appealing in recent
years [88-90].

Among these methods, fuzzy logic because of the simplicity and effectiveness has become
more known and used [91]. Fuzzy logic is an effective way to control WTs pitch angle due to the
capacity of being planned for every moment and designed despite the lack of system
information. In [92] mechanical power variations and their derivatives were added with wind
speed factor as fuzzy inputs. For omitting the needs of wind speed data and anemometer, a
fuzzy pitch controller was designed in [93] for a permanent magnet synchronous generator WT
with the replacement of rotor speed for wind speed in the controller input. Mechanical power,
the derivative of mechanical power, and rotor speed were considered as inputs of fuzzy systems.
In fuzzy control, parameters fix in their terms, which is the main drawback of such type
controllers. Continuous and sudden changes in the wind speed makes the fuzzy controller
dependent on learning methods or an online optimizer. A fuzzy-neural controller was used in
[94] to adjust the angle between the incoming wind direction and chord line of the blades. The
main advantage of this approach is that, in the case of new changes, the fuzzy-neural adaptive
networks can obtain new learning methods and adapt themselves to the new data. This
controller achieved a more reliable performance in the response of rotor speed and generator
output power. A pitch angle control strategy based on the actor-critic RL algorithm for a WT was
proposed in [95]. The effectiveness of the RL on tracking the pitch angle proved its online
performance, however, the radial basis function (RBF) neural network, which was used to
process continuous input and output space, was not satisfied for such complex system. A neural
network based on MLP and RBF was applied in [96] for controlling the blade angle. The angular
velocity and generator output power were limited subject to different wind conditions. It was
observed that the performance of the controller caused magnetic fluctuations in low
frequencies under rapid wind changes. An ANFIS control algorithm was proposed in [97] to
estimate the WT power coefficient as a function of tip-speed ratio and pitch angle. However,
there exist nonlinear modes in WT system that ANFIS is not capable to orient itself with
uncertainties. An interval fuzzy type 2 controller was suggested in [98] for blade pitch angle
control, where the dependency of the controller on human experience is inevitable.
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3.4.2.4. Modulation techniques.

For qZSl topology, several modulation strategies based on pulse width modulation (PWM)
have been used for the control of the duty ratio. Typical modulation techniques applied to the
gZSI are the simple boost control (SBC) [99], the maximum boost control (MBC) [100], the
maximum constant boost control (MCBC) [101], and the ZSVM. According to the switching
pattern, several options appear for the latter, such as ZSVYM6, ZSVM4, ZSVM2, and ZSVM1. These
ZSVM techniques are described in detail in [102].

Regarding modulation technics for qZS-CHBMLI, three types of techniques have been
suggested in papers. 1) phase-shifted PWM (PS-PWM) were suggested in [67] got the idea from
conventional CMI, 2) phase-shifted pulse-width-amplitude modulation has been suggested in
[103] to reduce the switching number and loss PS-PWAM (PS-PWAM), and 3) modular multilevel
space vector modulation (MM-SVM) has been suggested in [104] for a 3-phase system to
enhance the voltage utilization ratio and simplify the modulation implementation. These
modulation techniques were implemented for PV application in a three layers multilevel
inverter.

3.4.2.5. Energy management systems.

gZS-CHBMLIs have been applied to PV power plants in [105-107]. gZS-CHBMLI integrating
an ESS, mainly BES (BES-qZS-CHBMLI), is an interesting option for PV power plants, because it
cannot operate at night without PV power input. Integration of ESS into the impedance network
of a qZS-CHBMLI eliminates the need for a DC-DC converter to connect and operate the ESS
[108], allowing the support of the PV power plant.

However, the use of ESS for supporting renewable energy sources or storing produced
renewable energy requires an appropriate energy management system (EMS) to achieve the
proper operation of the entire system. A 24-hours energy management algorithm for a BES-qZS-
CHBMLI with PV systems was proposed in [109] to share the power among BESs covering the
difference between the generation and consumption according to the state-of-charge (SOC) of
each BES. The same EMS for PV systems and BES integrated into a BES-qZS-CHBMLI was used in
[110,111] to balance the BES SOCs of all modules, independently of the variations in the
irradiances. This control strategy ensured the safe operation of all BESs with the same SOC, while
tracking the grid power reference. Another EMS based on distributing the power depending on
the BES SOC for a BES-qZS-CHBMLI with PV systems was suggested in [112]. The proposed EMS
was based on limiting the SOCs between the minimum and maximum safety values and
dispatching the maximum charge or discharge power to its nominal power. In [113], an EMS
based on model predictive control (MPC) was applied for a BES-qZS-CHBMLI with PV systems.
The proposed EMS, where less computational effort was needed in the design of the MPC,
achieved to mitigate the double line-frequency ripple in the BES current.
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Intelligent control of hybrid power plants with wind turbines, PV solar systems and energy storage systems

4. Description of the configurations under study

In this section, the configuration of the hybrid power plant with cascaded modules
consisting of WT and PV power sources, ESS, and impedance network have been analysed and
were modelled using FAST tools, Matlab/Simulink, and OPAL-RT4510 real time simulator.
Various scenarios are considered to evaluate all aspect of the control and system performances.
All the configurations considered are reviewed, providing a concise vision of their most relevant
features.

4.1. Modelling of the RES

This subsection describes the modelling of RES used as the sources of the cascaded
modules connected to the grid by impedance-base multilevel inverter, and the single WT source
model used to feed the requested power by grid.

4.1.1. Wind turbine.

In this work, the wind power generator is modelled as in [114] when proposing the new
pitch angle controller, and is modelled as a source function based on wind speed in hybrid
cascaded application. The practical application of the proposed pitch controller in the next
chapter, is evaluated by using FAST8 for a real experimental 600 kW WT equipped with a
synchronous generator with a full-size power converter (Controls Advanced Research Turbine,
CART3, located at National Renewable Energy Laboratory, NREL). The CART3 is a conventional
three-bladed upwind variable-speed variable blade-pitch-to-feather-controlled WT. This WT is
modelled using a two-mass model and a validated aero-elastic simulator called FAST8 (Fatigue,
Aerodynamics, Structures, and Turbulence) [115]. FASTS tool allows to implement an accurate
model of the WT in different aero-dynamical and environmental conditions.

Regarding cascaded modules of RES consisting WT source, the WT modelled by the
SimPowerSystems library [116], and it has been modified in order to allow the connection and
control of the ESS in the corresponding hybrid systems.

WT is usually represented by mathematical models. In transient stability studies, the two-
mass model is usually used for modelling the connection between the mechanical and electrical
systems of WT. In this model, the control algorithm for generator torque in below rated region
is expressed as follows [117]:

_ 05pnR%C,(4,8)

B w? (4.1)

T = Kw?

where pis the air density (kg/m3), R is the radius of rotor (m), Ais the tip speed ratio, wis
the rotor speed, C, is the power coefficient, and Sis the blade pitch angle.

116 _125
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_a)R

A (4.4)

va)

In this thesis, v, is the wind speed and the power coefficient is expressed by the following
equation [118]:

As can be seen in Fig. 4.1, there are different operating regions in a variable speed WT. In
Region 2, the blade pitch angle is kept constant at zero to maximize the power extracted from
the wind, and the generator torque control is used to vary the turbine rotational speed to
maintain the optimal tip speed ratio (corresponding to the maximum power coefficient), and
thus, maximize the energy capture.
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Fig. 4.1. Operating regions of a variable speed WT.

Considering equation (4.4), it can be seen that in certain wind speed, there is just a unique
rotational speed that causes the maximum power point tracking (MPPT) in region 2. Using the
derivative of the (2), the extreme points of C, as a function of A can be found [119]:

14.28 + 0.4 0.035
Aopr = ( +

16 5 )1 -0.8p (4.5)

Using equation (4.5), the ratio between the blade tip speed and the wind speed can be
obtained for different 3. For input to the simulation code FAST, w must be in units rpom and the
generator torque on the HSS side of the gearbox. Therefore, the torque gain K in equation (4.1)
must then be multiplied by considering the effect of gearbox as below:

1

Knew = K 2
NEW X (30) (4.6)

3
Ngear

where Ng.qr is the high-speed to low-speed gearbox ratio. In region denoted as 2.5 in Fig.
4.1 it is assued that the torque vary linearly with the rotor speed from Region 2 to Region 3,
where the rated torque is achieved at the rated rotor speed. The torque control in different
regions is discussed in [120], which, its equation is wraped up in equation (4.7) and used in this
simulation part of this thesis.
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(4.7)

where wpss is the high-speed shaft rotational speed and the constant values are defined
by NREL [120].

For designing WT model in Simulink in the cascaded modules of RES consisting of WT
source, a simple model is considered to reduce the simulation complexity and time. The out
power of the WT model is found by:

1
PWT=§'p'A'Cp(A,9)'U3 (48)

Regardless of the generator type, in this simulation part, the mechanical torque
developed by the wind turbine is obtained dividing the mechanical power Pwr by the rotating
speed of the wind turbine.

The electrical equations, expressed in the direct-quadrature (dq) reference frame rotating
at synchronous speed ws, are given by equations (4.9) -(4.12), where u denotes voltage, i denotes
current, ¢ represents magnetic flux, R denotes resistance and L inductance, indexes d and g
stand for the direct and quadrature components, and indexes s and r refer to stator and rotor
respectively.

Ugs = Ry - igs + %(pds — Ws * Pgs (4.9)
Ugs = Rs - lgs + %q’qs + Ws - Pas (4.10)
Ugr = Ry - lgy + %%zr — (ws — wr) - Pqr (4.11)
Uqr = Ry - igr + %qur + (s — ) - Par (4.12)

The flux linkages are expressed as in equations (4.13) -(4.16), where index m denotes
magnetizing.

®Pas = Ls - igs + Ly - gy (4.13)
Pgs = L - iqs + L, - iqr (4.14)
@ar = Ly - lgr + Ly - igs (4.15)
Par = L,- lgr + Ly, - lgs (4.16)
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The generator electromechanical torque is calculated as in equation (4.17), where p is the
number of pair poles.

T,=15-p- ((pds : iqs — QPqs - ids) (4.17)

P&O algorithm and the pitch angle controller are designed to make sure the maximum
power point tracking (MPPT) operating and efficient utilization of WT, respectively. By adjusting
the blade pitch angle, the power coefficient is reduced, and thus the power extracted from the
wind decreases when the rotational speed increases above the rated speed. In the contrary, in
less than the generator rated speed the pitch angle controller maintain optimum power
efficiency. In this way, when the wind turbine operates above the rated value, the produced
power must be limited by limiting the rotational speed to the rated speed. Therefore, the blade
pitch angle controller acts as a rotational speed limiter in any operating conditions.

4.1.2. Photovoltaic (PV) system

PV array which is composed of modules connected in series or parallel is considered as
the fundamental power conversion unit of a PV generator system depending mainly on the
incident irradiance and temperature of the cell surface [121]. The PV array has nonlinear
characteristics, and it is quite expensive and takes much time to get the operating curves of PV
array under varying operating conditions [122]. In the following a step-by-step procedure for the
simulation of PV cells/modules/ arrays in Matlab/Simulink is presented.

A diode, a controlled current source, a series resistor, and a shunt resistor constitute the
model to represent the behaviour of the PV panels, being a model widely accepted and used by
many research papers in the literature [121]. The current source I,, represents the cell
photocurrent. Ry, and R are the intrinsic shunt and series resistances of the cell, respectively.

Practically, PV cells are grouped in larger units called PV modules and these modules are
connected in series or parallel to create PV arrays which are used to generate electricity in PV
generation systems. The mathematical model is given by equations (4.18 — 4.21), where the |-V
characteristics are outputted that are calculated by irradiance and temperature.

3

T qXxXEgpl 1
_. [T 1 1 4.18
lo=1r [Tr] exp [ nk (T Tr)] (4.18)

where, is the module saturation current output current varying with the cell temperature,
T is nominal temperature, Ey is band gap energy of the semiconductor, I is module reverse
saturation current, T is operating temperature, n is the diode ideal constant, and the Boltzmann
constant is represented by k.

The current output of PV module is calculated by:
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KXxT
v, = (4.20)
q
VXN,/Ng+1XR
= p/Ns : (4.21)

sh
Rsh
where, Np is the number of PV modules connected in parallel, Vt is the diode thermal
voltage (V), and q is the electron charge.

In order to simplify the models of solar panel, various models have been developed and
integrated to many engineering software including Matlab/Simulink. These models are
adequate for application involving hybrid energy system if they are provide a flexible tuning of
some parameters in the system.

4.2. Modelling of the Quasi Z-source network

ZSl is an emerging topology for power electronic converters with interesting properties,
such as buck-boost characteristics and single-stage conversion [123]. In the following section,
gZSl topology in detailed model is discussed and will be used in the simulation part.

A two-port network, composed of two capacitors and two inductors connected in an X
shape, is employed to provide an impedance source (Z-source) network. ZS| advantageously
uses the shoot-through (ST) state to boost the input voltage, which improves converter
reliability and enlarges its application fields. Compared with other power electronics converters,
it provides an attractive single-stage DC—AC conversion with buck-boost capability, reduced cost,
reduced volume, and higher efficiency owing to a lower component number. For emerging
power-generation technologies, such as fuel cells, PV arrays, and WT, and new power electronic
applications, such as electric and hybrid vehicles, ZSI is a very promising and competitive
topology [124].

As mentioned in the previous review chapter, to overcome the drawbacks of the basic
ZSl topology, there have been many structural modifications. Among them, gZSI is one of the
best options, since it presents several advantages over the basic ZSI, such as a lower component
rating than the basic ZSI topology (for example, Z-network capacitors voltages); soft-start
capability to suppress resonant current at startup due to the inherent current path at startup in
the basic ZSI topology; and the joint earthing of the input power source and the DC link reduces
the common-mode noise in the system [125]. The gZSl is driven from the basic ZSI topology by
exchanging the positions of the inverter bridge and input diode and inversing their connection
directions. The elements are identical to those in the basic ZSI topology.

The capacitance C and inductance L are the main components to be designed in the qZSI.
According to [126], the capacitance C (here, the voltage ripple 1;, is set to 1%) and the inductance
L (here, the voltage ripple 1; is set to 20%) of the Z network can be calculated as:
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1 Mminvin
L==XT X ——— 4.22
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C = ZTOmax x in — omax m( max) (4.23)
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where Ty is the shoot-through period found by the switching frequency fs:
2 —\3Mpin
T = (4.24)
omax 27”]2-

where M,,;, is the minimum modulation index found by modulation technique. The
maximum duty ratio D,,,, is obtained from:

_ % (4.25)

Dpax =1 o

Fig. 4.2 illustrates the impedance network elements and the operation principles of this
network. The gZSI allows two possible operation states, called the shoot-through and the non-
shoot-trough states. In the shoot-through state, both switches of a leg are active simultaneously,
thus short-circuiting the DC side of the converter. On the other hand, in the non-shoot-trough
state, the qZSI allows the two zero states and the six active states of a conventional VSl (i.e., at
least one of the switches open in each leg) [126].
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Fig. 4.2. The qZSI topology and operating modes.

Now, the relationship between input and output of network is presented. The relationship
between the input voltage (Vs) and the voltage across the capacitor C1 (Vci) is calculated through
shoot-through duty cycle D as the following equation.

1-D

1-2D
The relation between Vs and the output voltage of the impedance network (Vpc) is:

Ve = x V, (4.26)
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VDC = X VS =B X VS (427)

1-2D

D in this thesis is found by MPPT algorithm in order to intervene RES power effect to the
inverter output power level. The modulation signal (M) is found in the control loops stated in
chapter 5 section 5.2. M and D with a carrier signal are used as the modulation process inputs.

4.3. Modelling of the Battery

The BES that used in various simulation configurations in this thesis, is connected in
parallel with the upper capacitor of the impedance network. These are modelled according to
the battery model included in the SimPowerSystems library in Matlab/Simulink [116]. In this
thesis, the Lithium-lon electrochemical battery is modelled as a secondary energy source to back
up the intermittent RES generations.

Under mask of the battery block, there is a controlled voltage source in series with an
equivalent internal resistance. This bock model calculates the terminal instantaneous battery
voltage (Vyatt) from following equation:

Vpatt = Ebatt — Ri * ipatt (4.28)
where Epqt is the no-load voltage, i is the battery current, and R; is the internal resistance
of the battery, which is assumed constant during the charge and discharge cycles. There is
another parameter in this block as open-circuit voltage that depends on the charge and
discharge state of the battery. The open-circuit voltage during charge and discharge can be
calculated as in equations (4.29) and (4.30), respectively [44].

Q " Q .
Epatt_char = Eo — K - o010 b K- o—1 4 + fryst_char () (4.29)
t ' t
Q Q . .
Epate_aiscn = Eo — K - Q—i U —-K- Q—i T+ fhyst_disch(l) (4.30)
t t

where K is the polarization constant or polarization resistance, Ep is the constant
component of the no-load voltage, i is the extracted capacity, and i” denotes the low-frequency
current dynamics. As it can be received from these equations, Ep.r is a function of the
instantaneous battery current, the extracted capacity and hysteresis phenomena of the battery
during the charge and discharge cycles. Moreover, Q is the maximum battery capacity, and fys:
char(i) and fuyst giscn(i) are functions of the battery current which represent the hysteresis
phenomena of the battery during the charge and discharge cycles.

A parameter considered for battery lifetime and maintenance issues is the state of charge
(SOC), that monitoring this parameter allows adequate operation and preservation of this
device. This task is often developed by supervisory controllers in the configurations considered
herein. If the initial SOC state is considered as SOCy and Q as the battery capacity (Ah), then SOC
is found by:

(4.31)

[patedt
SOC(%) = S0Co(%) — 100 <@)

Q

There are some other issues mas be taken into consideration during the simulation
designing. For instance, the parameters of the model are determined from discharge curves and
assumed the same for the charge process. Moreover, the internal resistance of the battery is
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considered constant during the charging and discharging processes, the model does not include
aging or temperature effects, and the self-discharge of the battery is not considered.

Beyond all, in this work the initial and nominal BESs parameters for every module are
considered different. The main advantage of using different BESs is executing a simulation
environment closer to practical and real conditions.

4.4. Converter modulation technique

To transfer the energy available in the RES and BES to the grid, the IGBT switches of the
inverter are controlled by a modulation technique. The main objective of the modulation
techniques is to provide a minimum harmonic distortion and maximum fundamental component
in the output.

However, for the impedance multilevel inverters three modulation methods — phase-
shifted sinusoidal PWM (PS-SPWM), phase-shifted pulse-width-amplitude modulation (PS-
PWAM), and modular multilevel space vector modulation (MM-SVM) — were proposed for the
gZS-CMlI based PV power system in [67, 103, 104], respectively.

The PS-PWAM was proposed to reduce the switching number and loss. The MM-SVM was
introduced for the three-phase qZS-CMI to simplify the modulation implementation and
enhance the voltage utilization ratio. The PS-SPWM shown in Fig. 4.3 is a basic method derived
from the conventional CMI. As Fig. 4.3 shows, each qZS-HBI module of the qZS-CMl is controlled
by the unipolar PWM with the shoot-through references 1-Dn and Dn-1; the mp are the
modulation signals of qZS-HBI modules; the carriers of upper and lower switches for one module
are at 180° phase shift. When the carrier is higher than the top shoot-through reference 1-Dn,
or lower than the bottom shoot-through reference Dn-1, a shoot-through state is produced.
The step-like multilevel voltage waveform is achieved by a 7 /n phase shift between the
adjacent cascaded modules. When compared with the traditional CMI, there are additional
shoot-through switching actions in each module of the qZS-CMI, which results in extra switching
losses.
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Fig. 4.3. Equivalent circuit for the shoot-through state and non-shoot-through state [65]
chapter.12.

The difference of the modulation in this thesis came from using two modulation indexes
and one carrier reference. As shown in Fig. 4.4, this modulation method uses for each BES-qZSI
module (i"module): 1) two signals dependent on the shoot-through duty cycle D; (1 — D; and
D; — 1), which is obtained from the maximum power point tracking (MPPT) control of the RES
(Section 5.1.2); 2) two signals dependent on the modulation index M; (M; and —M,), which is
obtained from the grid active and reactive power control (Section 5.2); and 3) the carrier signal,
which is shifted (1802)/n for each module, where n is the number of modules in series (n=3, in
this thesis).
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Fig. 4.4. Modulation scheme used for each BES-qZSI module.
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4.5. ACgrid model

The hybrid configurations evaluated in this thesis are connected to the power system.
Single-phase AC grids are modelled as ideal single-phase voltage sources, and for controlling WT
pitch angle a three-phase AC grids is considered. The amplitude and frequency of these voltage
sources remain constant throughout the modelling of the hybrid and single WT configurations;
however, active and reactive power refences are requested by an operator grid to vary along
with the simulation.

4.6. Modelling of the hybrid configurations

In this section the modelling of all the hybrid configurations under consideration in this
study is detailed. Three separated modules with their own elements are modelled and the
structure is shown in Fig. 4.5. In the first case, three PV power sources are used as the RES that
can work under different environmental conditions. It consists of three modules connected in
series to a single-phase grid. In each module, a PV plant with a terminal voltage stabilizer
capacitor is considered as the power source, and a BES is connected to the gZSI impedance
network to support the PV plant. Finally, the energy available in the output of impedance
network is injected into the grid through a single-phase inverter with IGBT switches in H-bridge
topology and modulated by the phase-shift pulse-width modulation (PS-PWM) method. The
traditional way of connecting a BES to a RES is using a DC/DC power converter. In the case of
gZSl, the BES can be integrated into the impedance network without an additional DC/DC power
converter, which is an important advantage over traditional converters [127]. The best place to
connect a BES into a gZSl is in parallel to the capacitor C2, making charging and discharging
feasible by controlling the switching pulses of the qZSl.
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Fig. 4.5. Grid-connected ES-qZS-CHBMLI with PV power generation under study.

Another configuration that is sought in this thesis is considering wind power source in one
module of cascaded multilevel inverter. The hybrid power plant under study is composed of
three BES-qZSI modules connected in series (BES-qZS-CHBMLI) to a single-phase grid. The first
two BES-gZSI modules are fed by independent PV power plants and the third module is fed by a
WT. In each module, a different BES is connected in parallel to capacitor C2 of the impedance
network to support and store the renewable energy generated from the PV power plant or WT
connected to the input of each module. Fig. 4.6 illustrates the hybrid power plant under study
and the control system. The independent MPPT control for the PV power plants and the WT is
also included in the control designing and is discussed in the next chapter. Each module uses a
gZSl, which is composed of a single-phase voltage source inverter with IGBT switches in H-bridge
topology and an impedance network with two capacitors (C; and C;) and two inductors (L, and
Lz).

59



4.

Description of the configurations under study

T x.

) Gi
Module 1 .G
NG
Ci~ Ve ]

Ili T K5 Fmincon EMS

min. F (Pggs);

Ib < Pgps <ub

N — | Aeq [Ppgg] = beq
Al
Module2 | G Poit  Pusl Pl

. L | L @ @ P &Q CONTROL

— = Vae D Md Mg
Module 3

T
k Sq S,

SN R
N B

Fig. 4.6. Hybrid power plant under study based on BES-qZS-CHBMLI and RES (PV power plants
and WT) and control system.

To give the first perspective of control and EMS parts, in the Fig. 4.6 fmincon EMS is
presented as an example of EMSs that will be discussed in the next chapter. Where, the
batteries’ powers are sensed and entered into the EMS process, in this way the reference
batteries power are obtained and inserted to control part. In the control part crucial
components are found to be introduced in modulation process and the founded gate signals

command the IGBT switches.

4.7. Reinforcement learning algorithm

An EMS is essential for the proper operation of power generation systems. Different
energy management algorithms for sharing power between BES depending on the generated PV
power and energy consumption were suggested for application in qZS-CHBMLI. RL algorithms
can be a good option as they do not need any prior knowledge or transfer function of control
parts. Moreover, RL can be executed as a MPPT algorithm to find optimal utilization of RES. In
this part, RL agents and types are studied to find the best agent for the case of study in this work.

A reinforcement learning agent interacts with the environment by choosing actions based
on observations. How the environment reacts to the agent's actions is typically simulated using
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a Simulink model of the environment's dynamics. The agent, the environment, the observations,
and the actions are all represented in MATLAB as variables.

To implement RL algorithm both MATLAB code and mixture of code-Simulink options are
possible. The Simulink RL toolbox is available that helps to make the implementation easier and
more visible and to see agent training progress. The RL Agent block requires three pieces of
information from the environment: the observations, the reward, and whether the episode has
reached a terminal state, which are often interrelated. Depending on the control objectives, the
observations and reward function must be defined, and the episode termination is set based on
a very bad action or reaching the goal. The reward depends on the state as well as whether
either terminal condition was reached. Using the rISimulinkEnv function allows to define an
environment variable from a Simulink model. The inputs to the riSimulinkEnv function are the
name of the Simulink model, and the variables that define the observation and action
specifications.

There are various agents based on the structure and type, that are presented in the Table
4.1. Based on the application of an agent in a control algorithm, like action type, the agent must
be selected. For example, for a modulation task the agent must be discrete and for EMS (that
actions are continues) the agent must be continuous.

Table 4.1. RL agent types and features.

Q-Learning Discrete critc ~ rlQValueRepresentation
SARSA Discrete Critic rlQValueRepresentation
Deep Q- Discrete Critic rlQValueRepresentation
Network
: Actor rIStochasticActorRepresntation
: . Discrete
Policy Gradient Continuous Actor- (Actor)
Critic rlValueRepresentation (Critic)
: riIStochasticActorRepresntation
i Discrete Actor-
Hel (Cliile Continuous Critic  (A\cton)
rlValueRepresentation (Critic)
Actor-  "DeterministicActorRepresntation
DDPG Continuous Critic (Actor)
rlQValueRepresentation (Critic)
Proximal Policy Discrete Actor- Eliéﬁjcrt;ast|cActorRepresntat|on
Optimization Continuous Critic r\ValueRepresentation (Critic)
Actor- riDeterministicActorRepresntation
TD3 Continuous Critic (Actor)

rlQValueRepresentation (Critic)

An agent needs a way to represent its policy, and therefore an agent is made up of one or
more representations of actors or critics. To create agents, it is needed to create neural networks
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to represent agent representations of actors and critics. A neural network is represented in
MATLAB as an array, where each element of the array is a variable that represents a layer of the
network. It can use various functions to create different kinds of layers. These networks are built
by specifying the layers that comprise them. A deep neural network is made up of multiple
layers. Each layer receives input from the previous layer, performs an operation on the input,
and passes the output to the next layer. For actor or critic networks, typically the inner (or
“hidden”) layers are fully connected layers or activation function layers that consists of a number
of neurons. Each neuron is a mathematical operation: multiply the input by a constant (called
the weight) and add another constant (called the bias). The resulting value is then passed to the
next layer. In a fully connected layer, each neuron takes input from every neuron in the previous
layer and passes the output to every neuron in the next layer. This means that each neuron has
many weights. In between fully connected layers, there are typically activation function layers
that apply a function to introduce nonlinearity. Two commonly used activation functions are: (1)
the rectified linear unit (or “ReLU”), which leaves positive inputs unchanged and sets negative
inputs to zero. (2) the hyperbolic tangent, which smoothly maps all inputs into the range [-1 1].
Fig. 4.7 and Fig. 4.8 represent deterministic and stochastic actor neural network architectures
and value, Q-value critic neural network architectures, respectively.

) Stochastic
Deterministic ( \
- Observations
[ Observatlons Observations /-\
' \ [Hidden layers ] [Hidden layers }
{ Hldden |ayers Hidden layers ' ¥
D of actions-Neuron D of actions-Neuron
. l Fully connected layer Fully connected layer
D of actions-Neuron N of actions-Neuron 1 ]
Fully connected Iayer \ Fully connected layer ) [ Scaling M Softmax
[ Scalmg Softmax [ concatenation J
Continuous Actions Discrete Actions Continuous Actions

Fig. 4.7. Actor neural network architectures.
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Q-Value Q:Value
- Value N [ Observations] [ Actions ] }Input
Observations Observations l ' N
\ J U ) [Hidden layers } [Hidden layers ]
p ' ., | N \ / Hidden
Hidden layers Hidden layers [ Action ] >|avers
. J _ J
, [ Hidden layers ] J
1-Neuron N of actions-Neuron
Fully connected layer | | Fully connected layer o
Fully connected layer }

Discrete Actions
Continuous or Discrete Actions

Fig. 4.8. Critic neural network architectures.

However, the policy that the agent picks the actions must be defined. Strategies to pick
an action in a given state are: (A). always pick the next action at random, (B). always pick the
next state that gives the highest known reward. (C). take chances and explore new states in the
hope of finding a better path. (D). Always play it safe and avoid the chance of a negative reward.
These policies are divided to Deterministic and Statistic ones. For Deterministic type, agent
always chooses the same fixed action when it reaches a particular state, and for Statistic one,
agent varies the actions it chooses for a state, based on some probability for each action
(suitable for games- not to be predictable). Considering the total accumulated reward over all
time-steps of each episode (r) as Return= ro+ r1+ r2. Therefore, among many possible policies,
the agent must select one that maximizes its Return. The Fig. 4.9 gives a better understanding
of this fact.

O: State
. : Action

[ : Terminal State

Fig. 4.9. Picking up a policy by an agent.
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Some agents work better than others for a given problem. Between continues agents, TD3
showed better results in the case under study as it takes advantage of a gradient in actor
representors. To create an agent one of the rl/Agent functions can be used, and one of the
rIRepresentation functions can be used to create a representation for an agent.

Reinforcement Learning is challenging, and successful training often requires many
iterations, adjusting options and hyperparameters. The environment must be well- defined if
the agent is going to learn well to accomplish its objectives. Some precautions and suggestions
are presented in the following to improve the training process.

4.7.1. Number of neural network neurons

With enough neurons, a network can represent an extremely complicated function. It is
said more neurons can help training to learn better, however, more neurons mean more
parameters, and therefore more training. It is suggested to start with a simple-default network
and check the training progress. If the agent doesn't seem to be able to learn, no matter what
the other tries, increasing the number of hidden-layer neurons in the networks sometimes is
helpful.

4.7.2. Reducing Effort

It is common to look for a strategy that achieves a goal with as little effort as possible. It
is more necessary in practice that cost very single action, and this process is going to repeat
hundreds of times. Therefore, discouraging unnecessary actions will reduce the learning period
in simulation, and cost in practice. To include this issue in the training, the actions that agent
execute them that makes the system unstable or leads it to the worst place, must be punished
significantly and the episode stop immediately. It is common to add discrete rewards or
penalties as “is done” for achieving a goal or violating a constraint.

4.7.3. Hyperparameters

The training and agent hyperparameters define the details of algorithm process that are
essential to be defined well. The main parameters are presented in the following.

A.) e-greedy: This parameter seeks the balance between the Exploration and Exploitation
terms. This is a rate at which the agent chooses random moves, to promote strategy
exploration to ensure the agent meets the whole environment. A larger value of
epsilon means that the agent randomly explores the action space at a higher rate.
Regarding Exploration term, it randomly tries different actions and observe the
rewards by € rate. The € is the rate at which the agent chooses random moves, to
promote strategy exploration to ensure the agent meet the whole environment. And
Exploitation term picks the best actions which will yield the maximum return. Fig. 4.10
shows the curve of following these two terms as the training progresses. By using an
epsilon decay term, the number of explorations can decrease. There is also a term
called epsilon-min (emin) that agent should explore at least this amount.
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More exploration More exploitation

Fig. 4.10. e-greedy procedure.

At the end of each training time step, if epsilon is greater than epsilon min, then it is
updated using the following formula:

nthepisode _
Emax * €decay = Ecurrent

(4.32)

Exploration is critically important that if the agent doesn't explore enough, it will settle on a poor
policy. If the agent seems to have stopped learning, experimenting with the exploration options
to promote better exploration is suggested.

B.)

C)

F.)

number of episodes: It presents the number of games the agent will play. The reward
plot should be monitored continuedly to see if the number of episodes is enough or
should be changed for further training.

learning rate (a): It is related to the neural network learning parameters. It must not
be too low that slows down the learning process and not too much that may not
converge. It is said to use as large a learning rate as possible, but if the agent's policy
seems to be changing randomly without any improvement to the average reward, the
learning rate may be too high.

Gamma (y): This is the decay or discount rate that encourages the agent to care more
about the immediate reward compared to later rewards. It weights later rewards over
timeas: ro+yrn+y  rn+.+y"r,

Experience buffer length: This is a term to store the experience (state-action-reward
S,A,R,S'") in the experience buffer.

Stop training: Training an RL algorithm takes time. Agents can go through periods of
better and worse performance as they try different policies. Even if the agent is not
yet performing well, unless it's clearly no longer learning anything useful, it must keep
training. If the maximum number of training episodes is reached while the agent is
still making progress, the number of episodes must be increased.

4.7.4. Designing reward

The agent's learning is dictated by the reward function. Then it is crucial to check the agent
isn't learning to exploit a “loophole” in the reward, such as producing more than enough

batteries

power, or avoiding penalty by producing zero batteries power outputs, or the agent

choose the worst actions to terminate the episode early by “Is down” gate to avoid negative
rewards. It is recommended to shape the reward function to guide the agent towards desirable
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states and not only relying on sparse rewards that can make training difficult as the agent may
never achieve the reward through random exploration.

Another thing that must be taken into account in defining reward function, is considering
a negative coefficient to prevent agent to stuck in a position that have been received to
accumulating positive reward rather than reaching the goal (which terminates the episode). This
small penalty is imposed by feedbacking actions to the reward function by unit delay block.

Visualizing the reward through time can give an idea of the agent's performance that gives
a measure of how well the agent is progressing towards its goal. However, the agent receives a
significant positive reward for reaching the goal and a penalty for errors. If the coefficient of
rewards or penalties makes the reward function gathers a large value, changing the y-axis limits
using either the interactive plot tools or ylim ([ymin ymax]) helps to make it easy to see the
variation in the reward before the final state.

4.7.5. Random initializations

A good controller can perform well under a variety of circumstances. Using different initial
states and parameters is another trick to have an adaptive RL algorithm that works not only for
the predefined environment conditions, but also for more simulation times and varying
conditions. Therefore, a local function is suggested to randomly choose different set points,
reference values, or initial values of a particular system. For example, in the case of study here,
initializing different irradiance values, different grid power reference, varying wind speed or... in
every episode could makes the Rl adaptive enough to every conditions.

4.7.6. Is down function

Using this function reduces the training time significantly. It is a logical function that when
the value 1 enters the gate, makes it activated and stops the current episode. When some events
happen that terminate the episode, the reward should be large enough to offset the potential
minimum or maximum possible rewards that could be achieved if the episode had not
terminated. For example, the agent collects small negative rewards at each time step without a
penalty for its errors, the agent could learn to go to the worst condition as quickly as possible to
terminate the episode. Therefore, a huge penalty must be considered for the worst condition
avoid agent making interest to this path.
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5. Control objectives

Beside the pitch angle controller for a single WT connected to the grid, the control
objectives associated with the hybrid power plant under study are: 1) maximum power point
tracking (MPPT) for power sources, 2) a control subsystem for the active and reactive power
injected to the grid, and 3) energy management system (EMS). Several control architectures and
MPPT algorithms have been proposed to achieve these requirements. Advanced control
strategies for anti-islanding protection, low-voltage ride-through, reactive power injection, and
improving the resilience of power distribution systems.

To be more specific in our case of study, there exist numerous control techniques and
EMS to implement for BES-qZS-CHBMLI that can be used depending on the desired application.
Researchers have studied the control methods, control schemes, and modulation techniques for
different applications of this type of inverter [128]. Moreover, supervisory control is another
main purpose of this study. Therefore, novel approaches for supervisory control are discussed
and compared with conventional EMS.

gZS-CHBMLIs have been applied to PV power plants in [129, 130]. gZS-CHBMLI integrating
an ESS, mainly BES (BES-gZS-CHBMLI), is an interesting option for PV power plants, because it
cannot operate at night as there is no PV power input. Integration of ESS into the impedance
network of a qZS-CHBMLI eliminates the need for a DC-DC converter to connect and operate the
ESS, allowing the support of the PV power plant.

5.1. Independent MPPT algorithm and pitch angle control

The MPPT control subsystem is responsible for achieving the maximum power of the RES
according to the incident radiation and temperature in the PV panels and the wind speed in the
WT.

5.1.1. Case study 1: MPPT for wind turbines and pitch angle
controller

In this subsection, two adaptive controllers are suggested for MPPT, and pitch angle
control of WT designed for CART3 wind turbine US national laboratory by Fast toolbox. First an
adaptive PID controller is designed and then a passive RL based transfer learning is suggested.

5.1.1.1. Adaptive PID controller

In Region 3 (Chapter.4, Fig. 4.1), with above rated wind speeds, the goal is to maintain the
rated power. In this case, the rotor speed is kept at rated speed (wrate) SO that control the pitch
angle, and as this signal control orders, the pitch blades actuators command to change the
power extracted from the wind. The torque is kept constant at the rated value and only the pitch
angle is controlled according to the difference between the rated speed and the current
rotational speed. When the rotational speed exceeds its nominal value, the pitch angle control
system increases the pitch angle to reduce the power extracted from the wind [131]. Based on
a linear model system at an operating point, classical PID controllers are typically used to design
the blade pitch controller due to their simplicity and easy implementation. A linear model of PID
pitch angle control was described in [132], where the pitch perturbation (A ) is expressed as
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the summation of proportional (kp), integral (k;) and derivative (kp) terms of the perturbed
rotational speed (Aw, difference between the rated speed and the current rotational speed):

AB() = kpdw(t) + K, f Aw(t)de + kpdw (£) (5.1)

To determine the appropriate gains of the PID controller, a Laplace transform of the
closed-loop system is obtained as follows:
1
AB(s) = kpAw(s) + k,;Aw(s) + kpsdw(s) (5.2)

A linear model for controller design is suggest by A.D. Wright in [132], which has the
following form:

Aw = Adw + BAB + By4v (5.3)
where A, B, By are the parameters related to the turbine aerodynamic and v is the hub-
height uniform wind speed disturbance across the rotor disk.

By Laplace transforming both sides of equation (5.3) and replacing AP by equation (5.2),
the closed-loop transfer function T,(s) between the measured output (Aw) and the disturbance
input (Av) is determined by the following equation [132]:

B4(s) (5.4)
(1= Bkp)s® + (—A — Bkp)s + (—Bk;)

T.(s) =

To achieve the closed-loop system stability and obtain appropriate gains for the PI, the
roots of equation (5.4) must have negative real parts. To calculate the roots, the denominator is
put equal to zero.

(1 — Bkp)s? + (—A — Bkp)s + (=Bk;) = 0 (5.5)

So,
(1-Bkp)>0,(—A—Bkp)>0,(—Bk;) >0

By comparing equation (5.5) with a standard form of a second order system (s? + 28ws +
w? = 0) and choosing Kp=0 (Pl controller), the K; and Kp can be obtained:

260 =— Pk, = 5.6

0w =g =K B (5-6)
—BK, —w?(1 - BKp)

2o 00 e o Z9 U7 5) 5.7

“ =1"Bk, M B (5.7)

where, the w and & are desired natural frequency and damping ratio from which Kp and
Ki can be calculated.
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5.1.1.2. Gain scheduled recurrent ANFIS type-2 with passive RL

This subpart proposes an innovative intelligent structure based on RL for the pitch angle
control in order to improve the WT response. In the proposed control structure, the controller
gains are adjusted in a real-time process through GS-RL-RANFIST2. The proposed passive RL
differs from other intelligent controllers in that the initial learning process starts by using
premier control signals clustered and unsupervised, and the output objective signal is updated
by consecutive repetitions. This method is appropriate for all control systems of white box and
black box model, and specifically, for new control systems having not studied previously. The
subsidiary advantage of the proposed controller is to diminish the number of rules used in type-
2 fuzzy logic pitch controllers, which in turn reduces the complexity of the controller design.
Moreover, the use of the recurrent structure allows to cover more modes of the system
nonlinearity. To reach this adaptive algorithm, first type-2 fuzzy logic systems is reviewed, and
the implementation is discussed.

When the weaknesses of type-1 fuzzy logic system came to light, fuzzy type-2 started
getting more attention to cover more uncertainties by defining the secondary membership
function [22]. To directly handle the membership functions and rule uncertainties, type-2 fuzzy
logic system is chosen here instead of type-1 fuzzy logic, as the main basement of the pitch angle
controller. The fuzzy type-2 is used to calculate the Pl gains in accordance with the variable’s
variations.

In type-2 fuzzy logic systems (T2FLS), the dimension of the membership function is
constant and the interval between the upper i and lower yur of membership functions limits

the general case. Considering fuzzy rule base consisting of L fuzzy IF-THEN rules as following:
Ruls®W:IF x, is F} and x, is F THEN y is G' 1=1,...,L.
where x1, x; are the input variables, y is the output variable.

Fl, F}, and G' are type-2 fuzzy sets (while f(u) = 1V uc [0 1]), which are expressed by
[133]:

3 Jue;. 11w
A= g /m = | ), < [o1] (5.8)
3 Jue; 1/u
P = [ a) 12 = [ 22 < o1 (59)
s Jue; 1/
6= [ npo) sy = [ 2L—) < o) (5.10)

where u and Jy is referred to as the primary membership of x.

The type-reducer converts the interval type-2 fuzzy set to a type-1 fuzzy set. With the
center-of-sets type reduction a type-1 output fuzzy set is obtained as follows:

—1 zl = Epll(xl) X Ele(xZ)
whichf! € F! = [flf AZ B (5.11)
- f = ruFll (xl) X .qul (xZ)

lL=1flyl

ESY)
=1 f!

where y! = [yi y}?] is the centroid of the type-2 fuzzy set G', and y, and y; are obtained
as follows:
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1 -1
_ Zlef J’Ll+z%=p+1£lyll _ Z?Zlf YRZ+Z%=q+1£l3’Rl

1 yR 1 (512)
Zf=1f +2%=p+1£l Z?:lf +Z%:q+1£l

YL

where p and g could be obtained through a Karnik—Mendel algorithm iterative algorithm.
Here, the Takagi-Sugeno-Kang (TSK) fuzzy set is chosen to implement an ANFIS structure, which

y=Y!'= [ylil] (upper and lower of consequent MFs). Here linear functions are prefered to crisp
ones as follows [133]:

—1
¥ =@x+...+ax +d (5.13)

Ll l l
=ajx, +-+ax; +d
Y =an == (5.14)

where a;,...a; are weight coefficients of the output membership functions and d is
constant value.

Fig. 5.1 shows the model-based computation of the reward function in the purposed
environment and proposed agent. The initial neuro-fuzzy structure consists of 3 memberships
for each input and 3 rules, as shown.
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Fig. 5.1. Passive RL structure based PSO for recurrent type-2 fuzzy logic pitch agent.

The proposed pitch angle controller is designed to control the rotational speed, and thus,
limit the power extracted from the wind. In this case, the control objective is to keep the rotor
speed at its rated value while smoothing the output power and the performance of the pitch
angle system. In the first stage, the necessary data including the pitch angle, rotor speed error
(or power error) and its deviation are received from the Pl controller. The structure of reaching
suitable PI parameters is discussed in subsection 5.1.1.1 and its control variables are defined by
equations (5.6, 5.7). Receiving such appropriate data is essential for building an initial fuzzy
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inference system (FIS) structure through the unsupervised clustering fuzzy c-means (FCM)
algorithm.

FCM is a data clustering method used here to reduce the extra repetitive rules in fuzzy
structure, which in turn would reduce the complexity of neuro-fuzzy network with maximizing
efficiency [134]. Every data given in the former stage belongs to a cluster (A1, A2, ..., Aj) with
one degree of membership. The FCM process begins with one initial guess for the clusters'
centers and determines the membership degree for each one of the clusters, which are on a
constant replacement to find their proper spot based on minimizing the objective function. The
internal objective function represents the distance of every node in relation to the cluster center
and it is defined as follows:

1
0.F.= ;Z D(x;, ¢i(1))? (5.15)

where x is the type of the data, and Cj is jth cluster center, both of which constitute the
general statement, and n is the number of data.

xi can become a Aj cluster member if its distance to Aj cluster center in relation to the
distance of xi to all other cluster centers is the lowest. The data distances are minimized in
relation to the cluster center through the objective function. Now, a basic FIS is generated for
recurrent ANFIS including Sugeno rules and input-output membership functions.

There exist nonlinear modes in WT system that ANFIS is not capable to orient itself with
these modes. For designing orientated controller in line with the nonlinear nature of the system
and converging more nonlinear modes of the system, RANFIS is suggested. To achieve a
recurrent structure, the output feedback is applied as the input. In this regard, delay of the
recurrent collected pitch angle is applied as a controller input (B(t-1)), together with the
rotational speed error (AR(t)) and mechanical power (P(t)). The correlation between inputs
vectors and the output vector is estimated through the function f as follows:

A
By = f[Pwy dwey, Be-v] (5.16)

In order to search for optimal solutions and reach the objective signals, passive RL is
translated into optimization tasks. RL, as an independent method relying on its own experience
through a lot of trial error, is widely used in artificial intelligence fields and has penetrated in
industrial control systems.

The learning algorithm is a sequence of state, action, and reward and the purpose is to
maximize the total cumulative reward, based on the reward function. It makes agent (here,
RANFIS) capable of learning in an interactive environment (here, WT system), either with the
white box or without the mathematical model and the prior knowledge (black box). The
superiority of the proposed RL is to exploit the Pl data, which means the training algorithm starts
with a basic paradigm. Through the reward signal, RL takes advantage of evaluating positive and
negative behaviour of the learning model. The reward function is defined by generator speed
error (et):

£ =lzeg (5.17)
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By considering the generated FIS (in the former stage) as the Sy state, the agent takes
action (Ao) and goes a step forward. Environment transfers to a new state (S;) and gives a reward
(R1) to the agent. Base a policy, the reward function evaluates the reward and decides when
planning actions further and further into the future further. Because of the reward assumption,
the best behaviour would be achieved by maximizing the total cumulative reward, which could
be written in each step t and k time steps as [135]:

T
Gy = Z Retk+1 (5.18)
k=0

To sure that the agent does not choose R; (the more predictable reward), a discount rate
between [0 1) is added to the total cumulative reward:

Ge = Z Y*Resrert (5.19)
k=0

Now, a PSO algorithm is used to solve the particles to move through the search space of
action sequences. Because of the complex RL problem, the performances vary notably
depending on the chosen partitions of the state space. Furthermore, to get good quality control
and adapt to the environment, the agent must search for new states and maximize reward
simultaneously. To find such optimal control action sequences PSO algorithm is used. The PSO
algorithm does not require a priori assumptions about problem-specific policy representations
because it directly optimizes action sequences [136].

Individuals of the population in PSO, named particles, adjusts its position according to its
own experience and neighbouring particle, making use of the best position encountered by itself
and its neighbour. In the implemented PSO algorithm, the velocity of each particle and its
position are calculated as follows [137]:

Vitk + 1) = ¢(RIVi(K) + oy [v,;(ps — xi(K))] + az[1,,(G — x,(K))] (5.20)

where i is the particle index, k is the discrete time index, V; is the velocity of i" particle,
¢(k) is the inertia function, and a; and a; are the acceleration constants, x; is position of i
particle, p; is the best position found by i particle, G is the best position found by swarm, and
¥1; andy,; are random numbers in the interval [0,1] applied to i particle.

After initializing the swarm and randomizing the position and velocity of each particle, the
fitness (x;) is evaluated, and p and G are initialized by the best position found by particle and
swarm. Then the velocity of the particle is updated through a linear decreasing strategy and
controlled as follows:

Vitk+ D)ifVi(k+ 1) < Vipax

Vik + 1) = {Vi(k + Dmaxgay

(5.22)
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Finally, based on the new value of fitness function p, G is updated as G = min (p). Now, a
prototype of the RANFIS could be written as below:

= (5.23)

Output =
i 2 Mai (). ugi(y)

2wifi  Yuai(%). ei(y)(@ix + biy + ¢;)
Yw

where {a;, b;, ci} are referred to as the consequent parameters and a fixed node labeled u
[31]:

1 —0.5(x—ci)2
Ty o T EXp 2 5.24
1+[E=5) 2P % >:24)
oj

HA (X) =

where x is the input node j, A; is linguistic label accompanying the node and b; c;and o; are
the set of premise parameters.

The last stage is to implement the mentioned training method for RANFIST2. If a3, by, ¢1
and d; are coefficient of output parameters, the first rule of TSK fuzzy system including three
input-one output system could be written as below:

Rule 1:if x; is A; and xz is B; and x3 is Cy, then Yi=aixi+bixo+C1x3+ds.

According to equations (5.11), (5.13), (5.14), and (5.24) and y! = ?l, the overall pitch
angle output (before commanding actuators) is calculated as:

ﬂre f

2
1 X;—C _Xi—Ci X;—C;  Xi—Cj
SiealZj=1(@ixn + bjxy + cfxs + d') exp(— 3 ?=1<[ o X T a X g lD )

= 2
1 Xi—C _Xi—Ci Xi—Ci _Xi—Cj
L n l l L l L L L L
— — 5N X X
Zl_l exp( 2 Zl—l o; o; ) o; o; )

(5.25)

—l
where f, f are expanded and Xsis defined as 3 s for having recurrent structure. Fig. 5.2
represents a simplified scheme of the proposed controller.
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Fig. 5.2. Simplified scheme of the passive RL structure.

The block diagram of the blade pitch angle controller implemented for the CART3 is shown
in Fig. 5.3, where the generator speed, generator power, and delay of angle are considered as
the inputs of the controller. Because of limitations in the FAST code, the FAST model does not
include any blade-pitch actuator dynamic effects. To command a real blade pitch angle, an
additional actuator dynamic block is added. The proposed GS-RL-RANFIST2 and GC-PI controllers
are tested in the CART3 under step and random wind pattern. The GC-PI controller is an adaptive
controller designed and tested by NREL. Hence, the GS-RL-RANFIST2 performance is compared
with the proved GC-PI controller.
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Fig. 5.3. Block diagram of the proposed controller implemented for the CART3.
5.1.2. Case study 2: MPPT for hybrid cascaded RES system

At that point, a Pl controller will be used to reach the required reference voltage on the
PV panels by adjusting n™ shoot-through duty ratio (D). In this case, D,, will also be employed to
boost the PV voltage to a higher level. This scheme will allow to obtain an independent MPPT
control for each module, which implies obtaining the maximum power for different
environmental conditions in different modules. For example, an independent MPPT control of
each module of a PV plant is shown in Fig. 5.4. The output voltage and current of each PV string
will be detected and inputted to the MPPT controller. The controller will output a reference to
the PV close-loop voltage regulator. The PV voltage reference will be refreshed every sample
step by using MPPT algorithm. By regulating the shoot-through duty ratio D,, the output voltage
of each PV string will be controlled at different values according to the environmental
conditions.

The Perturb and Observe (P&O) algorithm is applied to determine the DC voltage of the
RES (PV power plant or WT) connected at the input of the gZSI, which allows MPPT to be
achieved according to the incident radiation and temperature for the PV power plants and the
wind speed for the WT. In each qZSI, D,, is used to control the DC voltage and boost the voltage.
The independent MPPT control for the PV power plants and the WT is illustrated in Fig. 5.4.

The DC voltage and current measured for each renewable energy source are used in the
MPPT controller to determine the reference DC voltage. A Pl controller adjusts D,, to track the
reference DC voltage to achieve the RES to operate at MPPT.
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MPPT Control

Fig. 5.4. MPPT control strategy.
5.2. Power control

The main objective of the grid power control subsystem is regulating the power injected
to the grid according to a set reference as the grid demand. The total power injected to the grid
is the sum of each RES output power and ESS. Therefore, the output voltage and current of each
module must be controlled accordance with grid parameters. To control the active power (P)
and reactive power (Q) delivered to the grid, first the phase angle of the grid voltage and current
is obtained from a phase locked loop (PLL). The control of P and Q is implemented through
separate control loops at a d-q synchronous reference frame, where the d-component is used
to control P and g-component to control Q. In single-phase systems, the voltage and current
variables are transformed into orthogonal stationary a-f components, where the imaginary
signal B is equal to the real component o but delayed by a % period. The orthogonal a-f
components are then converted into a rotation coordinate frame d-q.
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Fig. 5.5. Control schemes of each qZSI module.

Two separate d-g control loops are used to control P and Q delivered to the grid using the
modulation index M, as shown in Fig. 5.5.

To control P, a control loop for the d-component current (i;) is implemented in each gZSI.
The total power injected into the grid is the sum power of the RES including the two PV power

plants, WT, and BES. Therefore, the total power reference (P;:}Z) is calculated as the sum of the

power reference for each qZSI (P;’) as:
3
Pl = Z P; (5.26)
i=1

where i is the number of modules, and P;" is calculated by EMS that will be discussed below.
The peak value of the grid current (i;rid) is calculated by the grid voltage (Vy,i4) and the
power reference for each qZSI [112]:
2:¥3.p;
igria = ——— = (5.27)
grid
Using the phase-shifted-PWM (PS-PWM) method, the d-component of the modulation
index M; (mg ;) for each module can be calculated by adjusting the d-component of the grid
voltage (V).
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2-ai-Vd

My = (5.28)

Vpn,i

where a; denotes the power factor of each module, defined as the relationship between
the power reference for each qZSI and the total power reference, which can be calculated as
follows.

P;

A =—o7 (5.29)
Pgrid

To control Q, a control loop for the g-component current (i, ) is implemented in each qZSl
(similar to the P control scheme) using the g-component of M; (m,, ;) as the control variable. Once
Mg, My, are obtained from the control loops of P and Q, the a-component of the modulation
index (m, ;) is calculated. Finally, the gate signals for the IGBTs of the ES-qZS-CHBMLI are
generated from m, ; and D; according to the modulation scheme shown in Fig. 4.4.

The phase-lock loop (PLL) determines the phase angle of grid voltage to ensure that the
grid current references are in phase with grid voltages. The grid-tie current closed-loop control
can be achieved in the two-phase stationary o-B frame using three-phase/two-phase
transformation. The practical grid-tie current tracks the sinusoidal references with zero-error
using the current controller. Many researchers have developed adaptive controllers in order to
get better static and dynamic performances. Some of these controllers are feed-forward
controllers, deadbeat (DB) controllers, sliding modes, proportional-resonance (PR) controllers,
and repetitive controllers. The Pl controller is widely used because it is the easiest controller to
implement and for regulating grid active power (P) and reactive power (Q). For this reason, Pl
regulators are used in this thesis.

Two control loops (ag and a,) for the grid control parameters regarding d-q components.
The d control loop regulates the error of the d component of the grid current by acting over the
inverter reference voltage. This implies that the Pl controller adjusts P by modifying the d
component of the modulation index (M,;). The g control loop regulates the error of the g
component of the grid current and acts just over g component of the inverter reference voltage.
This controller adjusts the Q through modifying q component of modulation index (M,). Once
the values of md, mq, and D,, have been attained, the gate signals for the IGBTs of the inverter
can be produced from the a -component of the modulation index, shoot-through duty ratio, and
the phase angle of the grid voltage. Fig. 5.6 illustrates the power control strategy that is used in
this thesis for one of the modules.
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Fig. 5.6. Active and reactive power control strategy.
5.3. Energy management system

In this section, five different EMS control strategies are presented, being applied to the
case study presented in the next Chapter. The hybrid system requires a supervisory control
system that coordinates the performance of both energy sources (WT, PV, and BESS) and allows
a reliable and controlled response. Fuzzy logic controller (FLC), model predictive controller
(MPC), optimal EMS (fmincon function optimizer), and reinforcement learning (RL) algorithms
have been applied in this thesis and in this section are discussed.

This supervisory control sets the power reference to be provided by/stored in the battery,
depending on its SOC and the power mismatching between the power generated by the RESs
and the power demanded by the grid. In the other words, the proposed EMSs determine the
optimal power of each BES, considering the maximum BES power capacity, limited values of the
BES SOC (operation between a maximum and minimum SOC to avoid reducing the BES lifetime),
and available power as constraints.

5.3.1. Proportional SOC Energy Management System (SOC-EMS)

This subsection describes an EMS with a proportional sharing algorithm based on the SOC
of the BESs (SOC-EMS) [112]. This EMS is executed to dispatch power among the BESs according
to their SOC values. The BES with the highest SOC is discharged more than the others, and the
BES with the lowest SOC receives more power in the charging mode. Being in charging or
discharging mode is defined by the gap between RES power productions and grid demanded
power. In this way, the SOC-EMS operates in the charging mode if the total RES power
generation is higher than the grid active power reference. On the contrary, if the total PV power
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generation is lower than the grid active power reference, the system operates in the discharging
mode. The power of the BESs for the charging and discharging modes can be calculated
according to equations (5.30) and (5.31) respectively:

PBES,tot -DOD;

L
, P - SO0C;
PEEsH = —BESZ'tgtO = : (5.31)
l

where PERT and PEEM are the power for each BES in the charging and discharging

mode, respectively; and DOD; denotes the depth of discharge for it BES.

Considering the battery life factor in designing EMS is common and in [112] two
constraints are considered to limit charging or discharging beyond the considered bonds. First,
the SOC cannot exceed two thresholds, denoted as SOClow for the discharging mode, and
SOChigh for the charging mode. Second, the maximum power that each BES can inject or
receive is limited to the rated power of the BES. The different operation conditions of the SOC-
EMS are described as: (a). Normal conditions (SOCwin < SOCi < SOCwax): Allowing all BESs operate
in the discharging or charging mode at the same time according to equations (5.30), (5.31); (b).
High SOC value (SOCui 2 SOCwmax): Avoiding overcharging for the SOC of a certain BES having
exceeded the maximum limit if the BESs that are operating in the charging mode. The SOC-EMS
decides for that specific BES not to be charged anymore and set its power to zero, and for the
rest of BESs the SOC-EMS letting them continue operating in the charging mode until they reach
S0Cwmax; (c). Low SOC value (SOC; £ SOCwin): Avoiding overloading for the SOC of a certain BES
having exceeded the maximum limit if the BESs that are operating in the discharging mode. The
SOC-EMS decides for that specific BES not to be discharged anymore and set its power to zero,
and for the rest of BESs the SOC-EMS letting them continue operating in the discharging mode
until they reach SOCwin.

5.3.2. Fuzzy Logic Energy Management System (FLC-EMS)

Fuzzy logic control (FLC) is suggested in this thesis as an EMS for the hybrid RES systems
that covers a wide range of operating conditions while shows a better dynamic response. The
BES power references are defined by the proposed FLC-EMS, taking into account the grid
operator requests and the battery SOC values inserted as inputs of FLC. Fig. 5.7 shows the
structure of the FLC-EMS, where triangular membership functions are used for representing
states of each parameter.
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Fig. 5.7. Fuzzy-EMS structure.

The fuzzy controller operates under a list of rules that define the status of the output
signals regarding the level of the input signals [138]. Table 5.1 represents the fuzzy rules table
including 180 rules to define the output of each battery based on the entered parametersin FLC.
Only inequality conditions of SOCs are considered in the rules’ table, and the conditions when 2
or 3 BESs have the SOC values are not considered in the table to reduce the complexity of the
FLC and simulation time. For the FLC outputs that are batteries reference power (PB1, PB2, PB3),
10 tags are used to represent them as: charge zero (CHZ), charge small (CHS), charge medium
(CHM), charge big (CHB), charge very big (CHVB), discharge zero (DZ), discharge zero (DS),
discharge medium (DM), discharge big (DB), discharge very big (DVB). For error that is the first
fuzzy input, the considered tags are: negative zero (NZ), negative small (NS), negative medium
(NM), negative big (NB), negative very big (NVB), positive zero (PZ), positive small (PS), positive
medium (PM), positive big (PB), positive very big (PVB).

The ranges of the error (first FLC input) are considered between -1 to 1 to compensate
the error more in very specific ranges. And other inputs that are the percentage of SOCs, are
defined between 0 to 100 % for the FLC with Mamdani rule-based structure. The ranges of the
outputs power to be considered during the membership functions definition are considered
between -1500 to 1500 W.
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Table 5.1. Fuzzy rules base table.

Param SOC1 < SOC2 < SOC3 SOC3 < SOC2 < SOC1 SOC1 < SOC3 < SOC2
SOC1= S, SOC2=M, SOC3=B | SOC1=B, SOC2=M, SOC3=S | SOC1=S, SOC2=B, SOC3= M
PB
Error PB1 PB2 PB3 PB1 PB2 PB3 PB1 PB2 PB3
NZ CHS CHZ CHZ CHZ CHZ CHS CHS CHZ CHZ
NS CHM CHS CHZ CHZ CHS CHM CHM CHZ CHS
NM CHB CHM CHS CHS CHM CHB CHB CHS CHM
NB CHVB CHB CHM CHM CHB CHVB | CHVB CHM CHB
NVB CHVB CHVB CHB CHB CHVB CHVB | CHVB CHB CHVB
Pz Dz Dz DS DS Dz Dz Dz DS Dz
PS Dz DS DM DM DS DYA DYA DM DS
PM DS DM DB DB DM DS DS DB DM
PB DM DB DVB DVB DB DM DM DVB DB
PVB DB DVB DVB DVB DVB DB DB DVB DVB
Param SOC3 < SOC2 < SOC1 SOC2 < SOC1 < SOC3 SOC2 < SOC3 < SOC1
SOC1= M, SOC2=B, SOC3=S | SOC1= M, SOC2=S, SOC3=B | SOC1= B, SOC2=S, SOC3= M
PB
Error PB1 PB2 PB3 PB1 PB2 PB3 PB1 PB2 PB3
NZ CHN CHN CHS CHN CHS CHN CHN CHS CHN
NS CHS CHN CHM | CHS CHM  CHN CHN CHM  CHS
NM CHM  CHS CHB CHM  CHB CHS CHS CHB CHM
NB CHB CHM  CHVB | CHB CHVB CHM |CHM CHVB CHB
NVB | CHVB CHB CHVB | CHVB CHVB CHB CHB CHVB CHVB
Pz DP DS DP DP DP DS DS DP DP
PS DS DM DP DS DP DM DM DP DS
PM DM DB DS DM DS DB DB DS DM
PB DB DVB DM DB DM DVB DVB DM DB
PVB DVB DVB DB DVB DB DVB DVB DB DVB

5.3.3. Model Predictive Control Energy Management System (MPC-

EMS)

This part presents another EMS based on MPC suggested for ES-qZS-CHBMLI in [139] for
multi-objective control targets. MPC is a feedback control technique based on a model and an
optimization algorithm for multiple-input multiple-output (MIMO) linear time-invariant (LTI)
systems. This controller allows weighting each controlled variable according to its importance in
the control of the system [139]. It is designed to meet active and reactive grid requested powers
with an optimal power distribution among the BESs according to their SOC values and making

sure the SOC values don’t across the operating values.

BESs SOC levels and total BES power are considered as inputs and three BESs current
references as outputs, to allow an optimized tracking of the active and reactive powers delivered
to the grid. To dispatch power based on SOC values, constraints are defined to keep the BESs

operating between MAX and MIN permission of charging and discharging bands.
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The structure of the proposed MPC is shown in Fig. 5.8. MPC works with three types of
variables: manipulated, measured and disturbances. The manipulated variables (MV) are the
control signals applied to the plant. The measured outputs (MO) are the signals to be controlled
in order to track the imposed references. Additionally, perturbations can be considered through
the measured or unmeasured disturbances (MD, UD) inputs. The optimization of the cost
function is carried out within a prediction horizon (PH). The cost function (/) is given by (15)
[139]:

PH N
J= Z[y(k +ilk) — wk + i[k)]2A, + Z[Au(k +i—1]k)], (5.32)
i=1 i=1

This function penalizes the deviation of the measured outputs (y) from their reference
values (w) on one hand, and on the other hand, the control effort (Au) required to track the
reference signal. This calculation is carried out each time step (k), for every future instant (i),
within a prediction and a control horizon (PH and N, respectively). Moreover, the relative
importance of each term is defined through the weighting matrices A;and A,. The aim of MPC is
to minimize the cost function (J), that is, to achieve an adequate tracking of the reference signals
with the minimum control effort. In this sense, MPC uses quadratic programming (QP) to solve
the optimization problem. In this work, the matrices composing the MIMO system for the MPC
are:

50¢, I
s0c, "
v=| soc - L;Z‘S,Z (5.33)
Pogsseocd  LIpiss]
ref
506, 7,000
SOC”f 07,00 v100
= ref 0 OZT o|22=10720 (5.34)
SOC 3 00 Y3
pref 0007,
BESS tot

where nggfsm denotes the reference total power of the BESs. As shown in Fig. 5.8 the
inputs (y) are the SOC and the total power of the BESSs (SOC» and Pgggs ¢ot, respectively). The
latter is calculated as the sum of the active power of each BES, as in equations (5.35)—(5.36):

Pgesn = Veesn * Ipesn (5.35)

PpEstot = Z Pggsn (5.36)
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Fig. 5.8. Overall MPC-EMS [139].

The MPC is designed with the Model Predictive Control Toolbox. The first step in the MPC
design is to linearize the plant model with the Simulink Control Design Toolbox. The constraints
of Max SOC and Min SOC are considered 90% and 15%, respectively. The SOC reference is set to
the average value between these thresholds, i.e., SOC, = 52,5 %. Psrgs,tot is defined using a Pl
controller that tracks Pgria With Pgriq*. However, it is necessary to set constraints for the
optimization problem. In this case, the BESs currents and Pgggg to; are limited strictly according
to their rated values for the charging and discharging modes to #43.63 A and * 3600 W,
respectively. At the end, a weighting factor of 500 is used for Pgggs ¢, (high priority), while a
weighting factor of 0.1 (below average priority) is set for SOC,. The next step in the design of

the MPC is to establish the weighting factors. The MPC prioritizes the tracking of Pyps ,o;-

5.3.4. Fmincon Function Energy Management System (OPT-EMS)

The aim of the fmincon EMS (here is called (OPT-EMS)) is to define the BES power reference of
the BES integrated into the ES-qZS-CHBMLI to optimize the BES efficiency while satisfying the
system power balance and providing the active and reactive powers demanded by the grid. Fig.
5.9 illustrates the control scheme implemented in the EMS.

In this EMS, an objective function (equation (5.37)) based on optimizing the global BES
efficiency of the hybrid power plant is suggested, and a constrained nonlinear multivariable
algorithm, by fmincon Matlab function, is applied to determine the optimal solutions. The
constraints defined for fmincon function are based on the maximum BES power capacity, limited
values of the BES SOC, and available power (difference between the PV power and grid demand).
The global BES efficiency to be maximized (ngzgs) is calculated from equation (5.38) dividing the
input powers of the BES into the output powers and efficiencies of each device:
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S Ppps;1 + Ppgs2 + Ppes;3
BES ™ pin in in
BEs1 t Upes2 1 UBEs3

(5.38)
_ Ppgs1 + Ppgs + Ppes3
(P BES,1/ UBE5,1) + (P BES,2/ UBEs,z) + (P BES,3/ TIBES,3)

Where Pggs1, Ppps2, Ppess are the BES powers, and 7ggs1,7MBEs 2, Mpes;3 are the BES
efficiency for the BES 1, 2 and 3, respectively, and which are calculated by equation (5.39).

1—4xRpps; * Pggsi
0511+ BES! > BES discharge
(VBEs,i)
NBES,i = (5.39)
1 —4*Rpps; * Pggsi
2/ 1+ BES,i . BES,i charge
(VsEs,i)

where Rpgg; is the BES resistance, and Vg ; is the BES voltage.

In the implementation of the optimization problem, the power balance (equality
constraint) and power limits (constraint bounds) must be considered.

= Power balance:

A linear equality constraint based on the power balance is considered in the EMS to share
power among the BES. Based on the nominal power of the BES and BES output power, the power
equality constraint limits the output of the algorithm. The sum of the BES powers (Pggs to¢) must
be equal to the reference value obtained as the output from a Pl controller, which compares the
reference grid power with the measured grid power.

3
Pgestor = Z Pggs,i (5.40)
i=1

Since there are three gZSI in series and each one integrates a BES, the equality constrain
is applied as

Aeq “[Pges] = beq (5.41)
where A,q = [111],and boq = Pgrig — Pyria-

= Power limits:

In the charging mode, the BES power can be adjusted to [—P;'}lf‘;f‘i’ChaTO], whereas, in the

discharging mode, the power bounds are [0, Pg};‘;’fi’di“h‘"]. The maximum powers of the BES are

calculated by the following expression:
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EReYs 1100 — SOCggs;
,char __ , BES,i BES,i
; ELT: (SOCminggg; — SOCgEs ;
,disch _ , BES,i BES,i BES,i
ng?‘ci isehar — min (ngﬁ Y ( 100 )) (5.43)
where Egz{" is the nominal energy of the i BES and SOCminggg; is the minimum value

of the SOC that the i/ BES can have. The minimum SOC and nominal energy of each BES are
considered in the optimal EMS as constraints to avoid issues in BESs that can reduce their
lifetime.

IBESI
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|
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Fig. 5.9. OPT-EMS structure.

5.3.5. Reinforcement Learning Algorithm Energy Management
System (RL-EMS)

One of the main contributions of this thesis is implementing an artificial intelligent EMS
allowing to optimize the use of the BES integrated into the ES-qZS-CHBMLI associated to each
PV power plant. A novel EMS based on RL is proposed for the optimal power balance among the
BES used in the ES-qZS-CHBMLI. The RL algorithm is placed on the limit values of the BES SOC,
the maximum BES power capacity, and the available power (difference between the PV power
and the grid demand). The system to be trained by RL must be defined by the Markov Decision
Process (MDP) [140]. To have MDP, three main components must be well defined: environment,
including states and actions, agent, and reward function. MDP is based on agent-environment
interactions that are executed over a sequence of time-steps taking Actions (A;) in the given
State (St), where every S; and A, affect the next state, Sw1. In the following, these three main
terms are discussed for the case under study.
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=  FEnvironment:

To create the environment variable, variables must be defined to represent the states and
actions. rISimulinkEnv function is used to create a variable that represents an environment
simulated with the Simulink model. Regarding state term, the rINumericSpec function is used to
create a variable to represent numeric observable states (as here the observations are
continuous numeric values), with the dimensions of the observations as input.

For multiagent RL, the reference 3 BES power (5 BES*), the measured Y BES power, the
error and the integral error of comparing > BES* and Y BES, BES power limits error and its
integral, represented in equations (5.44), (5.45), are considered as the state values for both
agents. For the other proposed single agent RL algorithm, the states are presented in equations
(5.46).

Sea = [ X BES®, Y. BES, (3, BES* — ¥, BES),

(5.44)
[ s 5 BES), (PRI — PR, | PRE — PR

Ses = [ X BES*,Y. BES, (¥ BES* — ¥, BES),
f z BES* — Z BES ( gllsaxdlschar Pdlschar (5.45)
sn ’

f(Pmaxdlschar Pdlschar ]

And for a single agent RL

Sea = [ X BES*, Y. BES, (3, BES* — ¥, BES),

(5.46)
[ & BES* — 2 BES), (PR — Passi), [ (PR — Pogs)]

The rINumericSpec function is used to create a variable to represent numeric actions. The
actions are considered the BES charging and discharging output power for agent A and agent B,
respectively.

ara = [ PEESTL, PR PEESS] (5.47)
a, [nggcilar nggcélar Pdlschar] (5.48)

For a single agent RL the batteries output powers are considered as RL actions, no matter
of bien in charging or discharging mode.

ar = [PBES,ll Pggs 2, PBES,B] (5.49)

Sometimes the actions or observations have physical limits. For the configuration under
study, the states are forces normalized to the range [-1 1] and the actions are forces normalized
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maxchar

to the range [Pggsy 0] for charging and [0

ppiaxdischar] gor discharging mode, using the

"LowerLimit" and "UpperLimit" options to specify bounds on a numeric variable.

= Agent:

Based on the need for continuous actions, two Twin-Delayed deep deterministic (TD3)
agents are chosen to generate appropriate BES powers. TD3 is an actor-critic RL agent that is
represented by Q-value critic to implement the policy by a function approximator [141]. As TD3
is a state-action value-based agent type, the optimal policy can be derived from founded optimal
state-action value, and therefore, it is suitable for control applications. In Q-learning, the value
function can be learned based on the Bellman equation [140]. The Bellman equation represents
a relationship between the value of a state-action pair (s, a) and the value of the subsequent
state-action pair (s’, a’). A discount factor y is considered to weight later rewards over time. It is
applied to avoid infinitely growth of cumulative reward (especially for very long episodes) known
as an expected total return R, then the Bellman equation is defined as:

Qew (s, @) = QFyrrent (s, @) + a [r(s,a) + YE[Q™(s', a')] — Qfurrent (5, )] (5.50)

where a is the learning rate and m is the selected policy. Here, two critic networks Qg1,
Qg2 are used, and the training algorithm starts by initializing critics and actor network mg with
random parameters 0,, 6,, ¢. Each target critic and target actor initialize with the same random
parameters as Qg1 (5, @), Qg2 (s, @), Ty(s). For each training time step, actions are selected with
stochastic noise as a =y, (s) + €, (e ¥ N (0,0)) and the reward r and new states are observed and
the experience is stored in the experience buffer (s,a,r, s°). Then, a mini-batch of M transition
from the experience buffer is sampled (s, a;r, si’) and the value function target is set as [141]:

Vi = Ry +y xminj—q,(Q'g;(s", clip(my(s'y) +€) (5.51)

Equations (5. 51) represents the sum of the experience reward R; and the minimum
discounted future reward from the critics. Next step is updating the critic and actor. The critic is
updated through minimizing [141]:

M
1
Li—1p = WZ(}’i—er(Si.ai))z) (5.52)
i=1

where, the loss Ljis minimized across all sampled experiences.

The actor is updated through the deterministic policy gradient to maximize the expected
discounted reward as follows for observation sj[141]:

M
V(p]((p) =M1 Z qu Ty (si) VaiQGj(Si' a)lazn(p(si) (5.53)
i=1

where, V, 7, (s;) is the gradient of the actor output with respect to the actor parameters,
and V;;Qg;(s;, a) is the gradient of the minimum critic output respect to the action find by actor
network. Finally, the target network is updated by a smoothing factor.
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Fig. 5.10. An insight to a neural network of a TD3 agent.
=  Reward Function:

The index of how well the actions are progressing is defined by the reward (Rt) function.
The agent follows a policy (strategy to pick actions) that maximizes its total accumulated reward
over all time-steps. Different reward function types have been discussed in [142] in Fig. 7 that
depicts four reward functions commonly used. Here in our work, the first-order linear function
is employed as reward functions to dispatch BES power. First, two BES power limitation terms
have been introduced in the last subsection (equations (5.42), (5.43) [143]) to consider SOC

safety and BES maintenance issues. In the charging mode, the BES power can be adjusted to [-

P,;'gg’fi'CharO], whereas, in the discharging mode, the power bounds are [0, Pﬂ‘;ﬁ’di“hm]. The

maximum powers of the BES are calculated by the equations (5.43). The reward function is
defined in a way that the agent seeks less penalty to increase accumulated reward. The error of
produced Y BES power and the reference 5 BES power, the error of band limitation error for
every battery and the measured BES power, and a small penalty for previous actions (for the
first 500 episodes), are considered as reward functions.

Rea = | PERE™" — 5 PERET | X (—1) + |PRagschar — pigEchar| x (~0.1)

+ |z 1PSEET | x (—0.001)

(5.54)

Rep = |(X PREE™ = X PEES™™ )| x (-1
+ |P£r£7(§9'crtlilschar* _ Pgi%ﬁ,cglschar | x (—0.1) (5.55)

+ z7 PEEEIT x (—0.001)

Now that all components of MDP are defined, the RL algorithm can be used for the system under
study in this thesis. Fig. 5.11 illustrates how two suggested agents are implemented as EMS. One
agent is considered for charging and another one for discharging. External actions are used to
makes the training easier by distinguishing system modes for agents, where in the charging
mode the agent that was considered for discharging modes must produce zero vectors, and vice
versa.
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Charging Agent

A

PB charl

Fig. 5.11. Multiagent RL EMS.

Discharging Agent

Mode desicion

However, using two agents makes learning process much more complicated and time
consuming. Even it is so potential that multi agents’ usage makes interventions in MDP that

doesn’t allow agents to learn. Hence, single agent Rl algorithm is more recommended.

72




CHAPTEHR

< Oa'\— | D







Intelligent control of hybrid power plants with wind turbines, PV solar systems and energy storage systems

6. Results and discussion

The main results of the simulations carried out to test and compare the configurations
proposed in the previous chapter are discussed here. An analogous structure and order is
followed in this section.

6.1. EMS comparison

The proposed EMSs in the previous chapter are compared under different working
conditions and configurations. Dynamic response of the PV and hybrid RES with BES are
presented here. The simulations have been carried out under ramping wind speed and varying
irradiance values. In addition, the active and reactive power references also change along the
simulation as the grid demand varies. Based on the RES type an EMS, different cases are
introduced to be discussed separately. In all cases, the total system power is 14.400 kW,
composed of three 4.8 kW independent PV power plants or combination of PV and WT, with a
layout of 6 modules in parallel and 2 in series for each PV plant. The main parameters of the
impedance network of the qZSl are: L, =L, = 0.56mH, R;; =R, = 0.05Q,C; =C, =
11mF. The carrier frequency selected for the inverter technique modulation is f, = 3.5 kHz.

6.1.1. Case 1: PV plants — EMS: fmincon function (OPT)

In this case, the PV power plants are considered as the sources of each module of the
multilevel inverter. The total system power is 14.400 kW, composed of three 4.8 kW
independent PV power plants, with a layout of 6 modules in parallel and 2 in series for each PV
plant. The BES is a Lithium-lon BES connected in parallel with the capacitor C, ,, without
additional DC/DC converter. Three different BESs are considered in this case. The main
parameters of the BES 1, 2 and 3 are presented in Table 6.1, Table 6.2 and Table 6.3, respectively.

Table 6.1. Case 1. Parameters of BES1.

Enom Vhom R Phom Initial SOC Capacity

(Wh) (V) (Q) (W) (%) (Ah)

1200 27.5 0.006303 1200 75 43.63
Table 6.2. Case 1. Parameters of BES2.

Enom Vrhom R Prom Initial SOC Capacity

(wh) | (V) () (W) (%) (Ah)

1309 25 0.004773 1309 50 52.37
Table 6.3. Case 1. Parameters of BES3.

Enom Vhom R Prom Initial SOC Capacity

(Wh) (V) (Q) (W) (%) (Ah)

1985 35 0.006169 1985 25 56.73
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The initial conditions of the PV power plants are: PV power plant 1 (PV1): 800 W/m?; PV
power plant 2 (PV2): 900 W/m? and PV power plant 3 (PV3): 700 W/m?. These operating
conditions are changed to 600 W/m? at 1.5 s for all the PV power plants. The temperature is
kept at 259C. The grid active power reference (Pgn'd) is set to 8.16 kW during the first 7.5 seconds
(from 0 to 7.5 s), and it changes to 9.12 kW from 7.5 to 12 s. The grid reactive power reference
(Q;n-d) is set to 0 kVAr (unity power factor) and it changes to -0.1 kVAr at 5.5 second.

Fig. 6.1 shows the power dispatch for the BES along with the simulation. From 0 to 2.5s,
the PV plants produce more power than the grid demand, so that the power excess is stored in
the BES. The OPT-EMS decides the power to be stored into each BES according to their SOC
values (Fig. 6.2), so that the BES 3 is charged with higher power because it has lowest SOC. From
2.5 to 7.5s, the total power generated by the three PV plants is almost equal to the power
demanded by the grid, and thus, the EMS decides not to charge or discharge the BES. At 7.5 s,
the grid demand increases, and the PV plants cannot fulfil the required power, and then, the
BES are demanded to provide power, and thus, they are discharged. As the BES 1 has the highest
SQOC, it is discharged more than others.

750

500 r

oo | F::

s 0Fr R SR
g
o -250 [
o P
BESS1
=]
-500 - BESS2
PEsss
-750
-1000 :
0 2 4 6 8 10 12
Time (s)
Fig. 6.1. Case 1. BES powers.
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Fig. 6.2. Case 1. BES SOC: BES1, BES2, and BES3.

The active and reactive power delivered to the grid are illustrated in Fig. 6.3. The results
show that the EMS allows the active and reactive powers to be controlled according to the
reference values along the simulation. The reactive power is controlled at O pu (unity power
factor) during the first 5.5 s and at -0.1 pu from 5.5 s. The active power is changed from 1.7 pu
to 1.9 pu at 7.5 s. At 2.5 s the performance of the EMS ensures that the system tracks the
reference values despite the reduction in PV production owing to the change in incident
radiation.
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Fig. 6.3. Case 1. Grid active and reactive power.
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The seven-level output voltage of the ES-qZS-CHBMLI with 3 cascade gqZSl is shown in Fig.
6.4. (a), and the grid voltage and current are illustrated in Fig. 6.4. (b). Because the system
operates with unity power during the first 5 seconds, the voltage and the current are in phase,
as observed in Fig. 6.4. (b).
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Time (s)
(b)
Fig. 6.4. Case 1. a) Seven-level output voltage of the ES-qZS-CHBMLI. (b) Grid voltage and current.

Voltage (V)
Current(A)

The BESS efficiency isillustrated in Fig. 6.5, where it can be seen that for both the charging
and discharging modes, the efficiency is near the maximum value and when the BESS power is
zero, the efficiency is maintained at 1. The simulation results prove that the proposed EMS can
maintain the power at the reference values when the irradiation change or power reference
increases, while the BES efficiency is optimized.
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Fig. 6.5. Case 1. Grid active and reactive power.
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An optimal EMS for a grid-connected ES-qZS-CHBMLI with three modules in series and PV
power generation was proposed here. The EMS was based on optimizing the BES efficiency and
lifetime through introducing an objective function and is solved by a nonlinear solver called
fmincon function. The optimizer constraints were set to meet the grid demand, consider the
SOC values between minimum and maximum values, and power distribution based on BES SOC.
The simulation results showed that the proposed control system effectively controlled the
power injected to the grid under different irradiation conditions and reference setpoints while
the EMS equilibrated the BES power.

6.1.2. Case 2. A. Simulation results: Hybrid PV and WT power
sources — EMS: OPT- SOC - MPC

The hybrid power plant under study here is composed of a 5-kW wind turbine and two
4.8 kW independent PV power plants, with a layout of six modules in parallel and two in series
for each PV plant, whose total rated power is 14.4 kW. The results used to evaluate the
proposed EMS in the previous part, under variable energy resources (solar irradiation and wind
speed) and active and reactive power references defined by the system operator are presented
and discussed in this section. These results are compared with those obtained from a
conventional EMS based on the BES SOC and balancing power algorithm, denoted as SOC-EMS,
which was used in [143] and almost similar model predictive control (MPC) EMS used in [139].
Taking advantage of the gZSI, a Lithium-lon BES is connected in parallel with the capacitor C, ; of
each gZSI, without an additional DC/DC converter. Three different BES are considered in this
study under different initial conditions. The main parameters of the BES 1, 2 and 3 are presented
in Table 6.4. The BES can operate between a maximum SOC of 90% and a minimum SOC of 20%
to avoid issues in BESs that can reduce their lifetime, which are considered in the implemented
EMS.

Table 6.4. Case 2.A. Parameters of BESs.

Param Enom Vioom R Pwom | SOC | Capacity
Battery | (Wh) | (V) (Q) (W) | (%) (Ah)
BES1 1200 | 27.5 | 0.1261 | 1200 30 43.63
BES2 1571 30 0.1146 | 1571 50 52.37
BES3 1986 35 0.1234 | 1900 85 56.73

Fig. 6.6 illustrates the operating conditions of the RES of the hybrid power plant: solar
radiation and output power of each PV power plant (PV1 and PV2), and the wind speed and WT
output power. PV power plant are considered to work under different irradiances conditions.
The initial conditions of the PV power plants are: PV power plant 1 (PV1): 800 W/m2; PV power
plant 2 (PV2): 850 W/m2. The operating conditions for PV1 changes at t= 50, 55, 70 s to 750,
800, 850 W/m2 and for PV2 changes at t= 50, 55, 70 s to 800, 870, 900 W/m2. The temperature
is kept at 25° C for both PV plants. A real wind pattern is used for WT with wind speeds between
9 and 11 m/s.
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Fig. 6.6. Case.2. A. (a) PV1 irradiance, (b) PV1 output power, (c) PV2 irradiance, (d) PV2 power
plant, (e) wind speed, (f) WT output power.

Table 6.5 presents the grid active and reactive power reference profiles used to evaluate
the performance of the control systems during the simulation. The grid active power references
are increased during the first 40 s and decreased for the rest of the simulation to evaluate the
hybrid power plant in the charging and discharging modes of the BES. In addition, positive and
negative references of grid reactive power are considered to evaluate the hybrid power plant
under generation and consumption of reactive power.

Table 6.5. Case 2.A. Parameters of grid references.

Time | P(pu) | Q(pu)

(s)

0 2.28 0
10 2.46 0
15 2.46 -0.1
20 2.5 -0.1
30 2.55 -0.3
40 2.5 0
50 2.2 0
55 1.825 0
60 1.75 0
70 1.75 0
75 1.75 0.1
80 1.7 0.1
90 1.65 0.1
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The simulation setup parameters are represented in Table 6.6, where the power sources,
grid base and filter parameters, simulation sample time, and inverter nominal voltage are given.

Table 6.6. Case.2. A. Parameters of the simulation setup.

Param Value Unit
val 4800 W
vaZ 4800 W
Pwr 5000 W
Vpase 220v2 \Y
Ibase 15.42 I
Sbase 4800 w
Dnom 0.2 -
from 50 Hz
Rt 0.001 Ohm
L¢ 0.005 H
Ts 10° S
Vnom—dc 159.7 Y
Kp-battery-current 0.035 -
Ki‘battery—current 2.5 -

The results obtained for all EMSs for the active and reactive powers delivered to the grid
are shown in Fig. 6.7. As can be observed, three EMS achieve suitable control of the active and
reactive powers of the hybrid power plant delivered with the grid. The hybrid power plant can
track the changes in the active and reactive powers by properly controlling the RES, BES and
gZSl, despite the changes in the incident radiation of the PV power plants, and the wind speed

incident on the WT.
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Fig. 6.7. Case.2. A. Grid active and reactive power.
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Fig. 6.8 shows the BES power for tree EMS and Fig. 6.9 presents the BES SOC and how the
EMS charge or discharge the BES during the simulation with the following initial SOC:

BES1=30% < BES2=50% < BES3=85%. From 0 to 50s, the power demanded by the system
operator is higher than the power generated by the RES, and therefore, the BES operate in the
discharging mode. From 50 to 55s, the total power generated by the RES is almost equal to the
power demanded by the grid, and thus, the EMS decides not to intensively charge or discharge
the BES (some of the BES are lightly discharged). After the second 55, the RES produce more
power than the grid demand, and thus, the excess power is stored in the BES .
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Fig. 6.8. Case.2. A. BES power for OPT-EMS, SOC-EMS, and MPC-EMS: (a) BES1, (b) BES2, and (c)
BES3.
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Fig. 6.9. Case.2. A. BES SOC: (a) BES1, (b) BES2, and (c) BES3.

In all EMS, the BES2 (with an intermediate initial SOC) is discharged and charged in
practically the same manner, with an intermediate power compared to BES1 and BES3. The BES1
(with the lowest initial SOC) is the least discharged and the most charged BES in three EMS but
presents a higher discharge power and a lower charge power in the OPT-EMS. The BES3 (with
the highest initial SOC) is the most discharged and the least charged BES in both EMS, but has a
higher discharge power and a lower charge power in the SOC-EMS because in this EMS the
distribution among the BES depends on the BES SOC. The maximum values of the BES
discharging and charging powers obtained with the OPT-EMS are lower than those obtained
with the SOC-EMS and MPC- EMS to increase the global BES efficiency while properly dispatching
power among the BES. From 55 s, the BES3 is charged with the OPT-EMS according to the power
limit defined by equation (5.42), whereas the BES3 with the SOC-EMS is charged with a lower
power because the SOC-EMS prioritizes charging the BES1 with the lowest SOC.

Fig. 6.10 shows the BES efficiency for both EMS, where it can be seen that the efficiency is
near the maximum value when the BES power is near zero. This means that the lower the BES
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power, the greater the efficiency. The results show that the OPT-EMS has higher efficiency, and
the higher differences in the BES efficiency between the EMS appear with the highest BES

powers, such as in seconds 25 and 33.
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Fig. 6.10. Case.2. A. BES efficiency found by EMSs.

The seven-level output voltage of the BES-qZS-CHBMLI with 3 cascade gZSI and the grid

voltage and current with unity power factor are illustrated in Fig. 6.11.
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Fig. 6.11. Case.2. A. (a) Seven-level output voltage of the BES-qZS-CHBMLI, and (b) Grid voltage
and current.

Table 6.7 compares the results obtained by the three EMSs in terms of global BES

Pmax,dischar
BES,i

and ng‘;’;cmr, and Integral Time Absolute Error (ITAE) for the grid active (P) and reactive power

(Q), which is calculated as follows:

efficiency of the hybrid power plant (calculated by equation (5.38)), mean values of

T
ITAEzf tle(t)|de
0

where e(t) is the error between the grid active (reactive) power reference and the
measured active (reactive) power, and T is the time considered for the study.

(4.20)

Table 6.7. Case.2. A: Comparison of EMSs

Parameter SOC-EMS MPC-EMS OPT-EMS
Mean value of 155 0.9380 0.9366 0.9464
Mean value of ng‘}f‘{di“h‘” (W) 807.26 640.22 594.23
Mean value of PJRZ5car (w) 86152 | -os098 | /2071
ITAE(P) 40.38 40.37 40.40
ITAE(Q) 12.84 12.84 12.85

The results show that not only the OPT-EMS tracks properly the grid active and reactive
power references, but also increases significantly the global BES efficiency of the hybrid power
plant (+0.9% and +0.37% for a 100s simulation) compared to SOC-EMS and MPC-EMS,

paxdischar onq pmaALChar 4chieved with the OPT-EMS are

respectively. The mean values of Py ESi
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respectively almost 220W and 140W smaller than with the OPT-EMS and; 46W, 386W for MPC-
EMS, and therefore, the proposed OPT-EMS dispatches the power among the BES with smaller
power differences among them, instead of prioritizing a greater discharge of the BES with the
highest SOC or higher charge of the BES with the lowest SOC, which reduces global BES efficiency
of the hybrid power plant.

6.1.3. Case 2. B. Experimental Results: Hybrid PV and WT
power sources — EMS: OPT- SOC - MPC

In this part experimental results are sought to verify the performance of the proposed
EMS. The experiments with OPAL-RT real-time simulator OP4510 are performed, and RT-LAB
environment is used to program and visualize the model. Through the analogue input/output
ports, the integration of a simulator with the external hardware devices is achieved. Moreover,
the optimal EMS is implemented in a dSPACE MicroLabBox prototyping unit that allows real time
monitoring, evaluation, and control. Finally, the observation signals are transferred to the digital
storage oscilloscope (DSO)and the total hardware connection is schemed in Fig. 6.12 To use
OPAL-RT test-bed, the overall power system must be divided into subsystems on RT-Lab and the
individual core must be allocated to them. The real-time batteries power, the grid voltage and
signals obtained from the digital simulator at the analogue output ports is observed through
DSO. A sampling frequency of 100 kHz has been considered during real-time implementation.

\

:
OPAL-RT Real-Time™$
Simulator OP4510

Fig. 6.12. Case.2. B Experimental setup with OPAL-RT- real-time simulator OP4510.

Fig. 6.13. (a). shows the experimental results of the grid parameters including active and
reactive power, and Fig. 6. 13. (b). shows voltage, current, and the seven-level output voltage of
the BES-qZS-CHBMLI. The power of each BESs (PB1, PB2, and PB3) obtained with the OPT-EMS,
SOC-EMS, and MPC-EMS are shown in Fig. 6.14. (a. b. and c), respectively. For all 3 EMSs, during
the discharging mode, the BES 3 is discharged higher than BES 2 and BES 1; and similarly, during
the charging mode, BES 1 is charged most owing to its low SOC. The experimental results are
consistent with the simulation results.
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Fig. 6.13. Case.2. B. Experimental results for: (a) OPT-EMS grid active and reactive power, (b)
OPT-EMS grid voltage and current, and Seven-level output voltage of the BES-qZS-CHBMLI.
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6. Simulation results and discussion

This subsection presented controls and EMSs for the optimal operation of a grid-
connected hybrid power plant with WT, PV power plants, and different BES integrated into a
BES-qZS-CHBMLI. The optimal operation for the MPPT of the WT and PV power plants,
connected to the input of the gZSI connected in series, was achieved by controlling the shoot-
through duty ratio of each qZSI, whereas the active and reactive powers delivered to the grid
were controlled by acting on the modulation index of each gZSI. The optimal operation of the
BES integrated into the ES-qZS-CHBMLI was performed by implementing an EMS (OPT-EMS)
based on optimizing the BES efficiency of the hybrid power plant while satisfying the system
power balance and providing the active and reactive powers required by the grid. A constrained
nonlinear multivariable algorithm was applied to solve the optimization problem and determine
the optimal power of each BES, considering the maximum BES power capacity, limited values of
the BES SOC (operation between a maximum and minimum SOC to avoid reducing the BES
lifetime), and available power as constraints. The proposed OPT-EMS was compared, under
variable renewable energy resources (solar irradiation in the PV power plants and wind speed
in the WT) and active and reactive power references defined by the system operator, with a
conventional EMS (SOC-EMS) and an MPC-EMS based on distributing the BES power
proportionally to the BES SOC. The results showed that, when compared with the SOC-EMS and
MPC-EMS, the OPT-EMS achieved suitable tracking (with similar values to those obtained by the
SOC-EMS and MPC-EMS) of the active and reactive powers demanded by the grid from the
power generated by the RES and the support of the BES, while dispatching efficiently the
excess/deficit power among the BES with a higher global BES efficiency of the hybrid system
(+0.9% and +0.37%) for a 100 s simulation, which could significantly increase over time.

6.1.4. Case 3. Hybrid PV and WT power sources — EMS: FLC-
OPT- SOC

The main goal of this subsection is to evaluate the performance of fuzzy logic controller
(FLC)suggested as EMS in section 5.3.2 to compare the results with SOC and OPT EMSs. The
systems’ inputs and conditions are considered the same as previous subsection composing of
hybrid RES of two PV power plant and one WT as the sources of modules.

Fig. 6.15 shows the BES power for tree EMSs and Fig. 6.16 presents the BES SOC and how
the EMS charge or discharge the BES during the simulation with the following initial SOC:

BES1=30% < BES2=50% < BES3=85%. From 0 to 50s, the power demanded by the system
operator is higher than the power generated by the RES, and therefore, the BES operate in the
discharging mode. After the second 50, the RES produce more power than the grid demand, and
thus, the available power is stored in the BES. In all EMS, the BES2 (with an intermediate initial
SOC) is discharged and charged in practically the same manner, with an intermediate power
compared to BES1 and BES3. The BES1 (with the lowest initial SOC) is the least discharged and
the most charged BES in three EMS but presents a higher discharge power and a lower charge
power in the OPT-EMS. The BES3 (with the highest initial SOC) is the most discharged and the
least charged BES in both EMS, but has a higher discharge power and a lower charge power in
the SOC-EMS because in this EMS the distribution among the BES depends on the BES SOC.
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The results obtained for three EMSs for the active and reactive powers delivered to the
grid are shown in Fig. 6.17. As can be observed, three EMS achieve suitable control of the active
and reactive powers of the hybrid power plant delivered with the grid. Among all, FLC-EMS has
a better response in terms of overshoot and settling time, as can be seen in the zoom parts. The
hybrid power plant can track the changes in the active and reactive powers by properly
controlling the RES, BES and gZSI, despite the changes in the incident radiation of the PV power
plants, and the wind speed incident on the WT.
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Fig. 6.17. Case.3. Grid active and reactive power

Fig. 6.18 shows the BES efficiency for both EMS, and as mentioned before the lower the
BES power, the greater the efficiency. The results show that the OPT-EMS has the highest
efficiency, and FLC-EMS has a higher efficiency compared to SOC-EMS.

0.99

0.98

0.97

0.96

BES efficiency

0.95

0.94

0.93

SOC-EMS
OPT-EMS
FLC-EMS

‘M'M h‘ﬂ’ﬂ q‘m Y ‘.

’u

40 50 60 70 80 90
Time (s)

Fig. 6.18. Case.3. BES efficiency.
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An error analysis has been sought to compare EMSs tracking performance and see which
one satisfy the grid operator faster and track the reference power more accurately. Fig. 6.19
shows the error and histogram plots for the proposed EMS in this subpart. As it can be seen
clearly that error distribution in SOC-EMS is vaster compared to others, while FLC-EMS has the
least number of bar and closer to zero. It is due to the fact that when the grid power changes
based on the reference power, FLC-EMS has a better dynamic performance and passes the
transient modes faster than others.
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Fig. 6.19. Case.3. EMSs’ errors analysis
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Table 6.8 compares the results obtained by the three EMSs in terms of global BES
efficiency of the hybrid power plant and the gap between the operator requested power and
transferred power toward grid. It proves that FLC-EMS has more adaptive response and track
better reference grid power, while OPT-EMS tries to increase global BES efficiency and has the

highest mean efficiency value.
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Table 6.8. Case.3: Comparison of EMSs

Parameter SOC-EMS | FUZZY-EMS | OPT-EMS
Mean value of nggs 0.9380 0.9371 0.9464

Mean error -0.001328 -0.0005 -0.001351

RMSE error 0.051088 0.042342 0.052544
ITAE(P) 40.38 33.28 40.40
ITAE(Q) 12.84 12.84 12.85

6.1.5. Case 4. PV power plants — EMS: Multiagent RL

This subpart shows and discusses the obtained simulation results obtained by RL to
evaluate this EMS. Reinforcement Learning Toolbox in MATLAB is used to simulate the RL-based
EMS. The total system power is 14.400 kW, including of three 4.8 kW PV plants, with a layout of
6 modules in parallel and 2 in series for each PV power plant. The BES is a Lithium-lon BES parallel
with the capacitor C, ,. Three different BES were considered in this subpart. The main
parameters of the BES 1, 2 and 3 are presented in Table 6.9, respectively.

Table 6.9. Case.4: Parameters of BES

Param Enom Vhom R Phom SOC Capacity

Battery (Wh) (V) (Q) (w) (%) (Ah)
BES1 1200 27.5 0.1261 1200 75 43.63
BES2 1571 30 0.1146 1571 50 52.37
BES3 1986 35 0.1234 1900 25 56.73

Discount factor vy is considered 0.93 that agents explore the whole environment as

possible and learning rate « is set to 1e-3, fast enough to avoid long training periods, and slow
enough to let the agent learn.

Fig. 6.20 illustrates the operating conditions of the RES of the cascaded series PV power
plants. The irradiance of the PVs changes at 3 s, and therefore, the PV generation decreases.

The results obtained for RL-EMS for the active and reactive powers delivered to the grid
are shown in Fig. 6.21. At 3 s, the grid power reference changes from 1.7 pu to 1.9 pu to evaluate
both charging and discharging modes. A suitable control of the active and reactive powers of
the RE power plant is seen, where the grid operator is satisfied with requested power. The power
plant can track the changes in the active and reactive powers by properly controlling the RES,
BES and qZSI, despite the changes in the incident radiation of the PV power plants, and the grid
reference variation.
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Fig. 6.20. Case.4. (a). PV1 irradiance, (b) PV1 output power, (c) PV2 irradiance, (d) PV2 power
plant, (e) PV3 irradiance, (f) PV3 output power.
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Fig. 6.21. Case.4. Grid active and reactive power.

Fig. 6.22 shows the power dispatch for the BES along the simulation. From 0 to 3 s, the PV
power plants produce more power than the grid demand, and the power excess is stored in the
BES. The RL decides the power to be stored into each BES while considering the maximum BES
power limitations defined by equations (5.4.2,3). Therefore, BES 3 is charged with the highest
power because it has the lowest SOC. From 3 to 6 s, the total power generated by the three PV
power plants is higher than the power demanded by the grid, and thus, the EMS discharges the
BES while considering the maximum power limitations of the BES. As BES 1 has the highest SOC,
it is discharged more than others, while it was charged the least.
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Fig. 6.23 shows the BES SOC and how the RL charges or discharges the BES during the
simulation with the following initial SOC: BES1=75% < BES2=50% < BES3=25%. The SOC changing
rate is decided by the EMS based on SOC levels. From 0 to 3 s, the RES produce more power than
the grid demand, and the excess power is stored in the BES and SOC values increase. From 3 to
6 s, the power demanded by the system operator is higher than the power generated by the
RES, and the BES operate in the discharging mode and SOC values start decreasing. To see how
well the dc-voltage control is working, the inverter output voltage must be checked. The seven-
level output voltage of the BES-qZS-CHBMLI with 3 cascaded gZSI and the grid voltage and
current with unity power factor are illustrated in Fig. 6.24. The total seven-level voltage is the
summation of three 150 V module output voltage. Sinusoidal waveforms are achieved for the
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Fig. 6.24. Case.4. (a) Seven-level output voltage of the ES-qZS-CHBMLI. (b) Grid voltage and
current.

(b)
The obtained results prove that the RL-based EMS dispatches power between BES by
setting the increasing or decreasing SOC rates based on the initial SOC levels and the BES
nominal parameters, while meeting the grid demand.

An intelligent RL EMS for a grid-connected ES-qZS-CHBMLI with three modules in series
and PV power generation was proposed herein. Based on the BES efficiency and lifetime, a
maximum charging and discharging power level was set for each battery, and the proposed RL
agents were trained separately to meet the grid demand, maintaining the SOC between
minimum and maximum values, and with a power distribution based on the SOC of each BES.
The simulation results proves that the RL algorithms effectively dispatch power between
batteries and the power is appropriately transferred to the grid under reference setpoints and
different irradiation conditions, while the EMS equilibrated the BES power.
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6.1.6. Case 5. A. PV power plants — EMS: Single-Agent RL- Training

In this subpart a single-agent RL algorithm is trained for three cascaded modules
composed of three PV cells and simulation interval of 8 seconds. However, it is not acceptable
to evaluate its performance for a short time simulation. Therefore, this agent is trained for 8
seconds with PV power sources and will be tested in the next subpart for 100 seconds simulation
time and with hybrid configuration of WT and PV sources. It is the advantage of using intelligent
RL algorithms to be trained based on the system conditions and not simulation time. However,
some crucial factors must be taken into account. The first one is initializing every episode by
random values around the specified range. It means if the simulation is going to be run for
example 5000 times, in every time it initializes with random irradiance values and grid power
references. For example, every time simulation is runed, the PV irradiances must be valued
between 400 to 1000 W/m? and the reference grid power be varied between 1.6 to 2.5 pu. It
makes the algorithm a super adaptive one that works under a wide range of conditions.

Fig. 6.25 visualizes the rewards attained in every episode and the way the agent has tried
to increase accumulated reward by receiving less penalty. After almost 54 hours it can be said
that the agent has learnt to do the dedicated tasks. The average reward started by -6x10 at the
beginning of training and little by little the agent learnt how to behaves and it can be seen that

in the last episode the average reward reached by almost -5000.
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Fig. 6.26 Shows the irradiances of the first simulation, that forces the system to change
the mode from charging to discharging at second 3.
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Fig. 6.26. Case.5. A. PVs irradiance (a). IRR. 1, (b). IRR. 2, and (c). IRR. 3.

Fig. 6.27 illustrates the BES powers that are dispatched based on the SOC values that is
shown in Fig. 6.28.
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Fig. 6.28. Case.5. A. BESs SOC: (a). BES1, (b). BES2, and (c). BES3.

Fig. 6.29 Shows grid active and reactive power references and measured along with the
simulation. By seconds 3 and 6, the grid power reference is changed in a way that by the 6's the
demanded power is reduced and there is no need to discharge power anymore and the RES
power are not enough for charging BESs, and only are considered for satisfying the grid request.
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Fig. 6.29. Case.5. A. Grid active and reactive power
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Now that the agent performance has been checked and it proved its well dispatching BES
power based on SOCs and meeting demand, it can be tested for a hybrid configuration and
longer simulations in the next subpart.

6.1.7. Case 5.B. Hybrid PV and WT power sources — EMS:
Single-Agent RL Algorithm- Testing

The hybrid power plant under study here is based on Fig. 6. 6 composed of a 5-kW wind
turbine and two 4.8 kW independent PV power plants, with a layout of six modules in parallel
and two in series for each PV plant, whose total rated power is 14.4 kW. The results used to
evaluate the proposed single-agent RL EMS, under variable energy resources (solar irradiation
and wind speed) and active and reactive power references defined by the system operator.

Fig. 6.30 illustrates the output BESs power dispatched based on the SOC values that can
be found in Fig. 6.31 It is totally normal that the responses seems a little noisy as the agent
trained for the previous simulation conditions in subpart Case.5.A and used here to be tested
for other conditions. Moreover, sample time of training is considered 1e-3 that is far bigger than
Simulink sample time (1e-5) to raise the speed of simulation.
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Fig. 6.30. Case.5. B. Output BESs power
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Fig. 6.31. Case.5. B. BESs SOC: (a). BES1, (b). BES2, and (c). BES3.

Fig. 6.32 Shows grid active and reactive power references and measured along with the
simulation. Based on the Table 6.5. Case.2. A, the grid active and reactive power reference is
changed. Notwithstanding the bumpy road, the grid power tracks well the operator requests
appropriately. Even in second 50 that system changes its mode by a step change (slop 90°), the
agent rapidly changes the BES power references to track the grid reference power. It proves how
RL-EMS is adaptive and trustworthy.
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Fig. 6.32. Case.5. B. Grid active and reactive power
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6.1.8. Case 6. Single WT power source — Adaptive MPPT and
passive reinforcement learning algorithm for pitch angle
control

This part presents the results of the controllers designed to receive the most efficient
power of a WT. The proposed controller is evaluated by using FAST8 for a real experimental 600
kW WT (Controls Advanced Research Turbine, CART3, located at National Renewable Energy
Laboratory), whose parameters are given in Table 6.10 The CART3 is a conventional three-bladed
upwind variable-speed variable blade-pitch-to-feather-controlled WT turbine. This WT is
modeled using a two-mass model and a validated aero-elastic simulator called FAST8 (Fatigue,
Aerodynamics, Structures, and Turbulence) [37]. FASTS8 tool allows to implement an accurate
model of the WT in different aero-dynamical and environmental conditions.

Table 6.10. Case.6: Parameters of CART3

Parameters Value

Rated rotational speed 1600 rpm
Rated power 600 kW
Cut-in wind speed 4m/s
Cut-out wind speed 25m/s
Rated wind speed ~12 m/s
Maximum rotor torque 162 kN.m
Rated torque 3524.37 N.m
Cp,Max 0.4658
Radius 21.64 m
p 1kg/m?
Aopt 7.1
Neear 43.164

Region 2 is defined from 431.65 to 1472 rpm speed, and region 2.5 from 1472 to 1584 of
the maximum generator speed of 1600 rpm. Evaluating Eq. (1) with the CART3 parameters (K =
6541.75 N.m/(rad/s)?), the torque in Region 2 is given by T, = 6594.6 *W? N-m. The new K is
Knew=0.000892, and thus T= (.000892*1600%)N-m , where B is fixed at 3.7°.

In Region 3, a gain corrected Pl controller (GC-PI) for the blade pitch angle is designed on
the speed error (between the filtered generator speed and the rated generator speed. To find
the Pl gains, the WT parameters (A, B) must be chosen. By considering initial conditions of wind
speed, rotor speed and pitch angle as Vo = 14.6 m/s, wo= 41.7 rpm, and Bo=3.7 degrees, these
WT parameters at this operating point are determined: A=-0.924, B=-3.302.

As suggested in [132], 6 =1 and w = 0.6 rad/s are chosen for higher performance. So,
equation (5.5) can be written as follows:

(1 + 3.302kp)s? + (0.924 + 3.302kp)s + (3.302k,) = 0 (6.1)

Kp > -0302, Kp > -0.27, Kp>0
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By applying equations (5.6), (5.7), K, Ki can be calculated: Kr =0.083, Ki=0.109. These
parameters, obtained from the linearized system, allow to achieve nearly the best performance
for pitch angle control among all CART3 controllers and such controller is hardly challengeable.
A scheduled PI controller as a function of blade pitch angle (GC-PI controller) to reach a better
performance in smaller angles. The K, and K; are calculated online with the following equation
(Bo=3.7°):

Boc=1/(1+ (B¢ /6k)), where B = 3.7 * (1t/ 180). (6.2)
where B.and Bsc are the collective pitch and revised pitch angles, respectively.

Therefore, the controller proposed here is compared with an adaptive pitch controller
designed for the CART3, GC-PI controller. The proposed adaptive pitch controller can cover more
uncertainties for CART3 in the base of online calculation of Krand K; parameters.

Because of limitations in the FAST tools, the FAST model does not include any blade-pitch
actuator dynamic effects. To command a real blade pitch angle, an additional actuator dynamic
block is added. The proposed GS-RL-RANFIST2 and GC-PI controllers are tested in the CART3
under step and random wind pattern. The GC-PI controller is an adaptive controller designed
and tested by NREL. Hence, the GS-RL-RANFIST2 performance is compared with the proved GC-
Pl controller.

6.1.8.1. Step wind speed test

In order to evaluate the controllers’ robustness to the model uncertainties, the
performance of them obtained under step wind disturbances (one step raise and different pace
steps) are shown in Fig. 6.33 and Fig. 6.34.

By comparing these dynamic responses, it can be seen that the GC-PI controller cannot
provide consistently optimal dynamic performance when the wind speed is increased in steps.
When the wind speed changes, the GS-RL-RANFIST2 can eliminate the effect of the shift of
operating points, and therefore, it provides a better transient response with smaller overshoot
and faster settling time, over the whole operation range. In the wind step of 12 to 18 m/s, the
settling time for the rotor speed response is 16 s for the GC-Pl and 9 s for the GS-RL-RANFIST2,
and the maximum overshoot is 0.8 for the GC-Pl and 0.62 for the GS-RL-RANFIST2. The power is
better captured by the proposed controller by 71.92 W for 7 steps in the wind pattern.

T

ir - G.SRLRATZ2Z—— G.C PI

Time(s)

(a) Control input acceleration (rad/s)
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Fig. 6.33. Case. 6. Dynamic response comparison under one step raise: (a) control input
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Fig. 6.34. Case.6. Dynamic response comparison of the controllers under different pace steps

The magnitude response estimations between [0 2rt] and 512 points for the error signals
are shown in Fig. 6.34. (e). It is clear that the proposed controller smooths the error for both low
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and high frequency by less than 5 dB fluctuations rate, when this value is approximately 20 dB
for the G.CPL.

6.1.8.2. Random wind speed test

The turbulent wind code with different mean wind speed and turbulence intensity is
created by using TurbSim from NREL, which is a stochastic, full-field, turbulent-wind simulator
and numerically simulates 3-dimensional wind velocity vectors by time series at points in a
vertical rectangular grid. The wind speed is chosen in the range from 10 m/s to 20 m/s, as shown
in Fig. 6.35.
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Time(s)

Fig. 6.35. Case.6. Turbulent wind pattern

The results obtained from FASTS8 are illustrated in Fig. 6.36, Fig. 6.37, Fig. 6.38. where the
speed error acceleration, pitch angle, generator power, generator speed and generator torque
are shown respectively. The control performances are compared under heavy wind changes.

The log frequency scale for the control error signals is shown in Fig. 6.36.(a) and the phase
delay in Fig. 6.36.(b). The marked points show the value of delays for both controllers.
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(a) Speed error acceleration (rad/s)
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Fig. 6.36. Case.6. Time and frequency responses for speed error acceleration

In region 3, the aim is to regulate the rotor speed to a certain set point while keeping
constant generator torque. Additional fluctuations and unwanted movements of the pitch
control signal for the GC-PI controller can be seen in Fig. 6.37. (a, b). and not for the GS-RL-
RANFIST2. This is due to the fact that GC-PI controller is a linear controller, and its control gains
are optimized at one operation point, while the GS-RL-RANFIST2 is a nonlinear controller, whose
control gains are suitable for the whole wind speed regions, based on the cancellation of
nonlinearities and gain scheduled technique. The GS-RL-RANFIST2 tunes several sets of gains
around several operating points, while the G.C Pl only tunes one pair of gains of PI. Fig. 9b shows
that the magnitude of fluctuations is notably reduced by using the developed controller.
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Fig. 6.37. Case.6. Time and frequency domain responses for pitch angle acceleration

Fig. 6.38. (a)-(c) show the results of the output power, generator speed, and torque, in
which the stable oscillations band confirm the robustness of the developed controller to the

model uncertainties.
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Fig. 6.38. Case.6. Results obtained for the CART3: (a) generator power (kW); (b) generator speed
(rpm); (c) generator torque (N.m)

The data are visualized using box-plot and histogram plot in Fig. 6.39 to show the error
intensity. Both plots represent the normalized error distribution for each controller. The results
show that the distributed error between -3,3 has a twice better concentration around zero for
the proposed controller. It can also be observed that the mean of the rotor speed regulation
error obtained with the proposed controller is intensified around the zero more than the GC-PI
controller. Furthermore, for the proposed controller, the mean error is 0.004017 and error STD
is 0.8, while, for the GC-PI, these parameters are 0.008557 and 0.539, respectively.
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Fig. 6.39. Case.6. Comparison of the speed error acceleration by boxplot and histogram plot

For stability purposes, the generator speed (167.5516 rad/s) is considered lower than its
real rated speed and the maximum torque is set in 3524.37 N.m, as usual for CART3, and
therefore, the output power would be limited less than the rated value (600 kW), as seen in Fig.
6.38. (a). In this respect, the mean power generated with the GC-PI is 584.86 kW, whereas the
mean power generated with the GS-RL-RANFIST2 is 588.61 kW. Any system, whose internal
structure or internal model is unknown, could be controlled by the proposed method. The
advantages of the proposed method are the reduction of the complexity of the controller design
by diminishing the number of rules used in fuzzy type-2, the possibility of covering more modes
of the system nonlinearity by using the recurrent structure and reducing human experience in
controller design.

6.1.8.3. Longer simulation for comparative study and load analysis

To evaluate the controller efficiency for a longer period and carry out the damage equivalent
load (DEL) analysis, the output results of CART3 during 4000s are provided in this study, Fig. 6.40.
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Fig. 6.40. Case.6. Results for 4000 s simulation (a). Wind pattern (b). Pitch angle curve

On the other hand, the aerodynamic and electrical efficiency are used to evaluate the
controller performance for a longer period of time, which can be obtained respectively by:

% Jy Pt 4.43

Naero(%) = fz(") O.SanZCpoptdt (4.43)
ftT Pedt

Netec(%) = > (4.43)

T 2
fto 0.5pTR?Cp,,, dt

Table 6.11 represents the analytical comparison based on different parameters for both
conventional and proposed control strategies. The parameters used are: the mean of the
generated power, positive mean speed error (error of speed above zero), standard deviation
(STD) of the speed error, aerodynamic and electrical efficiency, captured energy in windy
months (from November to March) and captured energy for the WT lifespan (20 years). The
enhanced value is calculated as the modulus of the difference between the value obtained by
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the GS-RL-RANFIST2 and that achieved by the GC-PI controller. It shows that, at the interval of
windy months (from November to March, with mean wind speed 15% and turbulence intensity
13%), the proposed controller achieves to capture 500kWh more energy than the GC-PI, and, by
analogy, 30 MWh more energy for the turbine lifespan (20 years).

Table 6.11. Case.6: Comparison of the control strategies.

Captured Captured

Power mean STD KWh
Naero (%) Nelec (%) energy (kWh) energy (kWh)

mean (kw) error (November to

March) (20 years)
G.CPI 5.6887e5 0.6 0.8301 87.47 74.05 1638e3 9966e7
G.S
5.6904e5 0.3381 0.6724 94.08 76.38 1688e3 9969e7
RLRAT2
Enhanced
164.3461 0.2619 0.1577 6.61 2.33 500 30e3
value

The lower values of positive mean error and STD demonstrate the superiority of the
proposed control for the speed control. The results prove that the GS-RL-RANFIST2 is a
promising control algorithm for improving the energy capture of an existing wind turbine
operatingin region 3, without the need to know the turbine model and measure the wind speed.

To evaluate the mechanical loads, the moment value of blade |, tower moment and rotor
thrust are considered as load variables.

Fig. 6.41 compares the time domain and frequency domain responses of GC-Pl and GS-RL-
RANFIST2, in which the performance and load indices of proposed controller and GC-PI of the
NREL controller are evaluated for the 4000s simulation (with mean wind speed 15% and
turbulence intensity 13%). Local edge-wise bending moment (Spn2MLxb1l), flap-wise tip
acceleration (TipAlLxb1l), in-plane bending moments (RootMxb1), out-of-plane bending
moments (RootMyb1), pitching moments (RootMzb1), tower-base fore-aft bending moment
(TTDspFA), tower force (TwHt2FLxt) and Rotor thrust (RotThrust) are the load variables
considered in this study and shown in Fig. 6.41.
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Fig. 6.41 Case.6. Moment variations on blade |, tower and rotor as a function of time and
frequency; blue line (GS-RL-RANFIST2), red line (GC-PI)

127



6. Simulation results and discussion

Fig. 6.42 show the bar charts of the normalized DEL value calculated using NREL’s
MCrunch [144] for the GC-Pl and GS-RL-RANFIST2.

Fig. 6.42. Case.6. Normalized DEL values of the selected load variables for CART3

There is no doubt that the proposed controller achieves better DEL values for the blade
moments than tower moments and shaft torsional rate. The bar charts proves that the DELs of
most load variables achieved by the GS-RL-RANFIST2 controller are lower than those obtained
by the GC-PI controller.

6.2. Comparison of EMSs

In this chapter five, different EMSs including SOC, MPC, OPT, FLC, and RL EMS have been
proposed and discussed for the supervisory control system.

SOC-EMS is the simplest one that not only does not have complexity in designing, but also
shows sufficiently good tracking of demanded power. Although MPC is a little difficult to be
tuned, but it has a better response competed to SOC-EMS in tracking requested power. FLC
proves its superiority over all other EMSs in well tracking of grid reference power. Needless to
say, that the number of rules makes this EMS complicated and a boring simulation running time.
OPT shows the best efficiency value as it designed for this purpose, however, needs a better
sample time to track the reference power more accurate. At the end, RL algorithm proves that
it can be a trustworthy EMS while it can accept multi-objective tasks. The multiagent RL
dispatched power between BESs appropriately based on the SOC values and tracked the grid
reference power. However, it is not recommended as learning of two agents is more
complicated than a single-agent one. The single-TD3-agent showed a fantastic performance in
the sight of the author as it was trained for totally other modules’ sources, another references
of power sources and PV irradiances, and simulation conditions. And when it tested in other
environment, it proved its robustness, well tracking performance, adaptive behaviour, and fast
response.
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7. Conclusions, contributions and future works

In this chapter, the most relevant contributions of this thesis are highlighted, and
conclusions drawn from each control system are presented. Based on the
simulation/experimental results of the hybrid configurations, concluding remarks are given.
Finally, future research works to advance in the framework of this study are suggested.

7.1. Conclusions

A comprehensive study for the optimal operation of a grid-connected hybrid power plant
with WT, PV power plants, and different BES integrated into a BES-qZS-CHBMLI was sought. BESs
showed their benefits in compensating intermittent characteristics of RES. For incorporating of
BESs to qZS-CHBMLI, five different EMS configurations were proposed and tested under varied
operating conditions. The simulation with variable active and reactive power grid demand,
varying PV plants’ irradiances, and fluctuating incoming wind speed were sought.

All EMSs were able to address the grid demand and attain constant power generation
regardless of the sun irradiance values, wind speed, and demanded power. It was seen that the
active and reactive power grid requirements were successfully fulfilled by all the five EMS
configurations. Moreover, other control objectives were presented to have a broad controlled
configuration. P, Q control loops, modulation techniques, MPPT algorithms, and pitch angle
control methods are among them that have been studied and implemented for our case of
study.

The first EMS called SOC-EMS for BES-qZS-CHBMLI was used to dispatch power between
BESs based on the SOC values. The simplicity and effectiveness of the SOC-EMS makes it
applicable in practice that can be used in other topologies. Appropriate tracking of grid reference
power, maintaining the BES SOCs in a specific-safe range of maximum charging and discharging,
and sorting and releasing energy based on the BESs nominal power, were the advantages of this
suggested EMS.

The second EMS called MPC-EMS was suggested for BES-qZS-CHBMLI to divide power
between BESs. Notwithstanding the fact that tuning a model predictive control appropriate for
our complicated case of study is a tough assignment, MPC-EMS showed that can do the work
more efficiently than SOC-EMS. The appropriate power despatching between BESs is achieved
based on SOCs values and whenever grid operator called for more power, MPC-EMS rapidly
responded by releasing the proper amount of power.

The third EMS called FLC-EMS was proposed for BES-qZS-CHBMLI to share available power
among BESs in a manner of prioritizing power sharing based on the BES SOC values. This fuzzy
logic controller is suggested by author with four inputs (gap between production and demand,
and SOC values) and three BESs reference powers as the outputs of FLC. The rule table has 180
rules only including inequality SOCs to reduces the complexity of controller, however, it is easy
to write all other conditions based on the presented table. The results found by FLC-EMS showed
the best adaptive performance among all EMSs. The faster response with less overshoot at the
time of changing the grid reference power was the main feature of this EMS. Regardless of the
RES source and output powers, FLC-EMS satisfy the grid demanded power quickly while cares
about BES SOCs.



The fourth EMS called OPT-EMS was mainly introduced to enhance BESs efficiency and
lifetime issues. OPT-EMS defined the BES power reference of the BES integrated into the ES-qZS-
CHBMLI. It was not only as an efficiency function optimizer, but also OPT-EMS satisfied the
system power balance and provided the active and reactive powers requested by grid operator.
The objective function introduced in this EMS was based on a total BES efficiency value found
by every single BES efficiency and power. The BES power constraints proposed to be limited
during optimization process, forced the algorithm to oversee the depth of the BES charging and
discharging. It was found that it can be more efficient utilization of BESs if the potential power
is divided among them BESs in an approach of DOD and SOC balance. Therefore, rather than
sorting most of the energy in the BES with the least SOC or releasing energy by BES with the
most SOC, it was commented that other BESs (not BES with the most or least SOC) must receive
or produce power as much as it can be possible based on the defined power constraints. Beside
all these tasks, OPT-EMS showed proper tracking of the grid reference power.

The fifth and the last EMS that proposed in this thesis, was RL-EMS that implemented
through multiagent and single agent algorithms. TD3 suggested as it performed better than
other continues agents like DDPG and PPO agents. It was witnessed a breathtaking result when
an agent trained for 8 seconds and only PV plants were used as the source of modules and then
the trained agent was tested for a 100 second simulation time, a hybrid RES configuration, and
different produced and requested powers. It proved that the agent had not been trained for a
specific operation condition. This was owed of using a local function that initialized the
simulation parameters different and varying in every time that simulation ran. Appropriate
tracking of grid reference power, maintaining the BES SOCs in a specific-safe range of maximum
charging and discharging, and sorting and releasing energy based on the BESs nominal power,
were the responsibilities of this suggested EMS.

MPPT and pitch angle control strategies were also sought in this thesis that consisted of
intelligent and conventional approaches. P&O algorithm was used in the multilevel
configuration to execute MPPT process. Moreover, an adaptive Pl control was also used for
MPPT of a variable-speed WT and another passive RL algorithm was proposed in the same WT
as the pitch angle controller. Comparing RL algorithm with the adaptive PI, dynamic response of
RL was faster and gentler that leaded to more power extraction and optimal WT utilization.

7.2. Main contributions of the thesis

Along the progress of this thesis, several contributions have been made to the field of
study. These are summarized here.

— A thorough review of the literature has been carried out to explore the different
topologies applied for high power system applications of RES. As multilevel converters
have caught more attention, different types of them have reviewed and cascaded
multilevel inverters stated more in details. Additionally, various energy management
system having been applied for the system under study reviewed and compared in
different aspects.

— A BES-gZS-CHBMLI has been implemented and connected to a grid. Finding active and
passive elements of impedance network, calculating parameters of the grid filter,
finding RES power output appropriate for the required power level, and selecting BES



type and nominal and initial parameters were sufficiently complicated for such a
knotty structure.

Different control strategies for hybrid RES system comprising WT, PV, and BES for BES-
gZS-CHBMLI have been squeegeed, modelled, and compared under different
scenarios. These control systems have been targeted to the control systems of the (a).
MPPT employed in the WT and PV power sources, (b). PQ control delivered to the grid,
(c). modulation methods applied for multilevel cascade converter structure, (d).
various EMSs proposed and implemented for power dispatching among BESs.

The comparative studies included evaluation under nonidentical and varying PVs’
irradiances, fluctuating wind with a ramp block in the wind pattern, and variable grid
demand, and more importantly, integrating nonidentical BESs with different types and
parameters. All the previous works have used a configuration of power plant based on
a BES-gZS-CHBMLI integrating the same PV systems and BESs into each module in
series, while in this thesis integration of PV or WT sources with different nominal
power in each module have been sought.

Different energy management systems have been proposed and compared to each
other from various aspects. SOC-EMS and MPC-EMS applied in other works are
implemented in the same manner to be compared with the new EMSs proposed in this
thesis. The indexes of comparison were reference power tracking performance, SOC
and DOD analysis, and BES global efficiency values. BES efficiency has overlooked in
all previous work in designing EMS for BES-qZS-CHBMLI configurations.

A new fuzzy logic controller has been proposed as EMS for the configuration under
study. FLC was designed to track as much reference power as possible while prioritizing
the amount of charging and discharging based on the BES SOC values. The proposed
FLC showed an adaptive behaviour better than all other EMSs. This was due to the fact
that fuzzy table and rule base were defined for every single circumstance of the
system. Moreover, the number of membership functions and their placement were
designed not only for the topology under study, but also for other systems using three
BESs in their modules.

Another new EMS developed herein was OPT-EMS using fmincon Matlab function. This
one specifically designed to enhance BESs global and local efficiencies while it was
obliged to dispatch power based on SOC values and grid requests. The main
contribution of this EMS was introducing an objective function with specific constrains
in order to take BESs efficiencies into consideration. The constrains considered BES
nominal and initial parameters to maintain the received or produced power unique for
every BES. Beside all, it showed an acceptable performance in tracking reference
power and meeting demand while limiting SOC values between safe ranges. The
experimental results obtained for comparing SOC-MPC- OPT EMSs.

Another main novelty of this thesis is using reinforcement learning algorithm for
managing energy in BES-qZS-CHBMLI configurations. At first a multiagent RL proposed,
where one agent for charging and another one for discharging mode were designed.
Training came much easier and faster by using external actions producing zero vectors
when the mode of the BESs (charging or discharging) is not business of specific agent
working in contrary mode. Another idea in designing this multiagent algorithm was



separating reward function and observation parameters for agents independent of
each other. Then, a single agent trained for a short simulation interval but with random
initialization in every simulation running. The agent to be trained, the simulation ran
5000 time and each time: with different RES input values, nonidentical reference grid
pattern, and different BES parameters. This procedure made the RL algorithm super
adaptive and util for other simulation conditions. It was tested in a longer simulation
interval, in a hybrid RES configuration, and totally different circumstances. The RL-
EMSs appropriately satisfied the demanded grid power and dispatched available
power among BESs based on the SOC values. The constrained defined for OPT-EMS
were used in the reward function of RL-EMS to somehow cares about BESs efficiencies.

—  Another contribution was implementing a passive reinforcement learning that was
solved by PSO algorithm. Using transfer learning was the key factor of this controller.
In a way that for each step, training started with the data had obtained in the previous
stage. Using unsupervised FCM clustering and fuzzy type-2 made a huge difference in
controlling pitch angel in intensive fluctuating conditions. Implementing this system in
CART3 real wind turbine by FAST simulator was also another contribution.

7.3. Future works

The research works carried out throughout the progress of this thesis have contributed to
the existing knowledge in the field, being the most relevant results published in peer-reviewed
scientific journals. Nonetheless, there is still a broad potential to exploit in the study of EMS
configurations. Hence, the following approaches are proposed for exploration as future works
in this topic.

— Increasing the number of modules to increase the energy level of configuration. Using
RES in power systems is widely increasing and therefore utilizing them entails using
multilevel configurations. Increasing the number of levels and therefore battery
storages help to have a higher energy level.

—  Using fuzzy logic type-2 instead of type-1, to makes the FLC-EMS more adaptive to
varying conditions. Tufan Kumbasar in Istanbul University has recently (2018)
introduced a fuzzy type-2 toolbox that is so similar the Matlab type-1 toolbox. Different
fuzzy type reducer algorithms are also provided in this toolbox.

—  Using fuzzy logic or model predictive control in designing reward function will improve
the behaviour of the RL algorithm. It can help to reduce the training time and adaptivity
of agent to RES energy fluctuations.

— Modulation with RL algorithm is another suggestion. We have designed a RL
modulation technique in a paper for multi modular inverter with totally 50 submodules
in upper and lower arms. DQN agent as discrete agent was suggested and tested.
Therefore, DQN agent is suggested to achieve modulation goals. The advantage of
using RL can be the enhanced frequency switching if the agent fulfils the goals with less
actions. In addition, the balance of thermal stress between IGBT switches should be
considered to equalize the lifetime expectation of semiconductors and to enhance the
current capability of multilevel configurations.



Using transfer learning is suggested during RL designing to make the training less
complicated and less time consuming. Matlab has the option of training a pretrained
agent to follow the training with more gaols and requests. Moreover, the approach of
transferring data suggested for pitch controller, could be used for RL-EMS to enhance
its” performance.

To increase the BES efficiency, in RL-EMS, a reward term of (global efficiency) x e5 is
suggested to encourage the TD3 agent to enhance efficiency during training. This term
can be in logarithmic form to give a huge reward for a small enhance in efficiency.
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