
 

DOCTORATE PROGRAMME IN ENERGY AND SUSTAINABLE 

ENGINEERING  

 

NEW AND IMPROVED SOLUTIONS FOR THE 
CONFIGURATION, MANAGEMENT AND OPERATION OF 
LARGE-SCALE PHOTOVOLTAIC POWER PLANTS USING 

HYBRID ENERGY STORAGE SYSTEM  

 SOLUCIONES NUEVAS Y MEJORADAS PARA LA 
CONFIGURACIÓN, GESTIÓN Y OPERACIÓN DE PLANTAS DE 

ENERGÍA FOTOVOLTAICA A GRAN ESCALA UTILIZANDO 
SISTEMAS HÍBRIDOS DE ALMACENAMIENTO DE ENERGÍA   

 

University of Cádiz 

ESCUELA TÉCNICA SUPERIOR DE INGENIERÍA DE 

ALGECIRAS 

  

     AUTORA/AUTHOR:  LAÍS DE OLIVEIRA ASSIS  

DIRECTORES/SUPERVISORS:  LUIS M. FERNÁNDEZ RAMÍREZ 

                RAÚL SARRIAS MENA  

 

December 2021 



 

 

 

 DOCTORATE PROGRAMME IN ENERGY AND SUSTAINABLE 

ENGINEERING 

 

NEW AND IMPROVED SOLUTIONS FOR THE 
CONFIGURATION, MANAGEMENT AND OPERATION OF 
LARGE-SCALE PHOTOVOLTAIC POWER PLANTS USING 

HYBRID ENERGY STORAGE SYSTEM  

 SOLUCIONES NUEVAS Y MEJORADAS PARA LA 
CONFIGURACIÓN, GESTIÓN Y OPERACIÓN DE PLANTAS DE 

ENERGÍA FOTOVOLTAICA A GRAN ESCALA UTILIZANDO 
SISTEMAS HÍBRIDOS DE ALMACENAMIENTO DE ENERGÍA   

Laís de Oliveira Assis 

V°. B° de los Directores de la Tesis 

 

Fdo: Luis M. Fernández Ramírez  Fdo: Raúl Sarrias Mena 

 

Trabajo presentado para optar al grado de Doctor por la Universidad de Cádiz. 

A thesis submitted for the degree of Doctor at the University of Cádiz. 

 

Doctor of Philosophy 

Doctorate Programme in Energy and Sustainable Engineering 

University of Cádiz  

 

December 2021 



 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

“The greatest enemy of knowledge is not 

ignorance, is the illusion of knowledge”  

Stephen Hawking 

  



 

 

Acknowledgments 

 

My special thanks to my tutors Luis and Raúl, for their valuable contribution 

not only to this work, but also to obtaining this title. My thanks are extensible to their 

families, specially Pili, Tracy, Alejandra and Zoe, who adopted us as part of their 

families. 

To my husband Emanuel for all his company, dedication, patience and support, 

which were essential for the conclusion of this work, giving me joy in difficult moments 

and sharing my happiness in good moments. 

To my mother Celeste, my dear family and friends, for their support even at a 

distance, giving me the necessary motivation to contribute for this achievement to be 

possible. 

To all the TESYR lab members, especially Pablo, for sharing their knowledge 

and great moments of laughs and uncountable coffees. It was an honor for me to have 

worked with everyone.  

This thesis was supported by the National Council for Scientific and 

Technological Development (CNPq), to which I am grateful.  

  

 

 

https://en.wikipedia.org/wiki/National_Council_for_Scientific_and_Technological_Development
https://en.wikipedia.org/wiki/National_Council_for_Scientific_and_Technological_Development


i 

 

Abstract 

 

This thesis is presented in the context of multiple efforts being made by research 

groups in order to disseminate and evolve the technological knowledge in the renewable 

energy (RE) field. The motivation of this study is based on the main disadvantages of 

photovoltaic (PV) solar power generation compared to conventional energy sources, such 

as intermittency, non-dispatchability, and unreliability. From those drawbacks, the aim is 

to find creative solutions to mitigate these issues with a power plant combining PV and 

hybrid energy storage systems (HESS). In doing so, hybrid power plants represent a very 

interesting option for power generation and grid integration of PV systems, since they 

allow increased efficiency in the energy generation, as well as storing and supporting RE 

generation when needed. 

The storage systems are particularly important to deal with the intermittent 

nature of solar radiation. A wide variety of storage systems exists nowadays, all of them 

based on different operating principles and target applications. A thorough review of the 

literature has exposed that, depending on the application, a certain type of storage could 

be preferred above others. Besides, two or more different technologies working together 

can present complementary features. In this sense, the HESS can accomplish higher 

efficiencies and improved systems for grid connection.  

The objective is to develop new solutions to improve the configuration, 

management, and operation of PV plants with energy storage, designing the necessary 

control techniques and validating them through real-time simulations. In this context, this 

thesis presents a large-scale PV power plant with HESS, through a DC/DC impedance 

source converter (DC/DC-ZSC), and a new simplified model (SM) of the quasi Z-source 

inverter with battery energy storage (qZSI-BES) attached directly to the Z-network 

without an extra DC/DC converter. The HESS consists of battery arrays (BES) and 

ultracapacitors (UC). The newly designed SM is implemented, assessed, and validated 

experimentally in laboratory through a TYPHOON HIL system and a dSPACE 

MicroLabBox control board. Three different energy management strategies are 

implemented, using two of them advanced control techniques based on fuzzy logic. The 
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control loops of the active, reactive, BES, and UC power have been conveniently 

deployed. The results obtained are coherent with the expected responses, observing an 

appropriate power balance and grid energy dispatch.  

This thesis aims for a relevant contribution in the development of low polluting 

energy sources that can fulfill the growing electricity demand. Following the global 

trends, and recognizing the importance of this knowledge for the scientific community 

and for society, this thesis will provide new solutions in the field of solar PV generation. 

In view of the fact that research has mainly focused on small-scale hybrid power plants 

so far, further studies are required regarding the configuration, design, control, energy 

management, operation, and problems associated with large PV power plants with hybrid 

storage. 
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Resumen 

 

Esta tesis se presenta en el contexto de múltiples esfuerzos que están realizando 

numerosos grupos de investigación con el fin de avanzar en el conocimiento tecnológico 

en el campo de las energías renovables (RE). La motivación de este estudio se basa en las 

principales desventajas de la generación de energía solar fotovoltaica (PV) en 

comparación con las fuentes de energía convencionales, como son su intermitencia, o la 

falta de disponibilidad y fiabilidad. A partir de esos inconvenientes, el objetivo es 

encontrar soluciones creativas para mitigar estos problemas con una planta de energía que 

combine sistemas fotovoltaicos y sistemas de almacenamiento de energía híbridos 

(HESS). De este modo, las centrales híbridas representan una opción muy interesante para 

la generación de energía y la integración de sistemas fotovoltaicos en la red, ya que 

permiten una mayor eficiencia en la generación de energía, así como el almacenamiento 

y el apoyo a la generación de energía renovable cuando sea necesario. 

Los sistemas de almacenamiento son particularmente importantes para hacer 

frente a la naturaleza intermitente de la radiación solar. Actualmente existe una amplia 

variedad de sistemas de almacenamiento, todos ellos basados en diferentes principios 

operativos y potenciales aplicaciones. Una revisión exhaustiva de la literatura ha revelado 

que, dependiendo de la aplicación, un cierto tipo de almacenamiento será preferible sobre 

otros. Además, dos o más tecnologías diferentes trabajando juntas pueden presentar 

características complementarias. En este sentido, el HESS puede lograr una mayor 

eficiencia y otras mejoras en los sistemas conectados a la red. 

El objetivo es desarrollar nuevas soluciones para mejorar la configuración, gestión 

y operación de plantas fotovoltaicas con almacenamiento de energía, diseñando las 

técnicas de control necesarias y validándolas mediante simulaciones en tiempo real. En 

este contexto, esta tesis presenta una planta fotovoltaica a gran escala con HESS, a través 

de un convertidor CC/CC en fuente de impedancia (CC/CC-ZSC), y un nuevo modelo 

simplificado (SM) del inversor cuasi-fuente de impedancia con batería (qZSI-BES) 

conectado directamente a la red de impedancia sin necesidad de un convertidor CC/CC 

adicional. El HESS consta de bancos de baterías (BES) y ultracondensadores (UC). El 
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nuevo SM se implementa, evalúa y valida experimentalmente en laboratorio a través de 

un sistema TYPHOON HIL y una tarjeta de control dSPACE MicroLabBox. Se 

implementan tres estrategias diferentes de gestión de la energía, utilizando dos de ellas 

técnicas de control avanzado basadas en lógica difusa. Se han implementado los lazos de 

control de la potencia activa, reactiva, del BES y del UC. Los resultados obtenidos son 

coherentes con las respuestas esperadas, observando un adecuado balance de potencia e 

inyección de energía a la red. 

Esta tesis tiene como objetivo realizar una contribución relevante en el desarrollo 

de fuentes de energía poco contaminantes que puedan satisfacer la creciente demanda de 

energía eléctrica. Siguiendo las tendencias globales, y reconociendo la importancia de 

este conocimiento para la comunidad científica y para la sociedad en general, esta tesis 

aportará nuevas soluciones en el campo de la generación solar fotovoltaica. Dado que, 

hasta el momento, la investigación se ha centrado principalmente en plantas de energía 

híbrida a pequeña escala, se requieren más estudios sobre la configuración, diseño, 

control, gestión de energía, operación y problemas asociados con las plantas de 

producción de energía fotovoltaica a gran escala con HESS. 
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I 
Contextualization 

 

 

 

In this first part, an overview of the main topics covered in this thesis is presented 

with contextualization purposes. An introduction will set up the study, then the hypotheses 

and objectives will be presented. Subsequently, a literature review showing previous studies 

in the field will be shown; and finally, the methodology will be described in order to obtain 

the results.  
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Chapter 1 

Introduction  

Due to growing environmental concerns, renewable energy sources are an alternative 

in constant development. Among these sources, photovoltaic (PV) systems have an 

important role to meet the increase in electricity requirements. Nowadays, most PV systems 

are small-scale and distributed. The large-scale PV power plants (LS-PVPP) are beginning 

to increase their participation, starting to reach a significant share in the PV market. This 

growing penetration of renewables in the energy mix brings some challenges that are 

important to overcome. In this context, energy storage, power electronic converters, and 

advanced control techniques are relevant aspects to be taken into account in order to alleviate 

the existing issues.  

One of these issues is the intermittent nature of solar radiation. The energy generated 

by the PV modules is directly proportional to the amount of sunlight that reaches their 

surface. There are many factors that interpose solar radiation. Shading due to clouds, 

vegetation, dust, buildings, etc. could be mentioned as examples. Therefore, the output 

power is strongly dependent on these external factors. To reduce the effects of this 

intermittence and maximize the conversion efficiency, several methods can be applied, such 

as sun trackers, maximum power point tracking (MPPT), and energy storage systems (ESS). 

Considering that the sun trackers require energy consumption, they are not recommended 

for operation under partially shaded conditions. However, the application of the MPPT 

technique and ESS can be suitable options. 

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 power output and contribute to voltage and frequency regulation. 

The use of hybrid ESS (HESS), combining different storage technologies, could have 

advantages for large PV penetration, covering a wide range of power and energy 

requirements.   

The use of ESS requires controlling their charge/discharge, and a suitable supervisory 

control of the energy sources. From a broad perspective, studying the control systems for 
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PV 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, 

such as the state of charge (SOC) of the ESS, voltage, or reactive power, among others, in 

order to improve the efficiency and operation of the energy sources. 

The converter is a crucial component for the connection of a PV power plant. This 

element is responsible for converting the direct current (DC) produced into alternate current 

(AC), maintaining the voltage and frequency levels required by the grid. Moreover, the 

converter can boost the DC voltage to reach the desired value to operate at the MPPT of the 

PV panels. The most commonly used power electronic converter for high power applications 

is the voltage sourced converter (VSC). Nevertheless, this converter has some technical 

limitations. The presence of switching dead times, which implies distortion on the output 

waveform; the need for a subsequent voltage boost stage in many applications; and the 

necessary use of an impedance filter to obtain a sinusoidal signal of acceptable quality at the 

output, thereby increasing the losses in the system, can be cited as examples. In contrast, the 

converters based on impedance sources, also called Z-source converters (ZSC), have 

interesting characteristics that make them suitable for PV applications. These converters can 

implement voltage buck/boost, perform an inversion on a single stage, provide integration 

of ESS without an additional converter, etc. Due to the interest of scientists in recent years, 

and for its capacity to overcome the limitations of VSC, the converter based on impedance 

source was selected as an attractive option to integrate the PV power plant and ESS under 

study. 

The topic covered in this thesis is worth of greater research efforts, since there are 

few works published that address the study of LS-PVPP with HESS connected to the 

impedance-based converter. The main objective of this thesis is to find the most suitable 

configuration for a LS-PVPP with HESS connected to a ZSC, and design new control 

systems to achieve an efficient energy management in the proposed plant.  

With this research, it is expected to achieve more efficient and reliable hybrid plants 

based on LS-PV and ESS, which will support the development and implementation of this 
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type of power plant. The proposed solutions mean a breakthrough in the search for improved 

systems, particularly targeted at large-scale applications. 

This thesis is part of the research project titled “MVDC grids integrating renewable 

energy technologies, energy storage systems and DC/AC impedance-source converters” 

(Ref. RTI2018-095720-B-C32) funded by the Spanish Ministry of Science, Innovation and 

Universities in the competitive call for projects “Retos de Investigación 2018”. 
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Chapter 2  

Hypotheses and Objectives 

 

Due to the increasing importance of power systems based on renewable sources over 

the last decades, PV systems play an important role in the energy mix nowadays. However, 

for this system to become widespread, an increase in its efficiency is required. In this context, 

different configurations, new supervisory control strategies, and the use of two types of ESS 

either combined or independent, will be investigated in this thesis. The proposed solutions 

will mean a breakthrough in the search for improved systems, particularly targeted at large-

scale applications.  

2.1. Hypotheses 

The combination of LS-PVPP with ESS is expected to yield more efficient and 

reliable systems, which will support the development and implementation of this kind of 

hybrid power plant. The main hypotheses of this thesis are presented below: 

 The incorporation of an ESS in a LS-PVPP (hybrid power plant) will improve 

its response against variations in weather conditions (solar radiation) and 

disturbances in the electricity grid. 

 The study and evaluation of different configurations regarding the connection 

of the energy sources within the hybrid plant will allow a critical comparison 

from an operational point of view, stating their advantages and disadvantages, 

and choosing the appropriate configuration for the plant, based on objective 

criteria. 

 The control design based on advanced control techniques to be developed will 

allow achieving an adequate and efficient plant operation, being able to 

satisfy the requirements of the electric grid, and find improved solutions for 

the control and energy management between the PV power plant and the ESS. 

 The evaluation of the advantages of the coordinated or independent use, as 

well as different ESS technologies in a PV plant, such as ultra-capacitor (UC) 
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and batteries, will allow enhancing the positive aspects of the hybridization 

of the power sources.    

 

2.2. Objectives 

The fundamental objective of this thesis is the study of the configuration, energy 

management and operation of a hybrid power plant based on solar PV and ESS, generating 

new knowledge in the topic, and proposing innovative solutions that favor its viability and 

contribute to its development. Taking this into account, the specific objectives of this thesis 

are: 

 Definition of the parameters and characteristics of the plant under study. 

 Study and evaluation of different configurations for the hybrid PV plant with 

ESS. 

 Development of models and controllers for the elements of the plant, and 

evaluation of their operation. 

 Design and implementation of a supervisory control system for the hybrid PV 

plant with ESS. 

 Evaluation and comparison of the different solutions proposed in order to 

establish the main conclusions. 
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Chapter 3 

Literature Review 

 

The last decade has witnessed a great growth of PV systems all over the world as 

well as a significant cost reduction. With the technical improvements and lower costs, PV 

technology will be increasingly used in the future [2]. Among the advantages of PV sources, 

vast fuel resources, no moving parts, high reliability, and no emissions can be highlighted 

[3]. 

On the other hand, due to the intermittency and fluctuation of the PV power 

generation, it is important to pay attention to the integration of these systems in the electric 

grid. If this integration is not dealt properly, excessive PV generation may lead to voltage 

instability, power fluctuation, or malfunctioning of the voltage regulation equipment, among 

other issues. Therefore, it is necessary to find solutions by developing advanced control and 

operation techniques to maximize PV power utilization while keeping the system reliable 

and stable [2]. The use of energy storage technologies (ESS) is regarded as one of the 

plausible solutions to this problem. 

Considering the above-mentioned, the background in the field of PV plants with ESS 

is described along this section, in terms of available technologies and their respective 

applications. Furthermore, a comparison of technical features is also depicted.  

 

3.1. PV panels technologies 

The technology used in the manufacture of PV cells is an important parameter to be 

taken into account in any PV project, since efficiency is a factor that influences the 

performance and the costs of the plant. 

Currently, various technologies are used to manufacture PV panels, as shown in Fig. 

3.1. The most relevant characteristics of the main PV materials are presented below.  
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Fig. 3.1. PV materials [4] 

 

3.1.1.Crystalline Silicon 

The most used technology is silicon, due to its high efficiency and maturity [5]. 

Silicon supply is readily available as it is the second most abundant raw material on earth 

[6]. Crystalline semiconductors of mono-crystalline silicon and GaAs have a better 

performance. However, GaAs manufacturing and raw materials are expensive and are used 

mainly in PV concentrators and in space technology, as they have greater resistance to high 

temperatures and are lighter [8]. Examples of silicon-based but less pure materials, are the 

poly-crystalline or amorphous organic and inorganic materials, being these cell categories 

cheaper when compared to mono-crystalline and GaAs [2]. An alternative to the high cost 

of mono-crystalline silicon is poly-crystalline, being both the most commercialized modules 

[7]. 

 

3.1.2. Thin-film 

Due to its low weight, high flexibility, and low cost, thin-film technology has 

excellent potential despite its low efficiency [3]. 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 [5]. In 2013, the highest efficiency of a cell reached 18.8%. 
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However, the maximum commercial efficiency is 15%, and the most frequently found values 

are in a range between 9% and 12% [9]. 

 

3.1.3.Other technologies 

Other less popular PV technologies are organic/polymeric, hybrid, and dye-

sensitized solar cells. 

Polymer PV cells are a relatively new technology studied in laboratories by groups 

of companies and by universities around the world. Still largely in the experimental phase, 

they offer interesting prospects. They are based on organic macromolecules derived from 

petrochemicals, whose manufacturing processes use much less energy than those used for 

cells based on mineral semiconductors. Their cost is much lower and they are lighter and 

less fragile. Their flexible nature makes them very suitable for integration into flexible 

materials or organic polymers or silicones, even textile fibers. Its main weakness lays in its 

limited lifetime due to the degradation of polymers when exposed to sunlight [6]–[8]. 

A hybrid solar cell is generally the result of the combination of crystalline and non-

crystalline silicon, which makes the manufacturing process even more complex [9]. High 

performance was obtained with the union of amorphous silicon with crystalline silicon. In 

Japan, Sanyo developed a cell with an efficiency of 21% [10]. 

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 [11]. They are considered in the initial stage of development. They are 

low-cost cells belonging to thin-film solar cells. This cell has quite attractive properties, 

since, in addition to being low-cost, it is very easy to create, semi-flexible, semi-transparent, 

or even totally transparent in those recently designed. In practice, the use of this cell shows 

certain drawbacks such as the wear of the electrolyte or the anode in use at certain 

environmental conditions [11]. However, although its energy conversion efficiency is lower 

than that of silicon-based solar panels, they present an improvement in terms of 

manufacturing price, making it a suitable candidate for future distribution. 
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3.1.4.Comparison and considerations of PV panel technologies 

Comparing the different PV materials mentioned above in economic terms, Fig. 3.2 

shows a downward trend in the price of the most commercialized PV technologies, from 

2009 to 2014. It is also possible to observe that the cheapest technology is amorphous silicon, 

and the most expensive is crystalline silicon. 

 

Fig. 3.2. Average monthly prices of PV modules by technology and country of 

manufacture [12] 

The price of the modules depend on the production volume of the PV panels, as it is 

possible to observe in Fig. 3.3 for thin-film and crystalline silicon technologies. In this 

figure, Q1 refers to the first three months of the year, Q2 to the subsequent three months, 

and so on, until Q4.  
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Fig. 3.3. Price curve by technology (cumulative production) [13] 

The efficiency of the solar cell is an important parameter for better use of the 

available solar resources and, also, to establish a certain technology in the market. The 

available technologies in the market and their respective efficiencies are presented in Fig. 

3.4. 

From Fig. 3.4 and other additional references, it is possible to make the following 

considerations: 

• The efficiency of monocrystalline silicon cells has shown a considerable 

improvement over the years. In 1975 the efficiency was around 13%, reaching 27% today. 

However, whereas the best mono-crystalline panels slightly exceed 20% [14], most panels 

have an efficiency of around 14,5%, as stated in [15]. 

• The polycrystalline cells reached the efficiency of 23% in 2020, but the efficiency 

of commercial PV is around 13% ~ 16%, according to [16]. 

• Multijunction cells have the highest efficiency among all the technologies 

mentioned, with 47% in 2019, confirmed by the Fraunhofer Institute for Solar Energy 

Systems laboratory. 



 

13 

 

 

 

Fig. 3.4.  Efficiency of PV cells by technology [14] 
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Regarding the most commercialized technologies, it can be mentioned that the 

production of PV cells/panels has been increasing over the years [5], and due to the 

efficiency and maturity of the technology, silicon-based cells lead the market, as shown in 

Fig. 3.5. 

 

Fig. 3.5. PV production by technology in percentage of global annual production [17] 

For a better comprehension of the importance of the PV panel technology, Table 3.1 

brings data from real PV plants. The data detailed in Table 3.1 show that the materials mostly 

used in PV panels are polycrystalline Si and thin-film. In high-power PV plants, thin-film 

solar panels occupy twice the area of those using polycrystalline Si. Only three plants in 

Table 3.1 use Si monocrystalline, and these show a fewer number of PV panels and less 

occupied area, due to their higher efficiency. 

TABLE 3.1. DETAILS OF SOME OPERATIONAL LARGE-SCALE PV SOLAR PLANTS [18] 
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In the cases of the Veprek and Long Island solar plants with a power of 35 MW and 

37 MW, respectively, the occupied area is similar. Long Island (monocrystalline) uses 

twenty thousand less PV panels than Veprek solar plant (polycrystalline), although the power 

is higher in the former. From the table, the relationship between the occupied area and the 

type of material used in the panel is clear. If thin-film solar cells are chosen, as in Reckahn, 

the occupied area increases by 20%, and the number of panels is almost three times more 

than in the case of the Long Island PV plant. 

For the future, opinions differ among the authors. However, the most broadly 

established opinion is that materials that allow increasing efficiency and reducing costs are 

necessary. 

For Frankl et al. [19], crystalline silicon, which is the predominant material today, 

will continue for many 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). 

Razykov et al. [20] expect 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. Energy storage systems technologies 

Energy storage integrated into photovoltaic 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 shorter 

periods, storage can be effective in smoothing short peaks and distortion in voltage [21]. 

Energy storage technologies can be classified as electrical, electrochemical, 

chemical, thermal, and mechanical, as presented in Fig. 3.6. 
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Fig. 3.6. Examples of energy storage systems [22] 

In this section, the technologies highlighted in red will be addressed in the following 

subsections, while the rest will not be studied due to their little use or relevance for the 

proposed objective. 

 

3.2.1. Flywheel 

A flywheel is a mass that rotates around an axis, which can store energy in the form 

of kinetic energy. The amount of energy stored is proportional to its rotational speed and the 

moment of inertia [21]. The flywheel can be low-speed, with operating speeds up to 6000 

rpm, or high-speed with operating speeds up to 50.000 rpm [23]. These wheels are 

accelerated in a matter of minutes, rather than the hours required to recharge a battery. The 

high-speed flywheel container is either vacuum or helium filled to reduce aerodynamic 

losses and rotor stresses [23]. 

The main advantages of flywheel storage systems are high charge and discharge rates 

for many cycles. In addition, the high cycling capacity of the flywheel is one of its key 

characteristics and it is not dependent on the rate of loading or unloading. The limiting factor 
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in some applications is more likely to be the life of the steering wheel, which is typically 

cited as 20 years. Its energy efficiency is typically around 90% at rated power [24]. 

The main disadvantages of the flywheel are the high cost and the relatively high 

losses. The friction losses of a 200-ton flywheel are estimated to be around 200 kW. Using 

this hypothesis and the instantaneous efficiency of 85%, the overall efficiency would drop 

to 78% after 5 h, and to 45% after one day. Long-term storage with this type of device is not 

foreseeable [25]. 

The flywheel can be integrated with renewable energy sources. The amount of energy 

produced by renewable sources varies significantly from hour to hour. Even when 

conventional technologies generate electricity at a constant rate, there are fluctuations in 

demand throughout the day. This load mismatch with the electrical supply means that power 

is not always available when required and at other times, there is excess power. Flywheel 

technologies can be used to provide power when not enough power is generated, and to store 

excess production and act in the event of a power grid failure [21].  

 

3.2.2. Electrochemical batteries 

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 [25].   

There is a wide range of technologies used in the manufacture of these accumulators, 

such as lead-acid, nickel-cadmium, nickel-metal hydride, nickel-iron, zinc-air, iron–air, 

sodium-sulfur, lithium-ion, lithium–polymer, etc. and their main strengths are their high 

energy density and the maturity of some of these technologies. However, their main 

drawback is their relatively low durability for high amplitude cycles [25].   

According to DTI Report [26], 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. For Karpinski, et al. [27] batteries that are in use or potentially 

suitable for large-scale storage are lead-acid, nickel-cadmium, sodium-sulfur, sodium nickel 

chloride, and lithium-ion. 
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Currently, the electrochemical batteries widely applied today are lead-acid batteries, 

nickel-based batteries, and lithium-based batteries. In addition to these the three, there are 

some additional types, albeit with low market penetration. These are the sodium-sulfur 

(NaS), the redox flow storage system, and the metal-air battery [26][27]. 

 

3.2.2.1.  Lead-acid  

Lead-acid batteries are the oldest of the rechargeable type and are based on chemical 

reactions involving lead dioxide (cathode), lead (anode), and sulfuric acid that acts as an 

electrolyte [28]. Lead-acid batteries are highly energy-efficient (between 85 and 90%), are 

easy to install, and require a relatively low level of maintenance and a low investment cost 

[21]. Moreover, they provide competitive costs, but they have a relatively limited lifetime, 

low energy density, and can cause a large environmental impact [27]. 

 

3.2.2.2.  Nickel Cadmium 

In these 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) [29]. 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 [32]. 

 

3.2.2.3.  Lithium-ion (Li-ion) 

In these batteries, the cathode is a lithiated metal oxide and the anode is made of 

graphitic carbon with a layered structure. The electrolyte is composed of lithium salts 

dissolved in organic carbonates [26]. The self-discharge rate is very low, with a maximum 

of 5% per month, and the battery life reaches about 1500 cycles [30]. However, the life of a 

lithium-ion battery is temperature-dependent and can be severely shortened by deep 

discharges. Also, lithium-ion batteries are fragile and require a protection circuit to maintain 
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safe operation. Built into each battery pack, the protection circuit limits the maximum 

voltage of each cell charge and prevents the cell voltage from dropping too low on discharges 

[21]. 

 

3.2.2.4.  Sodium sulfur (NaS) 

Sodium sulfur batteries consist of a positive molten sulfur electrode and a negative 

molten sodium electrode separated by a sodium beta-alumina ceramic electrolyte [31]. NaS 

batteries have an expected operational duration of 15 years considering 2.500 cycles (charge 

and discharge) for a depth of discharge of 100% (DOD). They have a high energy density, 

three to five times more than a lead-acid battery. Besides, 98% of the material used in NaS 

batteries can be recycled, only sodium cannot be reused [32]. 

 

3.2.2.5.  Vanadium redox flow 

Redox technology offers significant advantages, such as the absence of self-

discharge and degradation for deep discharge [21]. The cell efficiency can be as high as 85%. 

This type of battery is suitable for a wide range of energy storage applications for electric 

utilities and industrial end-users. Most development work has focused on stationary 

applications due to the relatively low energy density [26]. 

 

3.2.2.6.  Metal-air 

Metal-air batteries are the most compact and potentially the least expensive 

technology [26]. It offers a high energy density (compared to lead-acid batteries) and long 

life. However, tests have shown that metal-air batteries have a limited operating temperature 

range [21]. Among the various metal-air batteries, the lithium-air battery is an attractive 

option. Nevertheless, the high reactivity of lithium with air and humidity can cause a fire, 

which is a high safety risk. Currently, only a zinc-air battery is technically feasible [33]. 
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3.2.3.Ultracapacitors 

The ultracapacitors (UC), also known as supercapacitors, fill the gap between the 

classic capacitors used in electronics and batteries in general, due to their almost unlimited 

cycle stability, as well as the extremely high power capacity and capacity of energy storage 

many orders of magnitude higher than traditional capacitors [33]. 

The two main characteristics of UC are extremely high capacitance values, on the 

order of many thousands of farads, and the possibility of very fast charging and discharging 

due to extremely low internal resistance, characteristics that are not available with 

conventional batteries. Other advantages are durability, high reliability, lack of maintenance, 

long service life, and operation over a wide temperature range and in various environments. 

The useful life reaches one million cycles (or ten years of operation) without any 

degradation, except for the solvent used in the condensers, which deteriorates in 5 or 6 years 

regardless of the number of cycles. They are environmentally friendly and are easily recycled 

or neutralized. Efficiency is typically around 90% and discharge times are in the range of 

seconds to hours [33]. Recent progress in electrochemical capacitors/UC could lead to much 

higher capacity and energy density than conventional capacitors, allowing for compact 

designs [26].  

The cost of UC is a major concern for their commercial use in industrial applications. 

The cost is significantly higher compared to well-established storage technologies such as 

lead-acid batteries. Therefore, a drastic reduction in costs must be achieved, especially in the 

fields of carbon, electrolyte, and separator. Currently, the high power storage capacity of UC 

coupled with rapid discharge cycles makes them ideal for temporary energy storage to 

capture and store regenerative braking energy and to provide boost charging in response to 

sudden demands of energy [34]. At the same time, UC can provide short-duration peak 

power and short-term peak power backup for uninterruptible power supply applications. By 

combining a UC with a battery-based system, the life of the batteries can be extended [21]. 

There are a lot of UC developers. Leading companies include PowerCache (Maxwell, 

US), SAFT (France), NESS (Korea), ESMA (Russia), ELIT (Russia), PowerSystem Co. 

(Japan), and Chubu Electric Power (Japan), etc. [35]. 
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3.2.4.Hydrogen 

The hydrogen-based storage system includes three steps: electrolysis that consumes 

electricity during off-peak hours to produce hydrogen, the fuel cell that uses the hydrogen 

and oxygen from the air to generate electricity at peak hours, and a hydrogen reserve tank to 

guarantee adequate resources when needed [25]. 

Although the overall efficiency of hydrogen is low compared to storage technologies 

such as li-ion batteries, hydrogen is the only concept that allows the storage of large amounts 

of energy, up to a TWh range, for long periods [36]. Another advantage of hydrogen is that 

they can be used in different sectors, such as transport, mobility, heating, and the chemical 

industry [33]. 

There are different approaches to store hydrogen, either as a high-pressure gas, or 

chemically bounded on complex hydrides. However, for stationary applications, high-

pressure gaseous storage is the most popular option [21]. Smaller amounts of hydrogen can 

be stored in tanks or bottles above the ground at pressures up to 900 bar. For large amounts 

of hydrogen, underground piping systems or even salt caverns with various volumes of 

100.000 m³ can be used at pressures up to 200 bar [33]. 

 

3.2.5. ESS comparison  

To compare the performance of the different types of storage systems, some criteria 

were taken into consideration such as cost, energy density, recyclability, durability, 

efficiency, allowing to define a performance index for the following four application 

categories [25]: 

 Low power in isolated places, to power emergency terminals and transducers 

(Category 1). 

 Medium power in isolated areas, for individual electrical systems (Category 

2). 

 Grid connection (Category 3). 

 Power quality control (Category 4). 
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Storage system performance parameters are often expressed for a wide variety of 

types and applications. Fig. 3.7 shows a comparison of the different storage techniques. The 

comparison is based on the "performance index" defined as the applicability of the storage 

technique to the specified application, taking into account the categories mentioned above. 

The data represent typical systems in each category but may not cover all available products 

[25]. 

From the Fig. 3.7, it is possible to make the following statements: (i) For low and 

medium power in isolated places, the lithium-ion battery has the best performance index; (ii) 

if the objective is to connect the storage system to the grid, the UC shows a good performance 

index; and (iii) when the objective is the power quality control, the UC is interesting, 

followed by the flywheel. 

 

Fig. 3.7. Performance index for nine storage technologies for the four application 

categories [25]. 

Another perspective to analyze the most suitable storage system for a specific 

application is to compare the rated power of the system and the discharge time, as shown in 

Fig. 3.8. Large-scale permanent energy storage applications can be classified into three main 

operational categories: 

• Power quality: the energy stored in these applications is only used for a few seconds 

or less to guarantee the quality of the energy delivered. 
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• Buffer and emergency storage: the energy stored in these applications is used from 

seconds to minutes to guarantee continuity of service when changing from one source of 

electricity to another. 

• Grid management: storage systems are used in these applications to decouple the 

timing between power generation and consumption. A typical application is load leveling, 

which involves storing energy during off-peak hours (low energy cost) and using stored 

energy during peak hours (high energy cost). 

Fig. 3.8 compares which of the storage options are more suitable according to the 

application and the intended power. 

 

Fig. 3.8. Distribution of storage techniques according to the application [25]. 

The characteristics of the different storage techniques concerning efficiency and 

life cycle are illustrated in Figure 3.9. The two technologies with the longest lifespan and 

efficiency are the UC and the flywheel, and among the batteries, the li-ion technology 

presents a higher efficiency. 
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Fig. 3.9.  Distribution of storage technologies based on efficiency and lifetime [25]. 

Energy efficiency and lifespan (maximum number of cycles) are two important 

parameters to consider, among others, before choosing a storage technology, as they affect 

overall storage costs. Low efficiency increases effective energy costs as only a fraction of 

the stored energy can be used. A short service life also increases long-term costs, as the 

storage unit must be replaced more frequently. 

With regards to costs, the investment associated with a type of storage is an important 

economic parameter and affects the total price of energy production. Therefore, some types 

of storage systems can only be profitable if a certain minimum of energy is supplied. Then, 

the overall cost of the system (including durability of the equipment and cost of 

investigation) must be considered to achieve a complete analysis. For example, even though 

lead-acid batteries are relatively inexpensive, they are not necessarily the least expensive 

option for power management, due to their relatively low durability. 

The cost of batteries per unit of power and energy is as shown in Fig. 3.10. 
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Fig. 3.10. Distribution of storage technologies as a function of investment costs per unit 

of power [25] 

To conclude, from the data presented, it is possible to note that there is a great variety 

of storage technologies, each one intended for different applications. The choice of the best 

option is conditioned by the amount of energy to be stored, the time during which it is 

required to retain or release this stored energy, the available space and environmental 

restrictions, the cost, and the exact location of the network where storage is required. 

It is clear from the review above that batteries are the dominant technology to be used 

when continuous power supply is primordial, while technologies such as flywheel and UC 

are most suitable for energy storage applications where a shorter power supply is demanded. 

Li-ion batteries are becoming increasingly important and have several advantages over 

traditional lead-acid batteries. Finally, fuel cell performance is constantly improving in terms 

of reliability and investment cost, yet the future penetration of fuel cells remains linked to 

costly hydrogen production and storage processes. 
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3.3. Converter technologies 

Converters are elements capable of altering the characteristics of the voltage and 

current inputs, transforming them in a desired specific output [37]. The converters are 

responsible for adapting the energy generated by the PV solar panels, batteries, or any other 

source, to the necessary characteristics so that it can be injected into the electric grid or used 

in an isolated installation. 

The desirable characteristics for a converter can be summarized in high efficiency, 

low no-load consumption, high reliability, protection against short circuits, safety, good 

regulation of the output voltage and frequency  [38]. A common classification is through the 

relationship between the input and the output of the converter [39], being those the: DC-DC, 

AC-DC (also called rectifiers), AC-AC, DC-AC (also called inverters). When connected to 

the grid, the inverter should provide an alternating current that presents the same 

characteristics of the electrical network to which it is being connected, concerning the 

frequency, form, and effective value. Variations are practically not allowed, to avoid 

disturbances on the electrical distribution network. 

The energy generated by DC sources needs to be converted before being delivered to 

the load or the grid. This conversion occurs typically in two stages. The first one is performed 

through a DC-DC converter, and in the second one, usually, a voltage source inverter (VSI) 

allows the connection to the grid [40]. When dealing with PV plants, typically, the DC-DC 

conversion stage boosts the voltage of the PV panels and implements the maximum power 

point tracking (MPPT) strategy for the PV generator, while the VSI is controlled to keep the 

voltage at the DC link constant and regulate the reactive power exchange with the grid [41]–

[43].  

Converters based on voltage or current source have the drawbacks of being a buck or 

boost converter and they cannot be a buck-boost converter. This means that the output 

voltage range is limited to higher or lower than the input voltage and their main circuits 

cannot be interchangeable [44]. 

To overcome these problems, the impedance source converter (ZSC) is a power 

converter that has buck and boost capabilities in a single conversion state. A single-stage 

conversion is an attractive option due to its reduced losses, low device count, and lower costs 

[45]. This type of device incorporates an impedance network between the power source and 
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the converter to overcome the technological barriers of traditional converters [46]. The 

structure of a ZSC is presented in Figure 3.11 

 

Fig. 3.11. General structure of a ZSC [46]. 

Another important advantage of the ZSC is that they have the possibility to work in a 

shoot-through state without damaging the power switches. The operating principle of this 

shoot-through state is based on taking advantage of the overlapping states, not allowed in 

VSI, to increase or decrease the voltage on the DC bus, thanks to the impedance network. 

Several advantages of this type of converter were highlighted in [47], where the 

configuration based on DC/DC boost converter and VSI was compared to a configuration 

based on ZSC. ZSC achieved a better performance due to its shoot-through capability. 

However, their main drawbacks are a discontinuous input current in the boost mode and high 

voltage stress in the capacitors of the impedance network [48].  

Several ZSC topologies were analysed in [49], [50]. Among them, the quasi-Z-source 

inverter (qZSI) is particularly attractive due to certain improvements compared to the ZSC 

[48]. For instance, the qZSI presents continuous input current and reduced current and 

voltage in the inductor L2 and the capacitor C2, respectively. Furthermore, it can also work 

as a bidirectional converter replacing the diode with a bidirectional controlled switch. The 

DC/DC converter proposed in [51], is a variation of the traditional qZSI that can be coupled 

to the VSI. This converter improves the voltage gain in the DC/DC stage, on the other hand, 

it reduces the duty cycle range. A converter based on an impedance source is proposed in 

[52] which, in addition to a good duty cycle range, has a high voltage gain, while maintaining 

an acceptable degree of stress in the components. The converter proposed in [53], which is 

used in this work, in addition to a high degree of boost/buck capacity, reasonable efficiency, 

and stress on the components, has a linear duty cycle gain, making control much easier. 
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A qZSI can be modeled by a detailed or switched dynamic model (DM), which 

includes the modeling of all switches and their firing pulses. However, this model is not 

recommended for steady-state stability studies, long-term simulations, or large electric 

power systems due to its huge computation requirements. Therefore, a simplified model, 

which can represent accurately the system response while significantly reducing the 

computational time, is an interesting option for such studies. The small-signal model 

described in [44] has been presented as an alternative to the DM of the qZSI with lower 

computational efforts. However, it is based on the circuit analysis of the qZSI, rather than 

on the use of averaged voltage and current sources that can be easily implemented in an 

electric circuit representation of the qZSI. Fig. 3.12 presents the structure of a qZSI 

converter. 

 

(a) 

 

(b) 

 

(c) 

Fig. 3.12.  (a) General structure of a qZSI converter, (b) shoot-through state; and (c) non-shoot-

through state of the qZSI 

 

Regarding the use of qZSI with renewable energies, several works on small-scale PV 

solar energy (with rated power below 10 kW) can be found in the literature. The qZSI was 

used in [54] and [55] for PV distributed generation with rated powers of 1 kW and 1.3 kW, 

respectively. In both papers, the closed-loop control of the output voltage/current was 
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applied through the voltage on the capacitor C1 of the impedance network. A model 

predictive control (MPC) technique was applied to a 550 W qZSI and PV array system in 

[56].  

In Sections 5.2 and 5.3 the modeling of the qZSI and DC/DC-ZSC used in this thesis, 

is described in detail. 

 

3.4. PV power plants with energy storage system 

This section presents some of the applications for PV power plants with energy 

storage systems, in terms of topologies used, storage system, and control. It is a solution 

little used to date, with a great future, which requires more research for its development and 

implementation.  

 

3.4.1. Small-scale PV power plants 

The current situation of small-power PV plants, less than 100 kW, with energy 

storage, which corresponds to the vast majority of published works, is briefly discussed here. 

In this sense, some significant references have been chosen to show the current state of the 

use of energy storage in small PV power plants. 

Even though lead and lithium-ion batteries are the most widely used options in [57] 

for isolated or grid-connected small plants, for the authors in [31], NaS batteries represent 

an efficient option as storage system in small PV power systems, as it is a well-developed 

technology already, that has a long useful life and high efficiency, requiring little space. This 

last factor is convenient, especially in areas of high population density. It is also noted that 

the use of NaS batteries is interesting to control energy peaks to increase the reliability of 

the system and increasingly include renewables in the grid. 

In [58], an optimization of PV plants with grid-connected battery storage in 

commercial buildings in the UK is presented. The linear programming model developed 

finds the most cost-effective configuration of PV and battery systems, while providing 

information on how such systems should operate at half-hour intervals at different times of 
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the year. The technology selection and operation model has been tested using a case study 

in a food distribution center in London, UK. The results indicate that the most attractive 

technology configuration is a combination of lithium-ion batteries and monocrystalline 

silicon PV panels, and that financial payback is completed in eight years. However, this does 

not mean that this is always the best option, as each building is different and no solution fits 

all the applications. The result found in general terms indicates that, without incentives or 

reductions in the cost of the technology, PV and battery systems constitute a questionable 

investment for most of the organizations that establish short periods of investment recovery 

(less than 3 years). This finding implies that, if there were not the incentives set by the UK 

government, much of the installed capacity so far would not have taken place. 

Other examples, considering PV systems with qZSI/ZSI for small-scale applications 

can be found in the literature [54], [59]–[63]. An optimization based on a novel perturbation 

and observation algorithm was proposed in [59] to achieve the MPPT of a 4.5 kW PV system 

connected to the grid through a qZSI. In [60]–[62], different modulation techniques were 

applied to ZSI/qZSI in small-scale PV system applications. A control strategy based on 

model predictive control was implemented for a three-phase qZSI in [63], while control 

loops with conventional PI controllers were used in [54].  

Some of the first applications of qZSI connected to small-scale PV systems and 

integrating energy storage systems can be seen in [64], [65]. After these first applications, 

other research works with the same elements were also published, connecting the inverters 

in the cascaded multilevel topology [66], managing the battery state-of-charge (SOC) [67], 

or the power flow [68].  

 

3.4.2. Large-scale PV power plants 

 Concerning LS-PVPP, until 2016 seven of the ten largest PV systems in terms of 

installed capacity were located in the USA. Among these top ten, the installed capacity has 

been increasing since the last decade, as the capacity went from 250 MW in 2011 to 580 

MW by the end of 2015. There is a tendency to increase the global installed capacity until 

2050, especially in China and USA, reaching 1800 GW and 500 GW respectively [69] [70], 

as shown in Fig. 3.13. In this graph, two situations are considered for China, one with an 
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optimistic forecast (indicated by "x" in yellow) considering a high PV penetration through 

government incentives, and another in case of continuing to follow the current patterns (red 

triangles). The mentioned data justify the importance of developing studies on LS-PVPP to 

improve their quality and spread their use. 

 

Fig. 3.13. Trends for installed PV power systems by countries/continents [70]. 

One important parameter to take into account to improve LS-PVPP is the study and 

evaluation of the most suitable configuration according to technical criteria. To guarantee 

the best design, control, and operation of the PV power plants, the PV generation 

components are being investigated, as well as the internal design of the plants. Hence, the 

topologies used in PV plants are investigated next. 

Four topologies for large-scale power plants are analyzed in [18]. In the central 

topology, all PV panels are interconnected with an inverter. In the string topology, a PV 

string is connected to an inverter. The multi-string topology presents a PV string connected 

to a DC/DC converter, with 4 or 5 DC/DC converters connected to a DC/AC inverter. The 

fourth topology, module integrated, has one inverter for each PV module, but until the 

present date, it has not been used in large-scale plants. 
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It can be affirmed that the central topology has the following advantages: robustness, 

low AC energy losses, low variation of AC voltage, and reasonable installation and 

maintenance costs in contrast with the other topologies. The general characteristics of the 

string and multi-string topologies are very attractive, but their main drawback is the 

installation and maintenance costs as the number of inverters increases. The string topology 

has characteristics similar to the multi-string topology, but its use is recommended when 

each PV string has different orientation angles. The multi-string topology has better 

efficiency because it has a dedicated MPPT control per string. However, the complexity of 

the installation and the large number of inverters needed make this topology less attractive 

to investors.  

Four different configurations for PV plants were evaluated in [71]. The contribution 

of energy storage systems was also considered in this paper. Furthermore, the connection to 

the grid of the configurations was analyzed. The configurations evaluated are: independent, 

AC-Coupled, DC-Coupled, and DC tightly coupled.  

The independent configuration represents the way that the vast majority of large-

scale storage and PV systems are currently implemented. In this configuration, the PV 

generators and the ESS can be located in completely different locations and do not share 

common components or control strategies. The ESS can be charged with any source in the 

network that provides low-cost power, and it can discharge during periods of high demand.  

In the AC-Coupled configuration, the PV and ESS are located together and share a 

point of common coupling to the AC network. Because the plant does not share any 

component, the ESS can still act independently of the PV system, that is, it can store energy 

from the PV plant or from the network. 

The systems in which the PV plant and the ESS are coupled on the DC side of a 

shared inverter are the DC-Coupled and the DC tightly coupled configuration. The DC-

Coupled system includes a bidirectional inverter that allows the storage system to be charged 

from the network, in addition to being charged from the PV. The DC tightly coupled system 

assumes that the ESS can only store energy from the PV panels, not from the grid. 

For LS-PVPP, different converter models have been implemented. For example, the 

topology used in [72] is connected to the grid through two conversion stages, consisting of 

two parallel-connected triple-port dual active bridge (DAB) combined into a two-level 
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inverter. Each triple-port DAB integrates a PV and a battery-based ESS through a multi-

winding transformer. The high power density, galvanic isolation, seamless switching 

between the different operating modes, and the modular nature, are notable features of the 

triple-port DAB-based DC/DC converter modules. All these features make this PV-ESS 

integrated triple-port DAB converter interfaced to an inverter an attractive solution for LS-

PVPP integration to the grid. 

Other works found in the literature suggest the use of ZSI and qZSI with ESS. A 

large voltage boost in a single-stage can be achieved by Z-source inverters (ZSI), which 

include an impedance network before the VSI. Different topologies for ZSI can be found in 

[73], [74]. A modified topology with a bi-directional power flow was proposed in [73]. An 

improved boost capability and low voltage stress in the impedance source of a ZSI were 

analyzed in [74]. A variation of ZSI is the quasi-Z-source inverter (qZSI), which presents 

differences in configuration while maintaining the same operating principle. The benefits of 

the qZSI, when compared to the ZSI, are a lower component rating, no need for extra filtering 

capacitors, reduced switching ripples, and constant DC input current from the PV panel [65]. 

When analyzing the qZSI topologies integrated with ESS, two feasible 

configurations include a battery energy storage system (qZSI-BES) connected in parallel 

with the capacitors C1 or C2, as shown in Fig. 3.14 (a) and (b). 

             

 

The authors in [75] proposed the use of the configuration presented in Fig. 3.14 (a) 

for three hybrid modules with their outputs connected in series. Each module includes a PV 

panel, a battery, and a qZSH-bridge inverter. The battery is included to reduce the 

intermittency of the PV generation. The control scheme develops the MPPT strategy of the 

Fig. 3.14. qZSI with battery (a) in parallel with C2, (b) in parallel with C1. [9] 
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PV panels, provides the desired power to the grid, and balances the power of each battery 

between the different modules. For the MPPT, the perturb and observed (P&O) algorithm 

was implemented delivering the voltage reference at the output. A PI regulator was applied 

to track the voltage reference by regulating the duty cycle (D). Here, D was not only used to 

implement the MPPT but also to boost the PV voltage to a higher voltage level. In the case 

of grid power control, the phase angle of the grid voltage was measured by using a phase-

locked loop and then used to produce the phase reference for the grid current. For battery 

energy management, the SOC was controlled to operate in a safe range between the 

minimum and maximum limits. Therefore, when the battery reached the minimum SOC, this 

module could not be discharged any deeper, and when it reached the maximum SOC, the 

battery could not be charged any further. To achieve this objective, the proposed controls 

were implemented and the simulation results confirmed the effectiveness of the system. 

The configuration presented in Fig. 3.14 (b) was chosen by the authors in [65]. This 

paper proposed this new topology to overcome the power limitation due to the wide range 

of discontinuous conduction mode during the battery discharge. This occurs when the battery 

is paralleled with C2. The intention here was to test the new topology, to control the PV panel 

output power, and, as a result, to control the battery power. Regarding the control strategy, 

the PV panel power or the battery power can be controlled through D, and the inverter output 

power can be controlled by the modulation index (M). For the PV panel power control, the 

battery voltage changes with the SOC of the battery. Also, the voltage of the PV panel is 

highly current-dependent. Therefore, for a given battery voltage higher than both the open-

circuit voltage of the PV panel and the inverter line-to-line output voltage, the input voltage 

of the PV panel can be controlled to track its maximum power point (MPP) through D. The 

PI regulator is employed in the PV voltage closed-loop control to find the desired variation 

of the shoot-through duty cycle for a PV voltage reference variation. As a result, in this 

control method, D was used to control the input voltage to track the maximum power of the 

PV panel, thus controlling the input power. For the battery power control, the shoot-through 

duty ratio D was used to control the battery current directly through changing the voltage of 

capacitor C1 connected in parallel to the battery, thus controlling the battery power. 

Moreover, M was used to control the inverter output power, while the input PV power was 

indirectly controlled. With the proposed qZSI plus battery and the two suggested control 

methods, it was possible to develop the MPPT strategy in the PV module effectively and to 
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inject the active/reactive power into the grid through the inverter independently. It also 

controlled the energy flow from/to the battery. These are key features in most PV energy 

systems, which demonstrates the suitability of the proposed solution for this type of 

application. 

Knowing the existing configurations is important, since one of the aims of the thesis 

is to study and evaluate the most suitable configuration for a PV plant with hybrid ESS 

according to technical criteria. 

 

3.4.3. Energy storage systems 

Although RES present the advantages of a vast fuel source and lower emissions of 

pollutants, their intermittent nature requires special attention for their integration into the 

grid. If this integration is not dealt properly, excessive PV generation may lead to voltage 

instability, power fluctuation, or malfunctioning of the voltage regulation equipment, among 

other issues [2]. The use of energy storage systems with RES is an effective way to address 

the fluctuation and intermittency of the RES generation. A robust sizing of hybrid PV 

systems with battery is recommended when considering future variations of meteorological 

data and consumption profiles [76].   

Among the existing large-scale energy storage technologies, batteries are widely 

employed [32], [77]. Batteries can operate in charge or discharge mode according to the 

desired system operation. Most of the configurations with batteries and PV panels also 

include an additional DC-DC converter for the battery connection and a VSI for grid 

connection [78]–[80]. For the authors in [42], the electrochemical ESS that are suitable for 

PV systems is the Redox flow battery (RFB), the sodium-sulfur battery (NaS), the nickel-

cadmium battery (Ni-Cd), the lead battery, and the lithium-ion (Li-ion) battery. 

However, energy-stored qZSI represents a very interesting alternative for hybrid PV-

battery systems without needing an additional DC/DC converter dedicated to the battery, 

since the battery is integrated into the impedance network of the qZSI in the energy-stored 

qZSI. This configuration allows an appropriate MPPT control of the PV panels, stable 

regulation of the DC voltage, and adjustable reactive power exchange through the control of 

the single inverter in the qZSI. 
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In the literature, qZSI has been used with energy storage systems in applications such 

as microgrids [81], [82], induction motors for water pumps [83], stand-alone wind turbines 

[84], and electric vehicles [85]. All these applications share the common objective of 

providing a stable power supply and enabling an efficient use of RES. A microgrid is “a 

group of Distributed Energy Resources (DER), including RES and ESS, plus loads that 

operate locally as a single controllable entity” [86]. 

To reduce the intermittent characteristic of the RES, the authors in [32], [87]–[89] 

proposed the use of ESS. Although the ESS market is expanding, there is a lack of standards 

and methods for comparing the efficiency and performance of ESS in a PV system [32]. 

According to the same authors, the high uncertainty and fluctuation of the PV power cause 

poor power quality and control issues. The energy storage and dispatch strategies could play 

an important role in the stability of future power systems with high PV penetration.  

Reference [87] discussed the use of batteries with large renewable generation as one 

of the effective technologies to deal with power fluctuation and intermittency. The proposed 

battery energy management strategy was applied to meet the real-time power requirement 

and ensure energy balance and availability. However, the current high cost of batteries is 

indeed a problem that cannot be ignored. According to this work, in order to use the battery 

more efficiently, further research, development, and verification associated with the 

operation and application technologies of the large-scale batteries need to be continued. 

Table 3.2 presents the ten largest EES, by nominal power capacity under commission 

or in operation for the electrical grid as of 2016. From this table, it can be seen that six of 

the ten technologies used in the ESS are lithium-ion. In addition, it is also noted that three 

of the ten plants are located in Japan and two are located in the USA. 
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TABLE 3.2. THE TEN LARGEST ESS (BY POWER CAPACITY) UNDER COMMISSION OR IN OPERATION FOR THE ELECTRICITY GRID AS OF 2016 [70].  
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In [88], the ESS consisted of a combination of battery and UC that complemented 

each other in terms of power and energy. The coordinated use of the battery and the UC can 

provide an excellent combination that can cover a wide range of power and energy 

requirements, especially in PV systems. 

The use of hydrogen as an ESS for a PV power plant, with simulations based on real 

data from a 1.62 MWp plant located in central Italy, was analyzed in [89]. The system was 

used to supply power to the load directly from the PV field, or by converting in the fuel cell 

the chemical energy of the hydrogen into electricity. The conclusions of this work suggest 

that, due to the losses of efficiency in the system, the direct delivery of energy from PV 

plants to the grid is generally the best option. However, in areas where the local network 

experiences a low quality of service due to sudden variations in the injected energy, a flat 

injection curve can reduce the need to invest in transmission lines and become a viable 

commercial proposal. In cases when the grids are stable and adequately sized, a hydrogen 

system that helps a PV plant would be more suitable, from an economic point of view, for 

off-grid or backup power supply applications. Furthermore, if performance improvements 

occur and system costs decrease, the business proposal can be attractive even for grid 

stabilization and balance services. 

In [90], the PV system supplies power to a DC load. When the power of the PV 

source is insufficient, the electricity grid compensates for the energy deficit. On the other 

hand, if the load is satisfied and the PV source can still supply energy, the excess energy is 

diverted to its own storage unit that produces hydrogen gas through water electrolysis. The 

difference between the authors of  [89] and [90] is that in [90] a pump is not used to control 

the flow of water for the electrolysis process, and they propose the idea of replacing the 

function of the pump by the action of gravity. 

Solomon et al. described ESS for large-scale power plants in [88]. According to the 

authors, only one type of ESS is not enough to meet all the needs for this type of plant. 

However, it should be possible to devise a hybrid storage system, composed of subunits of 

various ESS technologies, that would have appropriate qualities for large PV grid 

penetration.  

To the best of our knowledge, no published paper dealing with LS-PVPP with qZSI 

and two types of ESS exists up to date. Based on this fact, it will be considered in this thesis 
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the use of two storage units in a hybrid system into the PVPP, such as batteries, UC, or 

hydrogen systems, combining the advantages of different ESS, also called hybrid energy 

storage system (HESS). This will be one of the main novelties and contributions of this 

thesis. 

  

3.4.4. Control techniques 

To guarantee the proper functioning of RES using battery energy storage, it is 

necessary to monitor and control the energy flow between sources and loads or the grid [91]. 

This control is performed by an energy management system (EMS). 

There exist numerous control techniques that can be used depending on the desired 

application. Among these techniques, some of the most used are the PI/PID controllers, due 

to their degree of development and simple implementation.  

The representation of the global system used in [1] is shown in Fig. 3.15. In this 

system, batteries are designed to store electric energy for later use, providing slow system 

dynamics and an efficient means of smoothing power fluctuations. A bi-directional buck-

boost converter is used to connect the batteries to the DC bus. UCs are used to provide or 

absorb significant powers with fast dynamics, with low internal resistance and low voltage, 

and also to carry out very fast charges and discharges, as they have a large number of cycles 

without degradation and with high efficiency. The UCs are also connected to the DC bus 

through the use of a buck-boost converter. 
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Fig. 3.15. Configuration considered in [1] with PV plant and HESS 

The DC bus control is based on a PI controller, which calculates the reference current 

Idcref to keep the DC bus voltage at the reference voltage Vref. An energy management strategy 

provides the reference currents for the battery and UC converters. These currents guarantee 

the maintenance of the DC bus voltage regardless of the behavior of the load and the value 

of the energy extracted from the PV panels. If a problem occurs in a PV generator, the 

batteries and/or the UC ensure the regulation of the DC bus voltage. At any time, the sum of 

the reference currents, Iscref and Ibatref, must equal Iccref. 

The control algorithm in charge of establishing the reference currents to the batteries 

and the UC for different cases of state of charge (SOC) is the following: 

• If the DC bus reference current is negative (when the PV panels provide more power 

than desired) and the UC SOC is higher than 95% (the UC are saturated), the 

reference current of the UC must be null. If the SOC is below 95%, the UC starts 

charging. 

• If the DC bus reference current is positive (when the PV panels do not provide the 

desired power) and the UC SOC is below 25%, the UC reference current must be 
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zero, that is, they must not supply any power. If the SOC is greater than 25%, the UC 

starts discharging. 

• The reference current of the DC bus is zero when the PV panels produce the 

necessary power for the load. 

To demonstrate the effectiveness of this hybrid storage system, some operating 

simulations are performed in [47]. The simulation results demonstrate that the integration of 

UC in the energy storage system of a PV plant leads to a low charge/discharge current rate 

of the battery and reduces stress levels, improving the battery life cycle. Nevertheless, the 

lack of robustness and the need to adjust different parameters are considered some 

disadvantages of this traditional PI control technique. In this context, artificial intelligence 

(AI) algorithms are becoming popular nowadays, playing an important role in enhancing the 

performance of PV systems [92]. 

AI techniques can be programmed to learn from examples, they can perform 

predictions at high speed, they are able to deal with nonlinear problems, and are fault-tolerant 

in a manner that they can handle noisy and incomplete data. Some of the AI techniques used 

in the PV field are Neural Networks (NN), Fuzzy Logic (FL), Genetic Algorithm (GA), and 

also hybrid techniques, combining the advantages of more than one AI algorithm [93]. A 

hybrid technique was applied in [94], in which the EMS between a renewable energy system, 

a battery, and the grid was performed using an adaptive neuro-fuzzy (ANFIS). The control 

strategy based on ANFIS improved the overall control capacity and provided better 

performance when compared to a PI-based control. 

AI algorithms have been used in many aspects of sizing, modeling, and control of 

PV systems. For instance, a two-level coordinated control strategy with FL was proposed in 

[95] to adequately adjust the total active power supplied to a grid by LS-PVPP with the aim 

of regulating the grid frequency. The results of the simulation for the frequency control 

strategy showed an improved performance compared to the conventional strategy based on 

the complete MPPT mode. An EMS based on fuzzy logic was used in [96] to maximize the 

duration of the power supply according to the availability of renewable sources and storage 

systems. An intelligent EMS of a hybrid system with storage in isolated applications (stand-

alone) based on fuzzy logic was developed in [97]. Moreover, a control strategy using fuzzy 

gain scheduling of PID controller for a hybrid system, composed of PV and battery, 



Chapter 3 

Literature Review 

42 

 

subjected to different climatic conditions was used in [98]. A two-level control system 

structure was implemented combining PID and fuzzy logic control for MPPT. 

In [99], a fuzzy logic two-level coordinated control strategy is proposed to properly 

adjust the total active power supplied to a grid by large-scale PV plants to regulate the grid 

frequency. Each solar plant is connected to a DC/DC converter, treated as agents, and a 

central coordinating controller. The central controller uses a frequency regulation module 

based on a new self-adjusting FLC scheme to calculate the appropriate reference value 

according to the total power required. Then, the individual reference value is defined for 

each local controller. Each local controller governs all the power electronic converters 

installed in the PV agent to inject energy into the grid according to the individual reference 

value received. In addition, each local controller uses an algorithm to manage the state of 

charge of the battery bank installed, so that it remains in the safe range of 20 to 80% while 

operating near the desired value of 50% in the stationary state. In addition, a special control 

mode is integrated into the overall strategy to help the fast recovery of the grid frequency in 

emergency conditions. 

The techniques based on model predictive control (MPC) are also gaining popularity 

due to their capability to control various variables at the same time, including constraints, 

dealing with different kinds and magnitude of controlled variables [93]. These techniques 

are versatile and can be used for the control of converters, as well as for supervisory control. 

An example of the application of MPC for PV systems was presented in [95], which 

proposed control and optimization methods for a grid-connected PV plant with ESS. The 

control system had two main objectives. The first one was to benefit from unequal prices, 

and the second one was to smooth the intermittent power output of the PV plant. A MPC 

was used to allow storage units to adapt automatically and dynamically to changes in PV 

production while responding to requests from external system operators or price signals. 

From the results obtained, it is clear that, although MPC does not guarantee optimality, it 

generally shows almost optimal results.  

Another objective of this thesis is the design of new control systems based on 

advanced control techniques for the PV power plant with hybrid ESS, as well as the 

supervisory control system for the coordinated control of the inverter and ESS, in order to 
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improve the results obtained by the existing solutions in terms of energy efficiency, 

management, and operation. 

The aforementioned arguments lead to the conclusion that the topic covered in this 

thesis is timely, of interest, and worth of greater research efforts, as it has been shown in the 

review of the state of the art carried out in this section. In particular, there are very few works 

published that address the study of large-scale PV hybrid plants that combine qZSI with two 

types of ESS, and pursuing an efficient management and integration of the plant in the grid. 

Those aspects will be addressed in this thesis to provide new knowledge and relevant results, 

and they represent the main developments and contributions of this thesis.  
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Chapter 4  

Methodology 

 

The research methodology followed during this thesis consists of the logic steps 

presented in this section. The main tool used for modeling, control design, and simulation 

was the software MATLAB/Simulink®. The experimental validation was performed in the 

Hardware-in-the-Loop (HIL) platform TYPHOON HIL-402-AP and the control board 

dSPACE MicroLabBox. Therefore, the research methodology for this study consists of the 

following tasks: 

  

- Task 0. Literature review and conceptual modeling 

The objective in this task was to learn the state of the art of the topic under study, 

performing a detailed review of the existing literature. LS-PVPP with ESS were analyzed to 

identify common aspects present worldwide in terms of configuration, technologies, control, 

and management of the plant. During the comprehensive review of the available literature, 

a critical observation was carried out in order to identify possible constraints, limitations, 

and research questions to be solved. After that, points of action were structured to address 

the weaknesses and find solutions.    

 

- Task 1. Determination of the plant under study 

The characteristics of the plant in terms of configuration, solar modules, converters, 

and ESS, were selected in this task. The solar modules were chosen according to their 

efficiency, material, and reliability. Regarding the ESS, the possibility to combine different 

technologies was analyzed, in order to procure a short-term energy storage with fast response 

time, and/or a long-term energy storage with slow response time.  
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- Task 2. Evaluation of different types of internal configuration.   

In this task, the connections and topologies within the plant were defined, evaluating 

the best connection point for the ESS and PV system. The viability to connect one or both 

storage systems in parallel to the capacitors in the qZSI was analyzed, as well as the need to 

use a DC/DC converter between one of the ESS and the qZSI to control both ESS. This study 

helped defining the internal configuration considering aspects such as voltage levels, control, 

and operation strategies.         

 

- Task 3. Dynamic modeling of the main components. 

Dynamic models of the plant components were developed using the software 

MATLAB/Simulink®. The models available in the libraries were adapted according to the 

needs. For ESS, accepted models of recognized validity in the field of electric power systems 

were also used. The design and sizing processes followed the technical characteristics 

provided by manufacturers or suppliers. Simulations were performed under different 

operating conditions, evaluating and verifying the correct response of the models. The 

designs were implemented, assessed, and validated experimentally on laboratory scale 

through a TYPHOON HIL system (a compact, extremely powerful HIL device that allows 

modeling and simulating in real-time ESS, power converters and grids, and testing power 

electronics controllers for a wide range of applications). 

 

- Task 4. Design and evaluation of the control systems for the energy sources 

This task focused on the design of a control strategy for the power converters. 

Simulations and experimental tests were performed for their validation under different 

operating conditions and under changes in the references of the control variables. The control 

system was implemented on a dSPACE MicroLabBox control board, and the real-time 

measurement of the input/output signals of the controller and the response of the controlled 

system were evaluated and analyzed. The results obtained with the different control systems 

implemented were compared to observe the improvements achieved. Finally, a supervisory 

control system was developed to verify the correct operation of the plant through simulations 

and experimental tests.  
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- Task 5. Design of the supervisory control system for energy management of the 

hybrid power plant. 

In this task, the study and design of different supervisory control systems, based on 

fuzzy logic control, were carried out. The aim was to perform an adequate coordinated 

operation of the inverter and the HESS that improved the generation capacity and energy 

management capabilities of the hybrid PV plant. Within the control strategy, variables such 

as the active power of the PV generator, the reactive power exchanged with the grid, the 

internal voltage of the plant or the electric grid, the power demanded by the system operator 

and the power of the ESS and its SOC, were taken into account. Finally, simulations and 

experimental tests were carried out under different operating conditions of the hybrid PV 

plant. The results obtained through the different supervisory control systems implemented, 

were analyzed in depth.  

 

- Task 6.  Analysis of the results and thesis writing 

Here, the objective was to gather the results obtained, establish conclusions and write 

the thesis. Comparisons were made to prove that the proposed configurations and control 

strategies outperform other existing solutions. 

 

 

 

 

 

 

 

 

 



 

 

  

 

 

II 
Modeling and 

Control Systems  

 

 

 

In this section, the modeling of the elements in the plant under study is presented. 

The overall configuration is presented and described, explaining the proposed control 

strategy afterwards. The control loops implemented are described in detail, paying special 

attention to the energy management control strategy, for which three different schemes are 

considered.  

 

 

 



 

 

 

 



 

49 

 

Chapter 5  

Configuration and Modeling 

 

In this chapter, the configuration of the system under study and the modeling of the 

components are presented. The system is based on a grid-connected PV power plant 

composed of the PV panels, the BES-qZSI, the DC/DC-ZSC, the UC, an LCL filter, and a 

transformer.  

 

Fig. 5.1. General configuration of the plant under study 

 

Note that the mentioned configuration was applied for the simulation results presented 

in Case 4 (Section 8.4). For Cases 1, 2, and 3 the DC/DC-ZSC converter and the UC were 

not considered.  

 

5.1. PV Panels 

A PV system is composed of many cells connected in series and in parallel, in order 

to supply a power output depending mainly on the incident irradiance and also on the 
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temperature. A single-diode model was chosen to represent the behavior of the PV panels, 

being a model widely accepted and used by many research papers in the literature 

[100][101]. The elements in this model are a diode, a controlled current source, a series 

resistor, and a shunt resistor. The PV model receives the irradiance and temperature as 

inputs, while the I-V characteristics are outputted.  

The mathematical modeling for the output current is given by Eqs. 5.1 – 5.3. 
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where IL0, IL are the solar-induced current at 300 K and the solar-induced current (A), 

respectively. Isat,n, Isat are the nominal saturation current of the diode and the saturation 

current (A). The Boltzmann constant (J·K-1) is represented by k. The elementary charge of 

an electron (C) is represented by q. KO is a constant depending on the characteristics of the 

PV panel. T and TN are the operating and the nominal temperature (K) of the PV panel. Eg is 

the bandgap energy of the semiconductor (eV). a is the diode ideal constant. Rsh and Rs are 

the shunt resistance and series resistance (ꭥ), respectively. G and Gn are the irradiation and 

the nominal irradiation (W·m-2) on the device surface, respectively.  

The solar monocrystalline module SunPower SPR-335NX-BLK-D [102] was the 

model considered in this study. It can reach a maximum power of 335 W, with a voltage of 

57.3 V at the maximum power point. As described in the literature review, the 

monocrystalline technology presents good efficiency, and its cost is decreasing over the 

years with its popularization.   

The other characteristics of this module are an open-circuit voltage equal to 67.9 V, 

a short circuit current of 6.23 A, and a current at the maximum power point of 5.85 A.  
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5.2. Detailed model of the Quasi Z-source inverter 

The typical qZSI configuration consists of a three-phase voltage source inverter 

(VSI) and an impedance network with two capacitors (C1, C2) and two inductors (L1, L2). 

These components are sized to limit the switching frequency current and voltage ripple  

[103].  

The qZSI allows two possible operation states, called the shoot-through and the non-

shoot-through 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 VSI (i.e., at least one of the switches open in each leg) [104]. 

The capacitance C and inductance L are the main components to be designed in the 

qZSI. According to [104], the inductance of the Z network can be calculated as:  

min in
0max

1

2 i in

L T
r

M v

I
    (5.4) 

where Iin and vin are the input current and voltage of the qZSI, respectively, ri is the current 

ripple of the inductors, which is limited to 20%, and T0 is the shoot-through period, given 

by: 

min
0max

2 3

2 s

M
T

f


  (5.5) 

Where fs is the switching frequency.  

The minimum modulation index Mmin for the space vector modulation technique 

applied herein, namely ZSVM6 [61], is calculated as follows:  

max
min

max3 3
M

G

G






 
 (5.6) 

where the maximum gain of the inverter Gmax is expressed as: 
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max

min / 2

ac

in

v
G

v
  (5.7) 

being vac the peak phase-to-phase voltage.  

The capacitance C is obtained from (5.8), setting the voltage ripple rv to 1%: 

0max max
0max

2 (1 2 )
2

ˆ
in in

v dc v in

I T I D
C T

r v r v


    (5.8) 

where ˆ
dcv is the DC voltage at the output of the Z network. 

Finally, the maximum duty ratio Dmax is obtained from: 

min
max

3 3
1

2

M
D


   (5.9) 

 

5.3. Simplified model of the Quasi Z-source inverter 

The model presented in Section 5.2 is called the detailed model (DM) or fully 

switched model, since all the components are modeled, including the impedance network 

and the switches of the qZSC. An alternative option to represent the converter dynamics with 

sufficient accuracy while using a less complex model than the DM is the simplified model 

(SM), as proposed in [105]. This model is based on averaged values of the variables, 

voltage/current sources, and the same control circuit as the DM, except for the switching 

pulses of the power switches. The SM allows a faster time-domain simulation and is useful 

for control design and dynamic analysis purposes. 

Because the firing pulses of the switches are not considered in the SM, the data 

processing is reduced notably (the sample time can be increased), while obtaining a 

performance similar to the DM. Thus, the proposed model does not present the current and 

voltage harmonics, but it reproduces the dynamic performance of the DM, which is relevant 

when it comes to managing the power flow. 
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The proposed SM is composed of a controlled current source in the PV system side, 

three controlled voltage sources on the grid side, a controlled voltage source for the terminals 

of the capacitor C2 and a controlled voltage source for the terminals of the capacitor C1. As 

in the DM, the battery is connected to C2. The voltage source for the capacitor C1, was only 

considered in the configuration with UC.  Fig. 5.2 illustrates a scheme of the SM proposed 

for the qZSI.  

 

Fig. 5.2. Proposed qZSI simplified model 

In a lossless qZSI, the input voltage (Vin) and the voltage across the capacitor C1 (VC1) 

or the MVDC bus voltage (VMVDC) are related through Eq. (5.9), where D is the shoot-through 

period. Eq. (5.10) shows the relation between Vin and the output voltage of the impedance 

network (Vdc). Vdc and the AC voltages are related through ma mb, and mc, as described by 

Eq. (5.10), where B is the boost gain. The values of D and ma(t), mb(t) and mc(t) are obtained 

from the control loops shown in Fig. 6.1, described in section 6.4. These are needed for a 

proper control of the power flow among the components of the MVDC. 

1

1

1 2
C MVDC in

D
V V V

D


  


 (5.9) 
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(5.10) 

Now, substituting Vdc from Eq. (5.9) into Eq. (5.10), a direct relation can be obtained 

between the input voltage of the energy source (Vin) and the AC output voltage as in Eq. 

(5.11).  

( )
3

abc in abc

B
v V m   (5.11) 

The voltage in the capacitor C2 (VC2) can be obtained from Vin, as shown in Eq. (5.12). 

In this configuration, this VC2 voltage also corresponds to the voltage of the BES (VBES). 

BES inV V B D    (5.12) 

The value of the controlled current source is obtained from the power balance principle 

(Pgrid - Pdc = PPV + PBES) calculated in the PV side terminals. 

2

1 1

grid a a b b c c

in in in

BES C BES BES BES

DC C C UC

P i v i v i v

P V I

P V I V I

P V I P

     

 

   

    

(5.13) 

where PDC is the power in Vdc, which comes from the UC and Pin is the PV power.  

Substituting Eq. (5.11)in Eq. 5.13, derived from the PV terminals, Eq. 5.14 is then 

obtained. . Notethat the voltage in the BES is equivalent to Vin
.B.D, . 

1

( )
3

(1 )

in
grid a a b b c c

in in in

BES in BES

DC in C

V
P B i m i m i m

P V I

P V B D I

P V B D I

      

 

   

      

(5.14) 

Finally, if the power balance is carried out, the input current can be calculated. 
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3
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B
I i m i m i m D B I B D I              (5.15) 

where Iin is the current generated by the PV system (input current to the impedance network). 

 

5.4. DC / DC Converter based on Z-Source 

Fig. 5.3 illustrates the averaged model of the DC/DC ZSC used to connect the UC. 

This model consists of a controlled current source at the input and a controlled voltage source 

at the output, and it is based on the converter designed in [53]. 

 

Fig. 5.3. Averaged model of the DC/DC ZSC 

This converter reaches a high boost gain regulated with a duty cycle, making it more 

suitable and providing good control for power regulation. The voltage gain G of this 

converter is given by Eq. (5.16).  

224.8 0,8569

0,0146 0.3919

ZSC

ZSC

out UC UC

UCin

V D D
G

V D

  
 

 
 (5.16) 

where UCD is the shoot-through duty cycle in the DC/DC-ZSC. In the configuration of the 

charging station, Vout,ZSC corresponds to VMVDC while Vin, ZSC is related to the voltage of the 

UC.  
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Finally, considering the power balance in the converter, the relation between the input 

and output current is obtained as follows.  

ZSC ZSC

ZSC ZSC

in out

out in

I V
G

I V
   (5.17) 

 

5.5. Battery 

The BES is connected in parallel with the capacitor C2 of the qZSI and it acts as a 

secondary energy source supporting the intermittent PV generation. The 

MATLAB/SimPowerSystems® library [106] contains an electrochemical battery model 

based on a controlled voltage source in series with an equivalent internal resistance that was 

used in this study. This model calculates the battery instantaneous voltage (VBES) as a 

function of several design parameters and the actual operating conditions of the device 

according to Eq. (5.18).  

BES BES i BESV E R i    (5.18) 

where EBES is the open-circuit voltage, which depends on the charge or discharge of the 

device, Ri is the internal resistance of the battery, and iBES is the instantaneous battery current.  

Another important parameter of the BES is the state of charge (SOC), which needs to 

be controlled to avoid a deep discharge or an overcharge. The BES SOC can be obtained 

through Eq. 5.19:  

0(%) (%) 100
BESI dt

SOC SOC
Cap

 
  
 
 


 (5.19) 

where 0SOC  is the initial BES SOC state and Cap is the battery capacity (Ah). 

The main advantage of the model is that the parameters can be obtained and adjusted 

from discharge curves of the manufacturer, or from experimental results of tests carried out 

on the battery. However, some assumptions need to be taken into account. In this sense, the 

internal resistance of the battery is considered constant during the charging and discharging 
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processes, the model does not include aging or temperature effects, and the self-discharge of 

the battery is not considered. Additionally, the parameters of the model are determined from 

discharge curves and assumed the same for the charge process.  

A lead-acid battery is used in Cases 1, 2, and 3, associating in series and parallel to 

reach the appropriate voltage and capacity, obtaining a rated power of 18.75 kW, as shown 

in Table 5.2. This battery type presents a low cost, high reliability, and high efficiency [32]. 

Moreover, these batteries are suitable for energy management, which means that they can 

provide power for long periods, as presented in the literature review. This characteristic is 

an important advantage since only the battery is considered as ESS in Cases 1, 2, and 3.  

In Case 4, in which the battery has the support of the UC, the technology chosen is 

the li-ion, due to reduced environmental impact in the disposal process when compared to 

the lead-acid. In addition, li-ion batteries have a good life-cycle, high efficiency, deep 

discharge depth, and fast charging capabilities [107]. The total power of the battery pack is 

111 kW in this case, as shown in Table 5.2. The batteries are associated in series to reach 

the adequate output voltage of 370 V for the connection to the capacitor C2. Then, the 

batteries are connected in parallel to provide a nominal capacity of 300 Ah.  

 

5.6. Ultra-capacitor 

Like the BES, the UC model is also obtained from the MATLAB/SimPowerSystems 

library. This element consists of a generic UC model composed of a voltage source and an 

equivalent series resistance.  

Ultracapacitors present a very fast response time (< 5 ms), high energy efficiency (85 

– 98%), long life cycle (> 100.000 cycles), and high power density (500 – 5000 W/kg). 

Moreover, they can be charged and discharged quickly [108], being these characteristics 

very suitable for the proposed application, where the fast response of the UC will be required 

as discussed in the results section (Chapter 8). 

The energy consumed/released by the UC bank is directly proportional to the 

capacitance and the change in the terminal voltage, as given by Eq. 5.20 [109]. A positive 

value of UCE  corresponds to an energy release in the UC, while it absorbs when UCE  is 

negative. 
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 2 21

2
UC i fE C V V   (5.20) 

where C is the capacitance of the UC (F), iV  is the initial voltage before discharging starts 

(V), and fV  the final voltage after discharging ends. 

The necessary voltage level can be obtained connecting multiple UC in series. The 

required capacitance can be obtained by the number of UCs connected in parallel. The total 

capacitance can be obtained through Eq. 5.21, and the internal resistance through Eq. 5.22.  

total

UC p

s

C
C n

n
   (5.21) 

total

UC s

p

ESR
r n

n
   (5.22) 

where pn  is the number of UCs connected in parallel, sn is the number of UCs connected in 

series and ESR is the equivalent series internal resistance (ꭥ). 

Moreover, the UC SOC can be expressed as a function of the rated UC voltage 

(namely SOCUC and 
rated

UCV , respectively), as in Eq. (5.23) [110].  

(%) 100 UC
UC rated

UC

V
SOC

V
   (5.23) 

Some assumptions need to be taken into account regarding this UC model. The most 

relevant are the following: the internal resistance of the UC is constant during the charging 

and discharging processes, the model does not include aging or temperature effects, and the 

current through the UC is assumed continuous. 

In this work, the UC chosen was an association of the model BMOD0008 E160 B02, 

from the manufacturer Maxwell Technologies [102]. The UC bank is connected to the 

DC/DC – ZSC, as shown in the system configuration in Fig. 5.1. 
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5.7. LCL Filter 

Filters are used to reduce the harmonic components generated during the conversion 

process. The three most commonly used passive filters are the L, LC, and LCL filters [111]. 

L and LC filters are used in low power applications, while LCL filters are usually preferred 

in large-scale applications, especially due to their higher harmonic attenuation and their 

suitability for renewable energy applications [111].  

To size the filter, the base impedance Zb and capacitance Cb are determined first. 

2
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b

V
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P
  (5.24) 

1
b

b n

C
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  (5.25) 

where ωn is the grid angular frequency, V0 is the nominal line voltage and P0 the nominal 

inverter power.  

To reach acceptable values for the filter, the following criteria have to be followed: 1) 

The inductor impedance XL1 must be lower than 10% of the base impedance to limit the 

voltage drop; 2) The capacitance Cf is limited to absorb less than 5% of the rated reactive 

power of the converter; 3) To avoid resonance problems, the resonant frequency fres must 

remain between ten times the grid frequency and half of the switching frequency [112]. The 

resonant frequency can be obtained through (5.26): 

1 2

1 2
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f f
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f f f

L L
f

L L C


  (5.26) 

To calculate the inductor on the converter side L1f, a maximum percentage of the 

allowable current ripple ∆IL1 (%) must be defined. With the inverter power P0 and the 

nominal line voltage V0, the maximum tolerable current ripple ∆IL1 is given by:  

0
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(5.27) 



Chapter 5 

Configuration and Modeling 

60 

 

where ∆IL1 = Imax − Imin.  

The value of L1f is then obtained through [113]:  

0
1

12 6
f

s L f

V
L

f I


  
 (5.28) 

The percentage of the impedance XL1f in relation to Zb is given as follows:  

1

1

2
%

r f

L f

b

f L
X

Z

  
  (5.29) 

If this percentage is higher than 10%, a lower value should be chosen for ∆IL1f (%) and 

∆IL1f should be recalculated. A value of 12% was considered for ∆IL1f in this work.  

For the calculation of the filter capacitor Cf, the reactive power absorbed by the filter 

under nominal operating conditions is taken into account. Thus, Cf is given by [112]:  

f f bC X C   (5.30) 

where Xf represents the percentage of reactive power absorbed, set to 5% in this work. The 

grid side inductance L2f is calculated according to [112]:  

2 1f fL r L   (5.31) 

where r represents the ratio between inductances L2f and L1f, and it can be obtained through:  
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h

h b f s f
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I r C L X


 
 (5.32) 

where I1(h) and I2(h) are the harmonic currents of the converter at the switching frequency fs. 

It was suggested in [112] that this relation should be less than 20%. 

If the resonant frequency is not satisfied, a damping resistance Rd can be added in 

series with Cf  [114]. The value of this resistance can be calculated through (5.33):  

1

6
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f C

  (5.33) 
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5.8. System parameters considered in the simulation cases  

After showing the mathematical modeling of the system components, the values of 

the main parameters are listed herein. The same general configuration (PV, qZSI-BES, filter, 

and grid) was considered for all the simulated cases. There is a single variation 

corresponding to Case 4, where a DC/DC-ZSC and an UC are added to the system. Hence, 

different parameters were considered throughout the study, with an initial situation of low 

voltage in the DC side (LVDC) in Cases 1 and 2, evolving to MVDC in Cases 3 and 4.  

The same system parameters were considered for Cases 1 and 2, presented in Section 

8.1 and 8.2, respectively. These are given in Table 5.1:  

TABLE 5.1. SYSTEM PARAMETERS FOR CASES 1 AND 2 

Parameter Value 

PV panels 
Ppv rated 172 kW 

Vpv rated 515 V 

Battery 
Capacity 50 Ah 

VBES rated 375 V 

qZSI 

PqZSI rated 190 kW 

VDC rated 900 V 

L1, L2 79.5 μH 

C1, C2 2200 μF 

AC filter 

L1f 230 μH 

L2f 8.6 μH 

Cf 175 μF 

Transformer 

Vnom prim 465 V 

Vnom sec 25 kV 

Lprim, Lsec 230 μH 

Rprim, Rsec 23 mΩ 

Lmag 1 H 

Rmag 377 Ω 

Connection Y/∆ 

Grid 
frated 60 Hz 

Vgrid rated 25 kV 
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The parameters considered for Cases 3 and 4 are given in Table 5.2:  

TABLE 5.2. SYSTEM PARAMETERS FOR CASES 3 AND 4 

Parameter Value 

PV panels 
Ppv rated 374 kW 

Vpv rated 1031 V 

Battery 
Capacity 300 Ah 

VBES rated 370 V 

Ultra-capacitor 

VUC rated 550 V 

VUC initial 350 V 

Capacitance 13 F 

AC filter 

L1f 472 nH 

L2f 17,6 nH 

Cf 86 nF 

Grid 
frated 60 Hz 

Vgrid rated 930 V 
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Chapter 6  

Control Strategy  

 

The overall control strategy is presented in Fig. 6.1. The maximum power extraction 

from the PV system, the active/reactive power, and the battery/UC power control loops are 

shown in this figure. For the detailed model, an impedance-space-vector modulation 

technique (ZSVM) is applied. Therefore, the modulation index and the shoot-through duty 

cycle (namely M and D) are the terms that control the power flows in the system. In the 

configuration with an added UC, an additional duty cycle (DUC) is provided by the UC 

control loop, which regulates the gain of the DC/DC-ZSC converter.  

 

Fig. 6.1. Overall system control 

It is worth mentioning that in EMS 3, the battery reference power (PBES
*) is obtained 

at the output of the EMS. Hence, the step of subtracting the grid reference power (Pgrid
*) to 

PPV does not exist.   

The EMS inputs are described in detail in Chapter 8, but they are also briefly 

introduced here for a basic comprehension of the BES and UC control loops. The EMS 1 

inputs are the PPV, the battery SOC, the power demanded by the system operator (PSO), the 

reactive power demanded by the system operator (QSO) and the energy price. The EMS 2 

inputs are the battery SOC, the energy price, and the PPV. The EMS 3 inputs are the battery 
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SOC, the UC SOC, the primary power of BES (
Prim

BESP ), and the primary power of the UC (

Prim

UCP ). 

6.1. MPPT 

An MPPT strategy is necessary to benefit from the maximum solar radiance received 

by the PV modules. In the proposed configuration, a perturb and observe (P&O) algorithm 

was used, where the value of the maximum voltage is continuously tracked. The MPPT 

algorithm provides the reference voltage at the output of the PV panels (Vin
*), which is then 

compared with the voltage measured at the panels (Vin) in the active power control loop.  

 

6.2. Z-Space Vector Modulation 

The ZSVM technique is only applied for the DM, since there are no power switches 

in the SM of the ZSC, as they are represented by controlled current and voltage sources that 

do not require a gate signal.  

The main objective of the modulation techniques is to provide a minimum harmonic 

distortion and maximum fundamental component in the output. Many control strategies 

based on pulse width modulation (PWM) have been used for the control of the duty ratio. 

Typical modulation techniques applied to the qZSI are the simple boost control (SBC) [115], 

the maximum boost control (MBC) [116], the maximum constant boost control (MCBC) 

[117], and the ZSVM. According to the switching pattern, several options appear for the 

latter, such as ZSVM6, ZSVM4, ZSVM2, and ZSVM1. These ZSVM techniques are 

described in detail in [61].  

Fig. 6.2 illustrates the relationship between the ZSVM technique and the 

conventional sinusoidal PWM (SPWM), which includes the SBC, MBC, and MCBC 

algorithms. The smallest ON circle (SPWM) allows a maximum magnitude of the output 

voltage of Vdc/2, achieved with a maximum modulation index of 78.55%. The OM circle 

(ZSVM) has a ratio equal to Vdc/√3, achieving a higher modulation index of 90.7% [118].  
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Fig. 6.2. Comparison between SPWM and ZSVM 

In this work, ZSVM6 is applied due to two main advantages over other techniques, 

such as a higher voltage gain, and lower voltage stress for the same voltage gain [61].  

To implement the ZSVM algorithm, an abc to αβ reference frame transformation is 

necessary. Thus, eight space vectors are obtained, named U0 to U7. U0 and U7 are the zero 

vectors, while U1 to U6 are the active vectors.  

The traditional SVM applied to three-phase VSI has six active states and two zero 

states, generating eight space vectors that create six possible sectors as shown in Fig. 6.2. 

When the SVM is applied to qZSI, one additional state, named the shoot-through state, is 

added. According to [61], the ZSVM algorithm can be implemented through Eq. 6.1, where 

Uref is the reference for the voltage at the AC output of the qZSI, T1 is the time of application 

of the active vector U1, T2 is the time of application of U2, Ts is the sample time of the ZSVM, 

Tsh is the shoot-through time (Tsh = D⸱Ts), M is the modulation index given by M = √3Uref / 

Vdc, θ is the angle between Uref and U1, i represents the sector (from 1 to 6) and Vsh is the 

shoot-through voltage vector. 
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Fig. 6.3 shows all the switching time sequences, referring to sector 1 modified from 

the traditional SVM for ZSVM6. The switching times for the three legs of the bridge, Tmax, 

Tmid, and Tmin are the maximum, medium, and minimum times, and are described in Eq.6.2. 
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In the ZSVM, in addition to T1 and T2, it is necessary to calculate the intermediate 

times. These times occur during the shoot-through periods, and, for the ZSVM6 technique 

implemented herein, the switching times are calculated by [119]:  

max max m

max max m m

min min

min min

12 12

4 1

..

2

.

2

4

1

sh sh

mid id

sh sh

id id

sh

sh

T T
T T T T

T T
T T T T

T
T T

T
T T

 

 





 
     

 
    
  


 


  


 

 (6.3) 

To summarize, the algorithm implemented initially identifies the sectors through the 

angle theta. Then, all the times are calculated, and finally, the trigger signals for all sectors 

with the switching states described in Fig. 6.3 are generated. A complete list of the switching 

states applied to the converter with ZSVM6 can be seen in Fig. 6.3b.  
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(a) 

 

(b) 

Fig. 6.3. (a) Switching time sequences in ZSVM6, (b) Complete switching states in the six sectors 

for ZSVM6 
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6.3. Battery and Ultra-Capacitor 

The active power reference for the battery PBES
* is provided by the EMS. This value 

is then divided by the measured battery voltage VBES to obtain the current reference IBES
*, as 

illustrated in Fig. 6.1. Due to technical constraints of the device, the battery current must 

remain between maximum and minimum values. The deviation between the actual and the 

desired battery current is inputted to a PI controller that generates ΔD as an output. 

Finally, D is computed by adding D0 to ΔD. D0 is obtained through Eq. 6.4, where VBES
nom

 is 

the nominal voltage of the BES, and Vin
* is the input voltage of the qZSI at standard 

conditions of the PV system. Note that D0 is constant. In the detailed model, D is inputted to 

the ZSVM algorithm to implement the shoot-through states in the converter. On the other 

hand, the simplified model requires the calculation of the battery voltage VBES
* for 

the controlled voltage source that represents the battery in the averaged model of the 

converter. This voltage is calculated through Eq. 5.12, as shown in Section 5.3, and this is 

the equation implemented at the upper part of Fig. 5.2.  

 0 2nom nom std

BES BES inD V V V    (6.4) 

The UC control is very similar to the BES, as it can be observed in Fig. 6.1, in which 

a reference UC power (PUC
*) is outputted from the EMS, then divided by the UC voltage 

(VUC), and the reference current (IUC
*) is obtained and controlled with a PI regulator. The PI 

output is the duty cycle used in the DC/DC – ZSC, called DUC, used to calculate the gain of 

the converter in Eq. 5.13. 

6.4. Active and Reactive Power 

As in a VSI, in the proposed control scheme, the qZSI is responsible for controlling 

the active and reactive power through M. For this reason, a dq reference frame oriented along 

the grid voltage is used to decouple active and reactive power control. Two cascaded control 

loops are used to control these powers [120], as shown in Fig. 6.1. 

The outer control loops are dedicated to active and reactive power regulation, which 

can be calculated using Eq. 6.5 in the dq reference frame. It can be seen that controlling the 
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d and q components of the grid current (Id,grid and Iq,grid) is equivalent to controlling Pgrid and 

Qgrid, respectively, because Vd,grid is constant in a robust grid [44].  

, ,
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2
grid d grid d gridP V I  

, ,

3

2
grid d grid q gridQ V I  

(6.5) 

The reference values for these currents (Id
* and Iq

*) are generated by the outer control 

loops through PI controllers, one controlling active power indirectly through Vin, and the 

other one controlling reactive power. The reactive power reference is imposed externally, 

whereas the active power depends on the power extracted from the PV panels. In this sense, 

the MPPT controller defines the optimum DC input voltage for the qZSI (Vin
*) that allows 

maximum power generation in the PV system. 

The inner loops are the current control loops, where two PI controllers regulate Id,grid 

and Iq,grid to follow the reference values provided by the outer control loops. These PI 

controllers generate the compensation terms (Vd and Vq). With the contribution of the 

decoupling terms shown in Eq. 6.6, independent control of Id,grid and Iq,grid, and thus, active 

and reactive power, can be achieved through the d and q components of the modulating 

signal (namely md and mq) [120].  
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(6.6) 

where ud and uq are the dq components of the qZSI output voltage, Lf is the inductance from 

the qZSI output to the grid connection, and 𝜔0 is the electric angular frequency. 

Once md and mq are defined, they are transformed into ma, mb, and mc through an abc 

to dq transformation to generate the switching pulses of the qZSI according to the ZSVM6 

technique. A phase-locked loop (PLL) ensures the tracking of the grid voltage frequency 

[103]. The value of M can be obtained by md and mq, through Eq. 6.7. 
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2 2

d qM m m   (6.7) 

The control strategy for the SM is the same as for the DM, except for the absence of 

the ZSVM in the former.   
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Chapter 7  

Energy Management System 

  

In this section, three different EMS control strategies are presented, being each of them 

applied to a specific case study presented in Chapter 8.  

 

7.1. Strategy considering one storage system (EMS 1) 

The present strategy was applied to Cases 1 and 2, described in sections 8.1 and 8.2, 

and will be referred to as EMS 1 for nomenclature simplification. 

This section describes the EMS implemented to control the power flow between the 

energy sources, i.e. the PV system and the battery, and the grid (namely 𝑃𝑃𝑉, 𝑃𝐵𝐸𝑆 and 𝑃𝑔𝑟𝑖𝑑, 

respectively). A flowchart of the proposed EMS is shown in Fig. 7.1. 

 

Fig. 7.1. The control scheme for the EMS 1  

In the first stage, the EMS waits for instructions of the system operator (SO). The top 

priority of the EMS 1 is to comply with the active and reactive power requirements of the 
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SO (𝑃𝑆𝑂 and 𝑄𝑆𝑂) as long as they remain between certain boundaries. If the SO does not set 

any operating instructions, then the system is operated to make an economic profit of the 

energy stored. These two possibilities are described in detail below. 

To fulfill the SO requirements, 𝑃𝑆𝑂 must remain between the maximum and minimum 

available power (𝑃𝑎𝑣
𝑚𝑎𝑥  and 𝑃𝑎𝑣

𝑚𝑖𝑛) given by Eqs. (7.1) and (7.2) respectively. These 

boundaries are defined based on the maximum charge and discharge power of the battery 

(𝑃𝐵𝐸𝑆
𝑐ℎ,𝑚𝑎𝑥

 and 𝑃𝐵𝐸𝑆
𝑑𝑖𝑠,𝑚𝑎𝑥

, respectively) according to Eqs. (7.3) and (7.4), which are computed 

considering the maximum and minimum SOC advised for the battery [121]. In this work, 

𝑆𝑂𝐶𝑚𝑎𝑥 = 90% and 𝑆𝑂𝐶𝑚𝑖𝑛 = 30%. This scheme protects the battery against overcharge 

and deep discharge. Additionally, the reactive power command 𝑄𝑆𝑂 is limited by 𝑃𝑆𝑂 and 

the rated power of the converter. If both 𝑃𝑆𝑂 and 𝑄𝑆𝑂 are set within the aforementioned 

limits, they become the active and reactive power references for the EMS (𝑃𝑔𝑟𝑖𝑑
𝑟𝑒𝑓

= 𝑃𝑆𝑂 and 

𝑄𝑔𝑟𝑖𝑑
𝑟𝑒𝑓

=𝑄𝑆𝑂). Therefore, the SO must be informed of 𝑃𝑎𝑣
𝑚𝑎𝑥  and 𝑃𝑎𝑣

𝑚𝑖𝑛 to make a sensible 

selection of 𝑃𝑆𝑂 and 𝑄𝑆𝑂. 

max ,maxdis

av PV BESP P P   
(7.1) 

min ,maxch

av PV BESP P P   
(7.2) 

,max max minmin ,
100

dis BES
BES BES

E SOC SOC
P P

t

   
   

   
 

(7.3) 

,max max maxmin ,
100

ch BES
BES BES

E SOC SOC
P P

t

   
   

   
 

(7.4) 
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where 𝐸𝐵𝐸𝑆 is the nominal energy of the battery, ∆t is the time interval of the demanded 

energy, and 𝑃𝐵𝐸𝑆
𝑚𝑎𝑥 is the maximum power of the battery. 

When no specific command is received from the SO, the battery is operated under 

economic profitability criteria. Because this paper does not focus on the detailed regulation 

of power generation in a complex electricity market, the EMS only discerns between valley 

periods (VP) and peak periods (PP). Nonetheless, the battery SOC limits still apply on this 

situation. In this sense, the EMS will charge the battery with 𝑃𝐵𝐸𝑆
𝑐ℎ,𝑚𝑎𝑥

 during VP only if 

𝑆𝑂𝐶 < 𝑆𝑂𝐶𝑚𝑎𝑥. On the other hand, the EMS will discharge the battery with 𝑃𝐵𝐸𝑆
𝑑𝑖𝑠,𝑚𝑎𝑥

 during 

PP if 𝑆𝑂𝐶 > 𝑆𝑂𝐶𝑚𝑖𝑛. Storing energy in VP and releasing during PP increases the monetary 

profit of the hybrid system. However, if any of the SOC limits are reached either in VP or 

PP, the battery stops charging/discharging and only the PV generation is delivered to the 

grid (𝑃𝑔𝑟𝑖𝑑
𝑟𝑒𝑓

= 𝑃𝑃𝑉). 

In the EMS proposed, 𝑃𝑃𝑉, 𝑆𝑂𝐶, 𝑃𝑆𝑂, SOQ are used as inputs. Additionally, a binary 

variable PP is used to discriminate between PP (PP = 1) and VP (PP = 0) in the electricity 

market. Finally, 𝑃𝑔𝑟𝑖𝑑
𝑟𝑒𝑓

 and 𝑄𝑔𝑟𝑖𝑑
𝑟𝑒𝑓

 are outputted from the EMS in any of the two scenarios 

considered: 1) SO command following; or 2) economic dispatch of the stored energy. 

 

7.2. Strategy considering one storage system applying fuzzy logic 

control (EMS 2) 

This strategy, named EMS 2, was applied to Case 3 presented in Chapter 8.3. 

Fuzzy logic control (FLC) is a suitable control technique to perform the energy 

management of hybrid systems [122], presenting a wide range for operating conditions and a 

smooth response.  
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The EMS implemented in this section is responsible for defining the reference power 

to be stored in or provided by the battery (PBES
*), taking into account the PPV, the battery SOC, 

and the grid energy price, being these parameters the inputs to the FLC, as shown in Fig. 7.2. 

The EMS output and its posterior control are presented in Section 6.3. 

 

Fig. 7.2. EMS 2 inputs and outputs 

 

  The ranges of the inputs and the membership functions for the FLC with Mamdani 

rule-based structure are described below. 

Four membership functions are used for PPV, as shown in Fig. 7.3a. This power ranges 

from 0 to 374 kW depending on the solar irradiance, and the membership functions are 

structured as follows: 1) Low (L) membership function for PPV between 0 and 100 kW; 2) 

Medium (M) for PPV between 60-220 kW; 3) High (H) for PPV between 180-320 kW; and 4) 

Very high (VH) for PPV from 280 kW up to the maximum value.  

For the battery SOC, three membership functions are used (Fig. 7.3b): 1) Low (L): 

SOC from 0 to 30%; 2) Medium (M) from 20 to 90%; and 3) High (H) from 80% to 100%. 

The SOC is an important parameter to guarantee an appropriate battery usage, avoid 

overcharging/overdischarging, and increase the battery lifetime. If the SOC is L, the battery 

is not allowed to discharge more, and if the SOC is H, the battery is not charged more. 

However, if the SOC is medium, the battery can be charged or discharged. 

Fig. 7.4 shows the grid energy price obtained from the day-ahead hourly energy price 

in Spain (April 20th  2021) [123] and adapted for a 30s simulation. In this case, three 

membership functions were considered (Fig. 7.3c): Unfavorable (U), Normal (N), and 

Favorable (F). U means that the energy market has a low price to sell energy and it is better 

to store energy in the batteries, if allowed by the battery SOC. In this situation, the price varies 

from 66 EUR/MWh to 75 EUR/MWh. In N, the price varies from 71 EUR/MWh to 89 

EUR/MWh, and in this case, the battery can store or release energy depending on the SOC. 
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The energy price is high in F (over 85 EUR/MWh), and thus, it is better to discharge the 

battery to make an economic profit, if the SOC is M or H. 

  

(a) (b) 

  

(c) (d) 

Fig. 7.3.  Membership functions of the EMS 2 based on fuzzy logic for: (a) PV power (input), 

(b) SOC (input), (c) Price (input), and (d) Battery reference power (output). 

 

The membership functions for the output PBES
* are shown in Fig. 7.3d, which are 

defined as battery charge (C), discharge (D), and zero (Z), when the battery is not charging 

nor discharging. Table 7.1 shows the rule list for the proposed FLC. These rules illustrate the 

membership functions for C and D. In any other case not shown in Table 7.1, the output is Z. 

 

Fig 7.4. day-ahead hourly energy price in Spain (April 20th, 2021). 
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TABLE 7.1.  RULE LIST OF THE FUZZY LOGIC CONTROLLER FOR EMS 2 

 

 

7.3. Strategy considering two storage systems and fuzzy logic 

control (EMS 3) 

This strategy was applied to Case 4, presented in chapter 8.4, and it is referred to as 

EMS 3. 

In the system configuration where EMS 3 is considered, an UC and a BES are 

combined. Hence, the EMS must be capable of managing the energy flow between various 

sources, i.e.: the HESS, the PV panels, and the grid. In this topology, the HESS is contributes 

reducing the power fluctuations of the PV generation. Specifically, the HESS compensates 

when the PV output power is lower than the power demanded by the system operator (PSO).  

In contrast, the HESS stores the excess power when the PV plant generates more than the 

power requested by the SO. Therefore, the main objective of EMS 3 relies on obtaining the 

Output

P PV SOC Price P b
*
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power references for the BES and UC, benefiting from the inherited characteristic of each 

storage system, while maintaining safe SOC levels.  

The UC presents fast response and low energy density, whereas the BES presents slow 

dynamics and high energy density. Considering the mentioned characteristics, the BES is 

responsible for handling the difference between the power demanded by the SO and the PV 

power generation.  

The UC has three main functions: (i) Compensate the BES slow response; (ii) 

compensate small PV power variations; and (iii) complement a surplus power demand if the 

BES is operating at its limit. These three operating conditions are detailed below. 

The UC will compensate the slow response of the BES, absorbing or delivering the 

necessary power during the transient states. This situation occurs due to the non-

instantaneous response of the battery under quick power variations, similarly to the strategy 

proposed in [110]. Fig. 7.5 illustrates the idea behind this concept regarding the BES 

response and the UC compensation. In the second situation, the UC is responsible for 

covering low power requirements, such as small PV power variations due to partial shading 

from clouds, for instance. With this strategy, it is expected that the UC contributes to extend 

the life-cycle of the BES. With regards to the third strategy, the UC will support the BES 

power when necessary, for example, when the BES has low SOC.  

 

Fig. 7.5. UC power compensation to BES slow response 
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The EMS 3 has as inputs the BESSOC , the state of charge of the UC ( UCSOC ), an added 

term called the primary power of BES (
Prim

BESP ),  and another new term called primary power 

of UC (
Prim

UCP ), being the last two calculated from Eq. 7.5 and 7.6. The 
Prim

UCP is the power that 

the battery is not able to supply due to its slow response and the UC has to compensate, being 

res

BESP  the battery power response. The 
Prim

BESP is the difference between the power demanded 

by the SO and the PV power generation. If 
Prim

BESP is positive, then PSO > PPV and the battery 

will be discharged. Contrarily, if PPV > PSO, the battery will be charged. It is noteworthy that 

the input constraint for the SO power demand is that PSO must remain between the maximum 

and minimum available power (𝑃𝑎𝑣
𝑚𝑎𝑥  and 𝑃𝑎𝑣

𝑚𝑖𝑛) given by Eqs. 7.1 and 7.2, respectively, as 

in EMS 1, Section 7.1.   

Prim

BES SO PVP P P   (7.5) 

Prim Prim res

UC BES BESP P P   (7.6) 

The EMS 3 output is given by a complementary power, called Pcompl, which represents 

the power exchanged between the BES and the UC. Since the addition of a UC breaks the 

power balance, the BES absorbs/releases energy to recover the balance. In this sense, Pcompl 

is subtracted from 
Prim

BESP  and added to 
Prim

UCP . A positive Pcompl, indicates that the UC is 

supporting the BES, while a negative value means that the BES is supporting the UC.  

During the EMS execution process, the SOC of both storage systems are regulated 

between safe levels, that is SOCmin < SOCBES/UC < SOCmax, being SOCmin = 30% and SOCmax 

= 90%. 

The EMS 3 structure is presented in Fig. 7.6. 
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Fig. 7.6. EMS 3 inputs and outputs 

A FLC was implemented as a strategy to obtain the EMS desired outputs. In [110], a 

FLC technique proved its superior performance in comparison to other EMS strategies that 

do not apply this technique. A prerequisite to implement the FLC is the definition of the 

member functions (MF) and the rules.  

The MF for the BES and UC SOC have three possible levels: Low (L), medium (M), 

and high (H), varying from 0 to 1. The L level goes from 0 to 0.3, representing the SOCmin. 

The M goes from 0.2 to 0.9, and the H ranges from 0.8 to 1, representing the SOCmax.  

The 
Prim

BESP  and 
Prim

UCP  MF have been classified in four possible states: Intense charge 

(IC), soft charge (SC), soft discharge (SD), and intense discharge (ID). In the intense charge 

state, the storage unit (BES or UC) receives a large amount of power and the SOC varies 

intensely. The intense discharge follows the same argument, but in this case, the storage unit 

releases power. In the soft charge/discharge MF, the BES and/or the UC absorb/release a 

low amount of power and SOC level will vary softly. 

The power exchange between the storage sources, Pcompl, outputted from the FLC has 

five possible symmetrical states: Zero (Z), positive small (PS), positive big (PB), negative 

small (NS), and negative big (NB). In the Z state, no power exchange is needed between the 

sources, whereas in the positive states the UC charges to support the BES with more (PB) or 

less (PS) intensity, and vice versa with the negative states. In Fig. 7.7 the MF of the inputs 

and output of the FLC are presented.   



Chapter 7 

Energy Management System 

80 

 

  

(a) (b) 

  

(c) (d) 

Fig. 7.7. Membership functions of the EMS 3 based on fuzzy logic control for: (a) Battery and 

UC state of charge (input). (b) Primary battery power (input). (c) Primary UC power (input). (d) 

Power complementary (output). 

The FLC rules are presented in Table 7.2. A total of 144 rules were needed in order to 

cover all the MF possible states. In the literature, other studies have applied the same number 

of rules for hybrid renewable applications [124], [125], achieving enough precision and 

without strong fluctuations at the output. 
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TABLE 7.2.  RULES OF THE FUZZY LOGIC CONTROLLER FOR EMS 3 

 

Output Output Output

SOC SC P compl SOC SC P compl SOC SC P compl

L IC IC Z L IC IC NB L IC IC NB

L IC SC Z L IC SC NB L IC SC NB

L IC SD NS L IC SD NB L IC SD NB

L IC ID NS L IC ID NB L IC ID NB

L SC IC Z L SC IC NS L SC IC NB

L SC SC Z L SC SC NB L SC SC NB

L SC SD NS L SC SD NB L SC SD NB

L SC ID NS L SC ID NB L SC ID NB

L SD IC PS L SD IC NS L SD IC NS

L SD SC PS L SD SC NS L SD SC NS

L SD SD Z L SD SD NB L SD SD NB

L SD ID Z L SD ID NB L SD ID NB

L ID IC PS L ID IC Z L ID IC Z

L ID SC PS L ID SC Z L ID SC NS

L ID SD Z L ID SD NS L ID SD NS

L ID ID Z L ID ID NB L ID ID NB

M IC IC Z M IC IC Z M IC IC NS

M IC SC Z M IC SC Z M IC SC NS

M IC SD Z M IC SD NS M IC SD NB

M IC ID Z M IC ID NB M IC ID NB

M SC IC PS M SC IC Z M SC IC NS

M SC SC PS M SC SC Z M SC SC NS

M SC SD Z M SC SD NS M SC SD NB

M SC ID Z M SC ID NS M SC ID NB

M SD IC PB M SD IC PS M SD IC Z

M SD SC PB M SD SC Z M SD SC Z

M SD SD PS M SD SD Z M SD SD NS

M SD ID PS M SD ID NS M SD ID NB

M ID IC PB M ID IC PS M ID IC Z

M ID SC PB M ID SC PS M ID SC Z

M ID SD PB M ID SD Z M ID SD NS

M ID ID PB M ID ID Z M ID ID NS

H IC IC PB H IC IC PS H IC IC Z

H IC SC PS H IC SC PS H IC SC Z

H IC SD Z H IC SD Z H IC SD NS

H IC ID Z H IC ID NS H IC ID NB

H SC IC PB H SC IC PS H SC IC PS

H SC SC PS H SC SC PS H SC SC PS

H SC SD PS H SC SD Z H SC SD NS

H SC ID PS H SC ID NS H SC ID NB

H SD IC PB H SD IC PB H SD IC PB

H SD SC PB H SD SC PS H SD SC PS

H SD SD PB H SD SD PS H SD SD Z

H SD ID PS H SD ID Z H SD ID NS

H ID IC PB H ID IC PB H ID IC PB

H ID SC PB H ID SC PB H ID SC PS

H ID SD PB H ID SD PS H ID SD Z

H ID ID PB H ID ID Z H ID ID Z

Inputs

SOC BES is L

Inputs

SOC BES is M SOC BES is H

Inputs
Prim

BESP Prim

UCP
Prim

BESP Prim

UCP
Prim

BESP Prim

UCP
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III 
Results and Discussion 

 

 

 

In this third part, the correct functioning of the studied system is analyzed under 

different circumstances. The proposed simplified model is compared to the detailed model, 

in which a substantial simulation time reduction was verified. The three EMS strategies were 

verified, for different system configurations, considering a single storage system and a 

hybrid storage configuration.      

 

 

 

 



 

 

 

 



 

 

  

Chapter 8  

Simulation Results  

 

In this section, two topologies are studied, one composed by the PV power plant, and 

the BES-qZSI (Cases 1, 2, and 3), and the other one composed by the previous configuration 

with the addition of the DC/DC-ZSC converter and the UC (Case 4).  For each case, a 

different EMS strategy is evaluated, being EMS 1 for Cases 1 and 2, EMS 2 for Case 3, and 

EMS 3 for Case 4. For Case 1, the dynamic performance of the proposed SM and the DM 

of the BES-qZSI is evaluated, including experimental results. In Case 2, a long simulation 

is presented where it can be observed that the battery reaches its SOC limits and operates in 

the safe zone, confirming the suitability of the proposed system for dynamic analysis 

purposes in long-term simulations. For Case 3, an EMS based on FLC is implemented. In 

Case 4, a UC is added and a new EMS strategy to handle two storage units is developed.  

 

8.1. Case 1.  

8.1.1. Comparison of the detailed and simplified models 

The dynamic performance of the proposed SM and the DM of the BES-qZSI is 

evaluated and compared under changes in the solar irradiation, electricity market, and 

reactive power reference. Moreover, a voltage sag as a grid disturbance is presented. 

In this case, a 30 s-long simulation is carried out to evaluate the performance of the 

models with changes in the solar irradiation and the electricity market.  

Fig. 8.1 shows the irradiation profile used in this case, which represents the 

irradiation of a typical cloudy summer day, but compressed in 30 s of simulation. This 

irradiation profile allows to evaluate the behavior of the system with changes in the PV 

power, and thus, in the management of the power stored in/provided by the battery (𝑃𝐵𝐸𝑆) 

and the power injected into the grid (𝑃𝑔𝑟𝑖𝑑). The simulation is performed assuming an initial 
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battery SOC of 50%. The MPPT algorithm allows the PV array to operate with the maximum 

power at every instant. 

It can be seen in Figs. 8.2a-8.2c that the proposed SM achieves the expected 

objective, as the results obtained with the SM for the active power flow (PPV, PBES, and Pgrid) 

are similar to those shown by the DM. Moreover, since the SM resembles the DM, it can be 

stated that the loss of information when using an averaged model of the VSI does not pose a 

significant drawback in this sort of simulation, since only the high switching frequency of 

the switches in the DM is neglected in the SM, while reducing the simulation time and 

computational efforts notably. 

In this simulation, the SO does not define any reference power. Therefore, the battery 

operates searching for an economic benefit in the electricity market. Subsequently, during 

the VP (indicated with the red background in Fig. 8.2d) the energy is stored in the battery. 

The energy stored is released later during the PP (green background), making a monetary 

profit due to the difference in the energy price between both periods. 

 

Fig. 8.1. Irradiation profile for case 1 
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(a) 

 

(b) 
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(c) 

 

(d) 

Fig. 8.2. Case 1: (a) PV power (b) Battery power (c) Grid power (d) SOC 

This simulation focuses on evaluating the proposed SM and the control system under 

transient states that may occur in the system, such as changes in the reactive power reference 

imposed by the SO and a grid disturbance (grid voltage sag of 0.7 p.u. at 2.5 s with a duration 

of 50 ms).  

Fig. 8.3 illustrates the grid active and reactive power obtained in this case study, where 

the system is simulated under the following operating conditions: 1) the irradiation is 
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assumed constant at 1000 W/m2; b) the SO demands a 𝑃𝑆𝑂 of 190 kW, where the PV system 

contributes with 171 kW and the battery with 19 kW; 3) the system operates with unity 

power factor (reactive power equals to zero), except from 1 to 2 s, where the SO demands a 

𝑄𝑆𝑂 of -0.1 p.u. (equivalent to -20 kVAr), and from 3 to 4 s, where +0.1 p.u. (+20 kVAr) are 

requested. 

Regarding the voltage sag, the system operates with an active power of 190 kW and 

unity power factor right before the disturbance. During the voltage sag, the active power 

falls equally in both models (DM and SM) due to the voltage drop. When the disturbance is 

cleared and the grid voltage recovered, the active power increases and stabilizes at the pre-

fault value. The SM presents less variability in the transient and reaches the pre-fault 

conditions earlier than the DM, provided that the operation of the power switches in the VSI 

is only considered in the latter. During the rest of the simulation, the results obtained by the 

proposed SM perfectly match those achieved by DM, even when the changes in the reactive 

power happen. 

 

(a) 
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(b) 

Fig. 8.3. Case 1: (a) Grid active power. (b) Grid reactive power 

 

Fig. 8.4 illustrates the effect of the voltage sag on the phase-A grid voltage and current. 

Since the grid is modeled as an ideal source, only a single voltage waveform is represented 

in Fig. 8.4a, because it is exactly the same in the two models compared. Regarding the grid 

current in Fig. 8.4b, only small differences between the DM, and the SM appear during and 

after the fault. It can be seen that the transitory state in the grid current observed for the DM 

is slightly more intense than for the SM due to the simplifications made in this model. 

Nevertheless, the response of the SM is completely valid for its target simulations, and it 

should only be discarded if a very detailed study of the fault dynamics was required, which 

is not the case in this work. Finally, the stabilization of the grid current after the fault 

indicates that the PV power plant and the battery are controlled satisfactorily once the grid 

voltage is recovered. 
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(a) 

 

(b) 

Fig. 8.4. Case 1: (a) Phase-A grid voltage. (b) Phase-A grid current during the voltage sag 

 

8.1.2. Comparison of the computational efforts of the models 

Due to the simplifications applied to the DM to obtain the SM, the latter can be used 

for long-term simulations. In this sense, Table 8.1 presents a comparison of the 

computational efforts experienced for simulations using the DM and the SM. In Table 8.1, 
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the simulation horizon represents the simulation time set on Simulink, whereas the second 

column shows the simulation time reduction of the SM compared to the DM. The computer 

used for the simulations is equipped with an Intel® Core™ i7-10510U CPU @ 2.3 GHz 

processor, and 32 GB of RAM. In this case, the PV power plant is simulated as in the case 

presented in 8.1.1, but without any changes in the reactive power reference or voltage sags. 

Furthermore, the irradiation is assumed constant at 1000 W/m2, and PSO equals 190 kW, 

where the PV system provides 171 kW and the battery 19 kW. 

The results show an average time reduction of 85% with the SM compared to the DM. 

TABLE 8.1. COMPARISON OF THE COMPUTATIONAL EFFORT OF THE DM AND SM MODELS 

Simulation horizon (s) 
SM vs DM 

Time reduction (%) 

5 81% 

10 85% 

15 86% 

20 86% 

30 86% 

8100 85% 

Average time reduction 85% 

 

8.1.3. Experimental HIL validation 

This section presents the experimental results that allow testing and comparing the 

real-time performance of the DM and the proposed SM. 

Fig. 8.5 presents the experimental HIL setup built for the validation of the simulation 

results. The power plant runs in real-time in a Typhoon HIL402 device. This real-time 

machine is programmed through the software Typhoon HIL Control Center, which also 
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allows monitoring the most relevant parameters of the power system in real-time. The 

control system runs in a dSPACE MicroLabBox, programmed with Simulink, and using 

dSPACE ControlDesk to monitor the signals of interest. Finally, the figures presented in this 

section are obtained through a Yokogawa DLM4038 oscilloscope that measures the inputs 

and outputs of both real-time simulators. 

 

Fig. 8.5. HIL experimental setup 

 

As it can be observed in Fig. 8.6 and 8.7, the results obtained with the experimental 

setup reveal that the proposed SM responds similarly to the DM under different operating 

conditions. In this sense, Fig. 8.6a shows that the DM tracks the references for the active and 

reactive powers satisfactorily, as well as the battery current. This indicates a proper operation 

of the control systems implemented. Additionally, the PV power generation and the battery 

power are also represented in this figure. The former varies with the irradiation input, and 

the latter is calculated from the battery voltage and current outputs. Fig. 8.6b illustrates an 

analogous scenario for the SM. As seen, the SM responds similarly to the DM under changes 

in the active and reactive powers, and the battery current and no relevant differences can be 

highlighted. 
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(a) 

 

(b) 

Fig. 8.6. Experimental results with power variation and battery current control for: (a) 

Detailed model. (b) Simplified model. 

 

Fig. 8.7 depicts the results of the experimental setup during a sag in the grid voltage 

of 0.7 p.u., during 50 ms. The grid active and reactive powers, plus the phase-A 

instantaneous voltage and current are represented for the DM and the SM (Figs. 8.7a and 

8.7b, respectively). Even under this grid fault, both the DM and the SM are able to recover 

the control of the power system shortly after the fault clearance. Furthermore, similar results 

for the DM and the SM can be noticed when comparing Figs. 8.7a and 8.7b. 
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(a) 

 

(b) 

Fig. 8.7. Experimental results including a voltage sag for: (a) Detailed model. (b) 

Simplified model. 

 

The experimental results shown in this section prove the adequacy of the SM to 

replace the DM in long-term simulations, large-scale electric power systems, control 

design and dynamic analysis purposes. 
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8.2. Case 2.  

In Case 2, the behavior of the proposed SM is studied for long simulations with 

different operating conditions on PV generation, battery, and grid (changes in the electricity 

market and the power demanded by the SO).  

The results of an 8100 s-long simulation (equivalent to 2 hours and 15 minutes) are 

presented in this section. Since the performance of the proposed SM has proved similar to 

the DM in the previous case, only the SM is simulated in this scenario to confirm its 

suitability for dynamic analysis purposes in long-term simulations. For this simulation, a 

variable irradiance profile following the PPV pattern shown in Fig. 8.8a and different 

operating conditions of the electricity market (Fig. 8.8b) are considered. This allows to 

evaluate the PV power plant and the proposed EMS under all the operating conditions 

described in Section 7.1 and Fig. 7.1.  

Fig. 8.8a shows the power balance during the simulation for an initial SOC of 60% in 

the battery. It also presents the power demanded by the grid and the maximum available 

power. It can be noted from Fig. 8.8a that the demanded power is always lower than the 

maximum available power, and that when the SO demands a specific power, this request is 

addressed. From 0 to 1800 s, the SO defines a power demand. When the power requested by 

the SO is lower than the power generated by the PV panels, the exceeding energy is used to 

charge the battery. When the SO requests more power than the PV generation, the battery is 

discharged. From 1800 to 3600 s, the SO does not define any power demand, and the battery 

operates to achieve an economic benefit in the electricity market. In the first part of this 

period (from 1800 to 2700 s), the market is not favorable to sell energy (VP in Fig. 8.8b). 

Hence, the excess energy is stored in the batteries. On the other hand, in the second part 

(from 2700 to 3600 s) a PP is observed (Fig. 8.8b), and thus the battery is discharged. 

Approximately at the middle of the peak period, the battery is discharged with a lower 

intensity, limited by Eq. 7.3. From 3600 to 5400 s, PSO is similar to the value set at the 

beginning of the simulation. However, this time the battery is charged and discharged more 

often because it coincides with periods where PSO is either higher or lower than PPV. From 

5400 s onwards, it can be observed that the battery reaches and does not exceed the SOC 

limits. 
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Fig. 9b illustrates the battery SOC. It can be noted at 6300 s that, when the SOC reaches 

90%, the battery is not allowed to charge beyond this point. On the other hand, when the 

battery SOC reaches 30% at 7100 s, a deeper discharge is not allowed. Moreover, it can be 

observed that, when the SO does not require a specific power, the battery is discharged 

during the PP, and charged during the VP. This behavior proves that the EMS avoids 

exceeding SOC limits, thus increasing the battery life cycle, while making an economic 

profit out of the smart energy dispatch implemented. 

 

(a) 

 

(b) 

Fig. 8.8. Case 2: (a) PV power, battery power, grid power, SO demand, and maximum available 

power. (b) Battery SOC and trading in the electricity market 
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8.3. Case 3  

To evaluate the proposed fuzzy logic-based EMS applied to the system composed by 

PV panels, and a BES-qZSI, a simulation was performed considering an initial battery SOC 

of 50% and the PV power plant operation with unity power factor (reactive power reference 

equal to 0). 

Fig. 8.9a shows the irradiation profile considered in the Case 2 simulation, which was 

obtained by adapting 14 h of a real cloudy summer day (from the sunrise to the sunset) to 30 

s, to evaluate the system and the proposed control under different and variable operating 

conditions. The temperature profile was kept constant at 25ºC during the whole simulation. 

The power balance between the PV panels, battery, and grid is illustrated in Fig. 8.9b. 

It can be observed that the grid is the sum of PV and the battery power. When the battery is 

charging, the power is negative, and it is positive when the battery is discharging.  

Considering that the initial SOC is set at 50%, the battery can be charged or discharged 

according to the EMS implemented. Considering the price of the energy (Fig. 7.4), it can be 

seen that the battery is discharged when the price of the energy is high, and it is charged 

when the price is low. Fig. 8.9c depicts how the battery SOC increases when the battery is 

charged and decreases when the battery is discharged, following the power balance shown 

in Fig. 8.9b. 

 

(a) 
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(b) 

 

(c) 

Fig. 8.9. Case 3: (a) Irradiation profile. (b) Power balance between PV panels, battery, 

and grid. (c) Battery SOC 

 

The battery current control is illustrated in Fig. 8.10. As it can be seen, the measured 

current is able to follow the reference current, ensuring a suitable functioning of the battery 

charging and discharging, and as a consequence, ensuring the power balance between the 

sources (PV and battery) and grid.  
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Fig. 8.10. Case 3: Battery current control  

 

The DC input voltage to the inverter of the qZSI is about 1800 V (MVDC), as shown 

in Fig. 8.11. A voltage boost (B) of 1,79 is achieved by the qZSI from the PV panel output 

to the inverter DC side (B = Vdc/Vin), as expected.  

 

Fig. 8.11. Case 3: PV voltage, MVDC voltage, and voltage boost achieved from PV panels to 

DC side of the qZSI 

D and M (Fig. 8.12) achieve values of 0,22 and 0,73, respectively, which confirms the 

voltage boost of 1,79, according to B=1/(1-2D). It can also be observed that the control 
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system implemented complies with the premise that the sum of D plus M must be less than 

1 to control the battery current and the AC grid current independently. 

 

Fig. 8.12. Case 3: Duty cycle (D) and modulation index (M) 

 

8.4. Case 4  

In Case 4, the EMS 3 is designed to handle the power flow between the PV system, 

the grid, and the HESS system composed by the battery and the UC. This configuration is 

represented in Fig. 5.1. The strategy focuses on use the battery and the UC storage units to 

operate in a complementary manner. 

From Fig. 8.13 to 8.16, the initial SOC of the BES is set to 50%. The power balance 

is represented in Fig. 8.13a. In this figure, it is possible to observe that Pgrid is equal to PSO, 

meaning that the power demanded by the SO is being attended throughout the whole 

simulation. This is possible due to the power gap compensation through the HESS. When 

the PV generation is different from PSO, the HESS acts releasing or storing the power 

mismatch. Moreover, PSO is between the allowed limits, according to Eq. 7.1 and 7.2. PBES 

and the PUC are illustrated in Fig. 8.13b. The UC covers low power fluctuations, as well as 

the BES slow response during changes on its power reference. 
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(a) 

 

(b) 

Fig. 8.13. Case 4: Hybrid system power balance (a) Power balance between PV, HESS, SO, and 

grid. (b) BES and UC power 

 

In Fig. 8.14, it can be seen that the BES response presents a slight difference compared 

to the BES demanded power. This small difference is covered by the UC, as seen in Fig. 

8.13b. 
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Fig. 8.14. Battery demanded power and battery response 

 

BES and UC SOC are represented in Fig. 8.15 considering that the initial state is 

medium. In this case, three situations are possible for the BES: charge, discharge or maintain 

at the same level, depending on the power demanded by the SO. 

 

(a) 
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(b) 

Fig. 8.15. Case 4: State of charge (a) BES. (b) UC 

 

From Fig. 8.16, it is possible to conclude that the HESS control strategy is working 

satisfactorily, and that the BES (Fig. 8.16a) and the UC currents (Fig. 8.16b) are controlled, 

tracking their respective reference values.   

 

(a) 
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(b) 

Fig. 8.16. Case 4: Current control (a) BES. (b) UC  

 

To observe the BES reaching its SOC limits in a single simulation, a huge 

computational effort and time are needed. Thus, the simulation is divided into three parts. In 

Figs. 8.13 – 8.16, the BES started with a medium initial SOC (50%). In the following figures 

(Fig. 8.17 and 8.18), the initial BES SOC is set to 92% (above SOCmax), and in Figs. 8.19 

and 8.20, a low SOC of 31% is represented.  

In the case of high SOC, the BES is only allowed to discharge or remain at the same 

level, which can be observed in Fig. 8.18a. Note that in Fig. 8.18b, the UC SOC varies more 

intensely due to the fact that the BES is not allowed to charge anymore, thus having the UC 

to cover the battery more often than with a medium initial BES SOC. In Fig. 8.17a, the power 

balance can be observed, and in Fig. 8.17b, it is possible to confirm that the BES is not 

charged anymore because of the absence of the negative operating area. It is also possible to 

see that the UC is being required for small power variations, providing extra power that the 

BES is not able to supply, and also for the slow response of the BES, proving the correct 

functioning of the EMS.  
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(a) 

 

(b) 

Fig. 8.17. Case 4: Hybrid system power balance with high initial BES SOC (a) Power balance 

between PV, HESS, SO, and grid. (b) BES and UC power 

 



Chapter 8 

Simulation Results 

107 

 

 

(a) 

 

 

(b) 

Fig. 8.18. Case 4: State of charge for (a) BES starting with high SOC. (b) UC 

 

The power balance is observed in Fig. 8.19a, where the maximum available power is 

close to the PV generation, since the BES cannot contribute due to its low SOC and only the 

UC can be discharged. In Fig. 8.19b, the absence of the positive BES operating area confirms 
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that the BES is not discharged. The UC is being demanded for small power variations and 

also for the slow response of the BES. 

 

(a) 

 

(b) 

Fig. 8.19. Case 4: Hybrid system power balance with low initial SOC (a) Power balance between 

PV, HESS, SO, and grid. (b) BES and UC power for high initial BES SOC 

 

In the case with a 31% initial BES SOC (slightly higher than SOCmin), the BES is not 

allowed to discharge anymore, as previously mentioned. Therefore, the BES can be charged 
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or maintained at the same level, as shown in Fig. 8.20a. As shown in Fig. 8.20b, the UC has 

a higher demand (its SOC varies approximately from 63% to 53%), because the BES cannot 

be discharged. When Fig. 8.20b is compared to Fig. 8.15b, the UC SOC varies less (from 

63% to 66%) in the latter, proving that the UC is more demanded when the BES cannot 

contribute. 

Considering the results obtained through simulation for Case 4, it is possible to 

conclude the correct functioning of the HESS and its respective EMS 3 strategy.   

 

(a) 

 

(b) 

Fig. 8.20. Case 4: State of charge for (a) BES starting with low SOC. (b) UC SOC 
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IV 
Future Research and 

Conclusions 

 

 

 

In this section, the main conclusions are drawn from the analyses carried out. The 

concluding remarks are presented based on the observation of the most important aspects 

of the study. The evaluation of the hybrid configuration brought the most relevant 

contributions of this thesis, as presented in this section. Finally, recommendations of future 

works have the objective to advance in the framework of the current study.  

 

 

 



 

 

 

 



 

 

  

Chapter 9  

Conclusions 

 

In this chapter, the conclusions of the thesis and the main contributions of the study 

are presented.  

In summary, the main objective of this thesis was to investigate a large-scale PV 

power plant and a HESS connected to a type of converter still under development, such as 

the qZSI. Moreover, the necessary control loops and power dispatch strategies were 

implemented in all the configurations evaluated. Hence, the challenges of this study involved 

the topology, the modeling, the dynamic control, and the supervisory energy management 

system of each configuration. 

Part I of the thesis was introductory. From the review of the literature review, it was 

possible to draw two main conclusions: Efficiency enhancement and integration of storage 

systems are decisive to promoting the development of intermittent sources. From this part, 

it was possible to conclude that the most commercialized PV cells technologies are those 

based on silicon, both mono and poly-crystalline, followed by thin-film cells. As presented, 

the area required for the power plant is highly dependent on the PV technology, finding that 

plants of similar powers using thin-film, occupied an area 20% bigger, and three times more 

PV panels were needed than a plant of similar power which used mono-crystalline panels. 

Regarding power converters, the configuration most frequently used is based on two stages, 

a DC/DC and a DC/AC.  With regards to the ESS, the trend is a growing installed capacity 

worldwide, and in the case of batteries, they are considered suitable for PV systems. The 

technology mostly used today for high power systems is the lithium-ion battery. To meet the 

requirements for fast response and sufficient power support, it is recommended to combine 

two or more energy storage systems. 

In Part II, the system under study was modeled and the control strategies were 

presented. This study was crucial, since the efficiency of the plant depends mainly on the 

operation and control of the converters. The final studied system was composed by PV 

panels, a qZSI-BES, a DC/DC-ZSC, an UC, and a LCL filter, although in the first simulation 
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results, the DC/DC-ZSC and UC were not considered. The PV panel technology considered 

was mono-crystalline, mainly due to its efficiency. For the qZSI-BES, a DM of the system 

was modeled, and a new SM was proposed, developed, compared, and validated in a HIL 

system. With this model, it was possible to obtain a substantial time reduction in the 

simulations, replacing the DM properly for the target simulations of this work. The main 

limitation of this model is regarding the behavior of the current and voltage harmonics. To 

connect a HESS, a DC/DC-ZSC converter was needed to control the charge/discharge of the 

UC. An improved simplified converter model was used in this case. The BES and UC were 

modeled according to commercially available devices. Moreover, the control loops 

implemented were described in detail.  

The results of the proposed systems were presented and discussed in Part III. Varying 

irradiation adapted from a real cloudy day was considered to test different operating points. 

Moreover, grid disturbances were added, as well as a variation on the reactive power 

reference. Simulation results proved the effectiveness of the proposed hybrid renewable 

energy system under variable conditions. The system showed a satisfactory performance 

under grid disturbances and load variations. The SM, when compared to the DM, obtained 

similar responses for dynamic events, proving the validity of the proposed SM. Only slight 

differences appeared in the transitory recovery after the grid fault, but these differences were 

small enough to be neglected in the target simulations of the SM. This new model replaced 

the DM satisfactorily in long-term simulations, large-scale electric power systems, control 

design, and dynamic analysis purposes. The HESS presented interesting complementary 

characteristics that supported the PV generation through the EMS to comply with the grid 

power requirements. BES and UC lifetime was preserved, since the SOC was maintained 

between safe levels, and overcharging/overdischarging were avoided. The UC had three 

main functions: (i) responding to small PV power variations, such as partial shading from 

clouds; (ii) complementing the BES slow response; and (iii) supplying the additional power 

demanded that the BES was not able to provide. The control system applied allowed a good 

model stabilization. The SVM technique was adapted to the qZSI to obtain an appropriate 

response. A satisfactory regulation of the PV power generation was achieved through the 

MPPT algorithm and the active power control loop. Furthermore, an adequate variable 

reference tracking was demonstrated for the reactive power. The three new EMS strategies 

presented good results and an appropriate power balance.   
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The main contributions of this thesis were: 

- From the review of the literature review, the main features of the PV panels, 

converters, and energy storage systems were analyzed. Moreover, 

applications of these systems were presented, based on the available 

literature. An interesting comparison of the PV panels and ESS technologies 

highlighted which of the storage/PV materials options are more suitable, 

according to the intended application. 

- It was not possible to find any work in the literature implementing the same 

configuration as the one presented in this thesis, i.e.: PV system with SM of 

the qZSI-BES plus SM of DC/DC-ZSC with a UC, connected to grid. Indeed, 

papers related to qZSI-BES and DC/DC-ZSC can be found, but not in the 

same system. Most of the qZSI-BES use the DM, and the configurations 

employed have different elements other than the PV, BES, and/or UC. This 

new configuration can be mentioned as one important contribution.  

- The new SM of qZSI-BES presented an outstanding reduction in the 

simulation time, precisely 85%, in comparison to the DM. This fact is 

particularly important for long-term simulations. Moreover, this achievement 

allowed the application of fuzzy logic, which needs a large computational 

effort, to perform the energy management between the elements in the power 

plant.  

- The design of the new SM was implemented, assessed, and validated 

experimentally in laboratory through a TYPHOON HIL system and a 

dSPACE MicroLabBox control board. This test proved the suitability of this 

new model to replace the DM in long-term simulations, large-scale electric 

power systems, control design, and dynamic analysis purposes. 

- The control strategy applied to the hybrid system was tested considering 

fluctuating solar radiation and grid disturbances, and, even with the presence 

of these disturbances, a proper response was obtained, confirming a 

satisfactory control operation.    

- Three EMS were presented. The first two did not consider the UC, and this 

element was added in the third one. These strategies allowed the HESS to 

operate between safe limits. The SO demand was attended, and for one of the 
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strategies, it was possible to make a profit from the energy price. Moreover, 

in the configuration with UC, it contributed as a secondary storage source, 

covering the slow response of the battery, improving the BES lifetime, and 

acting in small power variations. Fuzzy logic was applied in two of the EMS.  

 

 

  



 

 

  

Chapter 10  

Future Works  

 

In this chapter, future research areas are indicated as an extension of the work 

performed in this thesis: 

- The use of other storage technologies with different characteristics can be 

added to the configuration presented herein, comparing which option is more 

interesting from the technical and economical point of view. Research in 

storage devices combined with fluctuating renewable energy generation, such 

as PV or wind, is increasing and needed.   

- Other storage units, such as electric vehicles and hydrogen systems could also 

be added to the same configuration presented, similarly to the UC connected 

through a DC/DC-ZSC. The use of hydrogen and electric vehicles is also a 

current trend, with great perspectives for the future, and further research is 

needed. Moreover, the hydrogen system can be at the same time a storage and 

generation source. 

- Other renewable generation sources, different from PV, and the addition of 

loads can be considered in this topology. In addition, different converter types 

and associations could embrace different generation units, in unique or 

various sharing points. 

- Other EMS strategies, adding optimized systems, can generate interesting 

results.  

- The application of model predictive control to the solar radiation can 

anticipate information for the hybrid plant, and therefore, optimize its 

operation.   

- Advanced control techniques can be relevant to regulate the power delivered 

to the grid while ensuring a stable and satisfactory operation. 

- The same study presented in this thesis can be performed considering the 

variable cost of energy to obtain more profitable systems.  
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- The EMS proposed in this thesis did not study the energy market in depth. 

Considering a real behavior of the electricity market could improve the results 

to coincide more reliable with the actual market performance. 
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