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Resumen 

Las grandes centrales eléctricas convencionales centralizadas, aunque son 

robustas y fiables, tienen numerosas desventajas. El uso de generación distribuida se 

ha incrementado para satisfacer la creciente demanda de energía y reducir la distancia 

entre generación y consumo. En consecuencia, los sistemas de energía híbridos que 

combinan varias fuentes de energía renovable están aumentando, principalmente en 

configuraciones conectadas a red. 

La presencia de esta generación distribuida en la red eléctrica cambia 

significativamente su control y operación. Por ello, se debe prestar especial atención 

al estudio de sistemas híbridos compuestos por aerogeneradores y paneles solares 

fotovoltaicos, debido a sus características de intermitencia y fluctuación. Actualmente, 

una forma de mejorar la conexión de dichos sistemas a la red eléctrica es combinar 

diferentes fuentes de energía con sistemas de almacenamiento de energía. Debido al 

desarrollo de las tecnologías de almacenamiento, estas se pueden utilizar en numerosas 

aplicaciones, como regulación de frecuencia, estabilización de sistemas, reducción de 

pérdidas de transmisión, aumento de la fiabilidad, regulación de carga o soporte a 

servicios de red, entre otras. 

Los sistemas híbridos de generación de energía utilizados hasta la fecha son en 

su mayoría de pequeña escala, con una potencia nominal de decenas o pocos cientos 

de kW. Otro aspecto relevante es que la mayoría de los sistemas eléctricos híbridos 

están ubicados en tierra. No obstante, en la actualidad existe en Europa un crecimiento 

considerable de los grandes parques eólicos marinos, principalmente debido a los 

avances en los aerogeneradores y las estructuras de cimentación, que han mejorado sus 

condiciones económicas y contribuido a la implantación de plantas marinas. Se espera 

que la capacidad instalada siga aumentando, ya que la Unión Europea tiene como 

objetivo alcanzar los 100 GW de capacidad eólica marina en 2030. En esta tesis, se ha 

realizado un estudio detallado que evidencia este crecimiento. Se han estudiado en 

detalle las características más significativas de 57 plantas instaladas en Europa con una 

potencia nominal superior a 150 MW y puestas en servicio a fecha de 2019, así como 

11 plantas autorizadas o en construcción, extrayendo conclusiones relevantes de los 

datos recogidos. Los resultados muestran las tendencias en el tamaño y la capacidad 
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de los aerogeneradores, el modelo de aerogenerador, la distancia a la costa, la 

profundidad del agua, el coste de inversión, el tipo de cimentación, la tecnología de 

transmisión y los niveles de tensión, entre otros. Esta tesis recoge información 

actualizada sobre el tema, deduciendo las tendencias futuras a partir de la evaluación 

de parques eólicos marinos totalmente construidos, autorizados o en construcción. 

Además, esta tesis evalúa el rendimiento de una planta eléctrica híbrida formada 

por un aerogenerador, una central solar fotovoltaica y un sistema de almacenamiento 

de energía que comparten el mismo punto de conexión a red. Esta central híbrida tiene 

una potencia nominal de 2.44 MW. Normalmente, los aerogeneradores basados en 

generadores síncronos de imanes permanentes presentan una topología de convertidor 

de potencia de dos etapas basada en un convertidor elevador CC/CC y un inversor en 

fuente de tensión. En la tesis, esta configuración se sustituye por un inversor en fuente 

de cuasi-impedancia (‘quasi-impedance source inverter’, qZSI), que es una solución 

atractiva para aumentar y convertir la tensión de CC en CA en una sola etapa. No se 

recomienda un modelo dinámico detallado del qZSI (incluyendo el modelado de todos 

los interruptores y sus pulsos de disparo) para estudios de estabilidad, simulaciones a 

largo plazo o grandes sistemas de energía eléctrica. Para tales estudios, en esta tesis se 

proponen dos modelos dinámicos promediados. Ambos modelos presentan el mismo 

sistema de control que el modelo dinámico detallado, a excepción de la generación de 

los pulsos de disparo, que no es necesaria en los modelos promediados. 

Los dos modelos propuestos se evalúan y comparan con el modelo dinámico 

detallado. Los dos modelos promediados propuestos pueden sustituir al modelo 

dinámico detallado con una precisión satisfactoria en términos de respuesta en el 

dominio del tiempo en estudios de estabilidad. Además, se añadieron dos fuentes de 

tensión que emulan los terminales de C1 y C2 para mejorar la configuración propuesta 

y permitir la integración de la planta solar fotovoltaica y la batería, respectivamente. 

La planta eléctrica híbrida conectada a red en estudio consta de un aerogenerador de 

1.5 MW, un generador solar fotovoltaico de 402 kW conectado al condensador C2 y 

una batería de iones de litio de 532 kW conectada al condensador C1, lo que hace un 

total de 2.44 MW para la potencia nominal de la planta híbrida. Además, una carga de 

1.2 MVA comparte el punto de conexión a red con la planta híbrida. 

Después de elegir la configuración más adecuada para la conexión del 

aerogenerador, la planta fotovoltaica y el sistema de almacenamiento de energía, un 
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segundo objetivo de la tesis es el desarrollo de estrategias de control de las fuentes de 

energía y sus convertidores. Se implementan y evalúan diferentes estrategias de control 

para regular la potencia activa, reactiva y los niveles de tensión.  

Finalmente, un tercer objetivo es el diseño de un sistema de control supervisor 

para la planta híbrida. Este sistema debe poder gestionar y coordinar el flujo de energía 

entre los dispositivos del sistema híbrido. Algunas de las variables consideradas por el 

control supervisor son la referencia de generación establecida por el operador de la 

red, la producción instantánea de los aerogeneradores y los paneles fotovoltaicos, y el 

estado de carga de la batería. Se han desarrollado diferentes estrategias de control para 

una adecuada gestión energética, y una correcta regulación de los parámetros eléctricos 

de la planta híbrida, tanto internamente como en el punto de conexión a red. Utilizando 

modelos ampliamente reconocidos para los componentes de la planta híbrida, se ha 

representado el comportamiento del sistema, y se han evaluado los diseños originales 

de esta tesis mediante simulación en diferentes condiciones de funcionamiento 

(cambios en la velocidad del viento, radiación solar o generación de la red, etc.) Los 

resultados han mostrado el adecuado funcionamiento de la planta híbrida a través de 

las estrategias de control implementadas, que coordinan las fuentes de energía 

renovable, la batería y la carga mediante convertidores en fuente de impedancia.  
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Abstract 

Large centralized conventional power plants, although robust and reliable, have 

numerous disadvantages. The use of distributed generation has increased to fulfill the 

growing energy demand, and to reduce the distance between generation and 

consumption. Consequently, hybrid energy systems that combine several renewable 

energy sources are flowering, mainly in grid-connected configurations.  

The presence of this distributed generation in the electric grid changes its control 

and operation significantly. Therefore, special attention should be paid to the study of 

hybrid systems composed of wind turbines (WTs) and photovoltaic solar panels, due 

to their intermittent and fluctuation characteristics. Currently, a means of improving 

the connection of such systems to the electricity grid is to combine different energy 

sources with energy storage systems. Due to the development of storage technologies, 

they can be used in numerous applications, such as frequency regulation, system 

stabilization, reduction of transmission losses, increased reliability, load regulation or 

support for grid services, among others. 

The hybrid power generation systems used to date are mostly small-scale, with 

a rated power of tens or hundreds of kW. Another relevant aspect is that most hybrid 

power systems are located onshore. Nevertheless, a considerable growth of large-scale 

offshore wind farms is noticeable currently in Europe, mainly due to advances in WTs  

and foundation structures, which have improved their economic conditions and 

contributed to the implementation of offshore plants. It is expected that the installed 

capacity will continue to increase, since the European Union aims at reaching about 

100 GW of offshore wind capacity by 2030. In this thesis, a detailed study evidencing 

this growth has been carried out. The most significant characteristics of 57 plants 

installed in Europe with a rated power above 150 MW and fully commissioned until 

2019, as well as 11 plants authorized or under construction, are studied in detail, 

drawing relevant conclusions from the data collected. The results show the trends on 

WT size and capacity, turbine model, distance to shore, water depth, investment cost, 

type of foundation, transmission technology, and voltage array systems among others. 

This thesis gathers the latest information about the topic, deducing future trends from 
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the evaluation of offshore wind farms fully commissioned, authorized or under 

construction. 

Furthermore, this thesis evaluates the performance of a hybrid power plant 

consisting of a WT, a solar photovoltaic (PV) power plant, and an energy storage 

system that share the same grid connection point. This hybrid power plant has a rated 

power in the range of several MW. Typically, permanent magnet synchronous 

generator-based WTs present a two-stage power converter topology based on a DC/DC 

boost converter and voltage source inverter. In the thesis, this configuration is 

substituted by a quasi-Z-source inverter, which is an attractive solution for boosting 

and converting the voltage from DC to AC in a single stage. A switched dynamic 

model of the quasi-Z-source inverter (including the modelling of all switches and firing 

pulses) is not recommended for steady-state stability studies, long-term simulations, 

or large electric power systems. For such studies, two averaged dynamic models are 

proposed in this thesis. Both models present the same control system as the switched 

dynamic model, except for the generation of the firing pulses, which is not necessary 

in the averaged models.  

The two models proposed are evaluated and compared with the switched 

dynamic model. Both proposed averaged models can substitute the switched dynamic 

model with satisfactory accuracy in terms of time-domain response in steady-state 

stability studies. In addition, two voltage sources emulating the terminals of C1 and C2 

are added to enable the integration of PV and BES, respectively. The grid-connected 

hybrid power plant under study consists of a 1.5 MW WT, a 402 kW PV generator 

connected to the capacitor C2, and a 532 kW lithium-ion battery connected to capacitor 

C1, making a total 2.44 MW for the rated power of the hybrid plant. Moreover, a load 

of 1.2 MVA shares a common connection point with the hybrid power plant. 

After choosing the most suitable configuration for the connection of the WT, the 

photovoltaic power plant, and the energy storage system; a second objective of the 

thesis is the development of control strategies for the energy sources and their 

converters. Different control strategies are implemented and evaluated to regulate 

active and reactive power, and voltage levels.  

Finally, a third objective is the design of a supervisory control system for the 

hybrid power plant. This system must be able to manage and coordinate the energy 

flow between the devices in the hybrid system. For this purpose, some of the variables 
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considered by the supervisory control system are the generation set point established 

by the grid operator, the instantaneous production of WTs and the photovoltaic panels, 

and the state of charge of the battery. Different control strategies have been developed 

for a proper energy management, and an adequate regulation of the electric parameters 

of the hybrid plant internally and at the point of connection to grid. Using widely 

recognized models for the components of the hybrid power plant, it has been possible 

to represent the behaviour of the system and to evaluate the original designs of this 

thesis through simulation under different operating conditions (changes in wind speed, 

solar radiation, or electricity generation of the grid, etc.). The simulation results have 

shown the adequate performance of the hybrid power plant through the control 

strategies implemented, which coordinate the renewable energy sources, the battery 

and the load using impedance source converters. 
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Chapter 1: Introduction 

The energy consumption keeps scaling over the years, and it is expected to 

increase 35% on 2005 levels, by 2030 [1]. Among energy sources, fossil fuels are the 

most commonly used, although they present certain disadvantages, such as the release 

of carbon dioxide (CO2) and the dependency of some countries on this fossil resource. 

According to [2], CO2, methane and nitrous oxide are the main generators of 

greenhouse gas emissions with 76%, 16% and 6% respectively, and the reduction of 

these gases was one of the issues discussed at the 26th Conference of the Parties 

(COP26). Furthermore, from 76% contribution of CO2, 65% are from fossil origin. A 

feasible solution to contribute to the reduction of these gases is to give more space to 

renewables in the energy mix. 

In this scenario, wind and solar energy are the fastest growing renewable 

energies in the world. Several factors contribute to favour the growth of wind energy, 

highlighting the fact that it has a lower environmental impact when compared to the 

use of fossil fuels, it also has social acceptance and improved efficiency due to 

advances in modern turbine projects. Figure 1.1 shows the evolution of the total wind 

installations in the world between 2001 to 2020, while Figure 1.2 shows the 

expectations for new wind installations (GW) in the world until 2030.  

 

Figure 1.1. Growth of total wind installations in the world (GW)[3] 
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Figure 1.2. Expectations for new wind installations (GW) in the world [3]. 

 

Analyzing Figure 1.1 and Figure 1.2, it is possible to observe that before 2025, 

the wind industry will exceed 1TW in accumulated global wind energy installations 

onshore and offshore. Furthermore, it is possible to notice an increase in the relevance 

of offshore installations compared to onshore, in which the offshore reached a 

percentage of 4.5% of the share in 2019/2020. One of the factors that can influence the 

increase of offshore wind farms (OWF) is the decrease in the average levelized cost of 

electricity (LCOE). The average LCOE of onshore wind energy is expected to decrease 

25% by 2030 when compared to 2018 levels. Concerning offshore wind, the 

expectation is that the LCOE will decrease by 55% from 2018 levels [3]. Moreover, 

offshore wind energy showed better indicators in almost every environmental impact 

index investigated according to [4], which is aligned with the sustainability trends 

pursued all over the world. In this context, OWF are an interesting option to contribute 

to renewable energy. 

Regarding the photovoltaic (PV) generation systems, although they have some 

challenges such as cost reduction, increase efficiency and improve energy storage 

technologies, they have been showing great growth and are very promising systems. 

As well as wind, PV technology presents significant advances and the electrical energy 

generated stands out for being silent, non-polluting, low maintenance and 

inexhaustible. Moreover, like WTs, PV systems use maximum power point trackings 

(MPPT) algorithms and intelligent algorithms to improve their efficiency, and are 

usually combined with storage systems, obtaining interesting advantages [5,6]. 

Figure 1.3 shows the evolution of the grid-connected PV installations between 

2011 to 2019. PV generation systems were increased almost 10 times in the decade, 
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achieving in 2019, the capacity of 623,2 GW of cumulative PV installations. The 

European Union (EU) targets generating 20% of its energy through renewable sources 

and improving 20% of its efficiency [7].  

 

Figure 1.3. Growth of global PV installed capacity [8]. 

WTs share all the benefits of PV power plants, such as no carbon emission, an 

inexhaustible source and contribution to sustainable development, but they also have 

other advantages. For instance, smaller areas are available for larger plants in terms of 

installed capacity, and greater efficiency. On other hand, they cause a considerable 

visual and sound impact. 

Although these systems are implemented separately, the combination of several 

generation sources, integrated into a single power plant (hybrid system), presents 

significant advantages, the reason why they are increasingly used today. Non-

renewable hybrid power plants, although relevant, have disadvantages when compared 

to renewables, For this reason, a configuration frequently used today is hybrid 

wind/PV plants, since these systems represent a very interesting technological solution 

due to their complementary characteristics [9].  

However, the insertion of large amounts of hybrid systems based on renewable 

sources in energy systems must be correlated in all aspects, as there are social, 

environmental, economic, and technical challenges. From a social point of view, these 

energies demand large areas, reducing, for example, areas of family cultivation and 

have other disadvantages already mentioned, such as visual impacts and noise, for 

wind power plants. As social benefits, we can highlight the generation of regional jobs, 

increased living standards in remote areas and also better health due to less pollution.  
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Concerning the environment, renewable energy belongs in the green industry 

context, and, in this sense, the intention is to maintain the green label associated with 

them by not causing and/or reducing the damage to the environment when 

manufacturing or installing these plants [10]. However, as in any human activity, a 

certain impact on the surrounding ecosystem is inevitable. There are positive and 

negative issues associated with renewable energy. The main positive effects are the 

replacement of fossil fuels with wind energy and solar, and the offshore structures, 

acting as artificial reefs, can increase the diversity of marine species. In contrast, the 

risks of collision for birds, the displacement of marine mammals and birds, and habitat 

loss or degradation can be mentioned as negative. Furthermore, the production of 

electricity from renewable energies, although they do not emit CO2 at the time of 

generation, involves emissions associated with other phases of the life-cycle, for 

example, during manufacturing, transport, installation, maintenance and their de-

installation and waste management.  

From an economic point of view, the challenges of transitioning to the new matrix 

composed of renewable sources, including solar and wind, are immense. Although the 

average costs should decrease, they are still high when compared to other energy 

sources, such as hydroelectric power and biomass.  

From a technical point of view, as a natural resource, wind speed is highly stochastic, 

uncertain, and therefore, challenging to predict with perfect accuracy [11]. An 

alternative to solve the problem of the intermittency of these wind and solar power 

plants is to insert some energy storage solution into the generation system, thereby 

providing a significant improvement in the stability and quality of energy generated 

[12,13].  Hybrid systems with energy storage help in the management and uncertainty 

of this type of generation, ensuring greater coupling between generated and consumed 

energy, contributing to the work of the system operator, who is responsible for ensuring 

accurate dispatch power. With this, it is eminent that the use of hybrid plants combining 

wind energy, solar PV and energy storage will contribute to this goal. The challenge is 

to achieve efficient, reliable and technically and economically viable hybrid power 

plants. 

For these hybrid systems with energy storage, the use of batteries, 

supercapacitors (SC), flywheels, hydro-pumped and hydrogen stands out, depending 

on the time the energy is intended to be stored and the method of system management. 
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In general, it is interesting to combine a short time storage system with a long time, 

for example, the use of batteries (short time) with hydrogen (long time), and even with 

hydrogen production, which can be an interesting alternative [14].  

The large-scale renewable systems connected to the grid, in general, must 

maintain high levels of reliability. As systems based on wind and solar energy present 

intermittent generation, they are susceptible to disconnect from the grid in the event of 

disturbances, to avoid damage to the equipment. However, to achieve smarter and 

more reliable electrical grids these systems are required to stay connected during the 

period of disturbance of the network to try to favour the recovery of the failure in the 

grid, being disconnected only in the last instance depending on the magnitude and 

duration of the failure. The authors propose in [15] to improve the reliability of these 

hybrid systems in case of failure, using a superconducting magnetic energy storage 

system (SMES). The hybrid system studied features a 24 MW PV power plant and two 

27 MW wind power plants, one onshore and the other offshore, and a 10 MW SMES 

unit connected to the common connection point. 

Another important parameter to  improve the performance of the hybrid systems 

is the study and evaluation of the most suitable configuration according to technical 

criteria, to guarantee the best design, control and operation of the hybrid power plants. 

Among the different variable speed WT technologies available, squirrel cage induction 

generator (SCIG) with a full converter can be operated at variable speed. However, 

double-fed inductor generator (DFIG), and permanent magnet synchronous generator 

(PMSG) are usually employed, due to their higher energy efficiency [16–18]. PMSG 

has several advantages as high performance, low maintenance compared to DFIG, and 

they do not need the gearbox. Sufficient information regarding the models of these 

turbines can be found in [19]. Regarding PV plants, four topologies for large-scale 

power plants are analyzed in [20], the central, the string, the multi-string and the fourth 

topology, module integrated. With regards to the converters, different converter 

models can be implemented. For example, the topology used in [21] 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 inverter.  

WTs can be connected in several ways. In [22] different topologies to connect 

the converter at the machine side (machine side converter, MSC) for PMSG WTs are 

suggested. In [23], different topologies are proposed to be connected to the grid. For 
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instance, PMSG can be connected by two-level pulse width modulation voltage source 

converter (2L-PWM-VSCs), which are usually configured as a back-to-back structure 

(2L-B2B). The 2L-B2B solution is relatively simple, robust, and reliable. The 

drawbacks of this configuration are the larger switching losses and lower efficiency at 

megawatts (MW) and MV power levels, and furthermore it has high indices of THD 

[23]. On other hand, for the rectifier stage, a simple diode rectifier can be applied to 

the generator side converter (GSC). However, when the turbine is at low speed, due to 

the low incidence of wind, the rectifier may be insufficient to reach the levels of 

voltage required by the input of VSI. In these cases, a boost converter DC/DC is 

employed to increase the voltage level to values sufficiently high for attending GSC. 

This solution is simple, cost-efficient and allows to extract maximum power from the 

WT. However, it has the disadvantages of high harmonic current distortions in the 

windings of the generator, heating and oscillations in the torque.  

An alternative for WTs connected to the grid are impedance source converters 

(ZSCs). In [24,25], this solution was proposed as a possible improvement compared 

to the traditional voltage source inverter (VSI). After this promising initial research, 

several topologies of ZSCs were proposed [26,27]. Among these topologies ZSC, the 

quasi Z source inverter (qZSI) [28] was attractive due to several improvements 

compared to traditional impedance source inverters (ZSIs). In this thesis, a WT based 

on PMSG is connected to the grid through a qZSI with battery energy storage (BES) 

and the PV system is connected through a DC/DC impedance source converter 

(DC/DC ZSC).  

A qZSI can be modelled by a detailed or switched dynamic model (SDM), which 

includes the modelling 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 because of its large computational requirements. Therefore, a 

simplified model that can accurately represent the system response while significantly 

reducing the computational time is an interesting option for such studies. To the best 

of our knowledge, only the small-signal model described in [29] has been presented as 

an alternative to the SDM 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. Thus, averaged dynamic models of the qZSI were developed in this study. 
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These models are implemented using controlled voltage and current sources, 

reproducing a response similar to the SDM. 

After determining the proper configuration for the hybrid power plant, special 

attention should be given to the control and operation of these systems, Active and 

reactive power flows must be ensured, as well as appropriate voltage levels for their 

correct functioning. Different energy management and control strategies are used in 

these hybrid power plants. In general, the control strategies coincide in prioritizing the 

use of the most appropriate generation, based on weather conditions, generation 

availability and available storage resources, while trying to guarantee the electricity 

supply to the load or the grid. In [30], the battery-based storage system included in the 

hybrid system was used to smooth fluctuations in the generation. The control strategy 

regulated the power levels and the state of charge (SOC) of the battery, employing a 

new control strategy based on the battery SOC. A strategy control can prioritize the 

use of the renewable energy system to satisfy the load demand taking into account the 

climatic conditions, and efficiently managing the system energy by using batteries as 

support [9]. On other hand, a supervisory system based on fuzzy logic can be 

implemented to manage the operation of each of the components of the hybrid system 

[31]. 

In conclusion, the topic investigated in this thesis is current, of interest and 

requires more research, as has been demonstrated in this section. In particular, the 

existence of few published works that address the study of large hybrid power plants 

combining wind energy, PV and energy storage with ZSCs has been detected. Topics 

such as the possible topologies for the internal connection of energy sources within the 

hybrid plant, the efficient management and the integration of these plants in aspects of 

the electrical grid are discussed in this thesis. The results obtained from the simulations 

are also analysed and these outcomes provided crucial information on the performance 

and adequacy of the configuration of the hybrid system under study. The energy 

management systems proposed are suited to manage power flows between the various 

components of the hybrid system, including the storage system. The control strategy 

is demonstrated to be adequate, for the operational conditions considered in the 

simulations.  
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1.1 CONTEXT 

Due to the increase in world energy demand, the concern with the preservation 

of the environment and the modernization of energy systems, new solutions are needed 

for the electrical system. Therefore, the migration from the current model to a more 

efficient, safe, reliable, with higher quality and adapted to distributed renewable 

generation technologies is inevitable. 

In this context, research on energy sources that benefit the environment is 

particularly relevant, highlighting research focused on the use of renewable resources, 

in different configurations of distributed and smart grid technologies. In addition, the 

great interest in research on renewable hybrid systems is known, fundamentally 

applied to the optimization of the configuration of the hybrid system, the design of the 

converters, their controllers and the supervisory system, and the improvement of the 

efficiency of each of the elements involved in the system. 

Wind and solar generation are clean and renewable energy sources (RES), which 

have an inexhaustible primary source, wind and sun, respectively. In this context, the 

research of this thesis focuses on hybrid power plants, combining wind energy, PV 

and energy storage systems, to provide new knowledge and solutions to improve the 

efficiency of these systems and their integration into the electricity grid. In addition, 

special attention is given to converters that use a single-stage voltage buck-boost with 

a high DC-voltage gain, based on ZSCs, being an efficient converter for connection 

between source and load. 

It is also worth mentioning that until the present date, most of the hybrid power 

plants are small-scale, or isolated plants that present a nominal power of the order of 

tens of kW [32]. Typically, small power systems have a nominal power of less than 5 

kW, and medium power systems are those with power between 5kW and 100kW, in 

both cases in isolated or grid-connected applications. Higher power systems have a 

power greater than 100kW and are generally connected to the grid. This thesis 

proposes the study of new topology of hybrid power plants connected to the grid with 

a rated power in the range of MW, combining qZSI and BES to provide enhanced 

solutions. In addition, active and reactive power are controlled based on the Space 

Vector Modulation technique adapted for ZSC and an energy management system 

(EMS) is proposed to test the correct performance of the control implemented. The 

thesis presents a complete control of the DC and AC side using a new configuration 
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based on qZSI integrating a BES (qZSI-BES) and evaluates the performance of a qZSI 

in a large-scale grid-connected renewable energy system. Moreover, averaged 

dynamic models of the qZSI are developed. These models are implemented using 

controlled voltage and current sources. The derivation of these models and their 

control strategies is presented in this thesis. The proposed models can replace the 

switched dynamic model of the qZSI in several scenarios to reduce the simulation time 

and computational efforts, such as long-term simulations, or large, complex systems 

with many power sources and/or conversion devices, such as the case of this thesis, 

reproducing a response similar to the SDM. 

This thesis is part of the research project "Research Challenges 2018" from the 

Spanish Ministry of Science, Innovation and Universities, entitled “MVDC grids 

integrating renewable energy technologies, energy storage systems and DC/AC 

impedance-source converters” (Ref. RTI2018-095720-B-C32), whose objective is to 

study the DC/AC ZSC and their applications in medium voltage DC grids with 

renewable energy technologies and ESS. 

1.2 HYPOTHESES OF THE THESIS 

The participation of renewable generation sources in the electrical energy mix 

is increasing, and studies regards to the configuration, control and management of 

these systems, needs to be further performed. In this sense, this thesis addresses the 

following hypotheses: 

• The use of hybrid power plants combining wind, PV and energy storage based 

on single-stage converters, such as a qZSI, will contribute to achieving more 

efficient, reliable and viable power plants from a technical and economical 

point of view, favouring its development and implementation.  

Although hybrid systems need constant research to be developed, the 

configurations evaluated in this work based on single-stage converters, such as qZSI 

and with DC/DC ZSC are efficient, reliable and viable from a point of view technical, 

showing satisfactory operating results. 

• Choosing the most suitable configuration for a hybrid power plant, the 

appropriate control and operation of the energy sources integrated into the 

hybrid plant and its energy converters, will contribute to improving the grid 
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integration and obtaining more reliability from a technical point of view, 

favoring their development and implementation. 

The hypothesis described above are evidenced with the thesis, as the proper 

configuration of the hybrid power plant and the control systems implemented have 

contributed to improving the integration of the hybrid plant with the electric power 

system. 

• It is possible to implement hybrid systems based on qZSI, which is able to 

achieve medium-voltage DC voltage combined with a storage system, 

without the need for an additional converter, according to the characteristics 

of devices commercially available nowadays. 

In the configurations evaluated in this thesis, a hybrid system based on qZSI 

and integrating a BES was implemented from the devices commercially available 

nowadays, which was able to achieve medium-voltage DC voltage and a right 

performance under different operating conditions. 

• The incorporation of an ESS in the hybrid plant will improve the plant response 

to variations in weather conditions (wind and solar radiation), reducing its 

intermittency. 

The incorporation of the BES integrated into the qZSI provided an 

improvement in the efficiency of the system, being less sensitive to climatic variations. 

Due to the incorporation of the BES, the plant is more predictable from an energy 

dispatch point of view, as it is capable of managing the energy stored in the BES, 

reducing the intermittency from these generation sources. 

• The hybrid system can withstand disturbances in the electrical grid without 

disconnecting the plant. 

As required by grid codes in many countries, hybrid systems integrating BES 

have to remain connected during disturbances in the electrical grid, such as voltage 

sags at the point of common coupling (PCC). Hence, the fault-ride-through (FRT) 

capability of some of the configurations proposed has been evaluated in this work. 

• The control of the converters together with the EMS considered, will allow 

managing the exchange of active and reactive power with the grid and 

coordinate the performance of all energy sources (WT, PV and BES) allowing 

a reliable and controlled system. 
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The control and EMS of the system implemented in this thesis allowed a 

satisfactory operation at the AC and DC sides. Several operating conditions were 

considered, such as above and below rated wind speeds, with and without disturbances 

on the grid, to verify the control and the EMS strategy. Furthermore, it was possible to 

ensure the management of the system through the EMS. 

1.3 OBJECTIVES OF THE THESIS 

Given the importance of ESS in the field of renewable energies, it is necessary 

to deeply understand how these hybrid systems work. Dynamic modelling and 

simulation are important tools in this context, as they can bring relevant knowledge 

about the operation, control and design. Thus, the main objective of this thesis is to 

study the design, control, operation and integration of hybrid plants based on 

renewable energies (wind and PV energy) and ESSs, generating new knowledge on 

the topic, and proposing innovative solutions that favour its viability and contribute to 

its development. Taking this into account, the specific objectives of this thesis are: 

• Determination of the hybrid power plant under study, including the selection 

and sizing of the WT, PV system and energy storage devices applicable to the 

hybrid configurations proposed. 

There are several possibilities for the configuration of hybrid power plants 

based on these three elements. Therefore, a necessary first stage is to select the 

appropriate WT, PV panel and BES to be used in each hybrid configuration. 

Additionally, BESs have various operating principles and characteristics, depending 

on their model, so careful choice of the BES is necessary. 

• Modelling of each of the elements of the hybrid plant, and evaluation of its 

operation. 

Due to the complexity of the different devices and components of the hybrid 

power plant, it is interesting to model each of its elements separately and evaluate their 

functioning through the implementation of models supported by simulation software. 

• Developing and analyzing several hybrid configurations, regarding the 

placement and interconnection of the PV system and BES which was integrated 

into the converter. 

The connection point of the PV system and BES can significantly interfere with 

the performance of the hybrid system. The internal topology of the qZSI converter 
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offers the possibility to connect the BES to capacitor C1 or C2 of its impedance 

network. In the same sense, PV can be coupled to both capacitors. However, an 

additional DC/DC converter should be considered for the control of the PV system. 

These topologies can be modelled and their responses analysed to assess the benefits 

and drawbacks of each of these configurations. 

• Design of the control systems for the energy sources and associated power 

converters, and evaluation of their correct operation. 

Parameters such as active and reactive power, as well as voltage at the DC link 

and the grid are of particular interest. These variables determine how the hybrid system 

interacts with the power system where it is connected. To achieve a satisfactory 

integration of these hybrid arrangements in larger networks, it is crucial to develop 

adequate control strategies for the previously stated magnitudes. 

• Design of the supervisory control system of the hybrid plant, in charge of 

achieving adequate management of the energy, of the internal electrical 

variables of the hybrid plant and at the point of connection to the grid. 

Evaluation of the operation of the plant under real operating conditions (change 

in wind conditions or solar radiation, in the electricity grid generation set point, 

etc.). 

Besides a stable and controlled operation of each element individually, all 

components of the hybrid systems have to work coordinated to comply with global 

commands, such as fulfilling the active and reactive power grid demand or monitoring 

the SOC of the BES when required. This task is performed by the EMS, which is 

responsible for setting the references for the individual controllers. To prove the 

success of the EMS, the system was exposed to several operating conditions. 

• Evaluation and comparative analysis of the different solutions proposed to 

establish the conclusions of the thesis. 

After the modelling and simulation stages, it is essential to undertake a 

thorough and critical observation of the results obtained. A correct interpretation 

allows concluding the strengths and weaknesses of the newly implemented hybrid 

system topology, controls and EMS. The study of the responses of the system 

connected to the power grid, under different simulation conditions, allows for a better 

understanding of hybrid systems with storage systems. 
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1.4 METHODOLOGY 

To evaluate these hypotheses and reach the objectives of this thesis, the research 

methodology followed during this thesis consists of the logic steps presented in this 

section. Initially, a complete bibliographical review on the subject was carried out, 

where onshore and offshore hybrid systems based on PV, wind and storage energy 

were reviewed. For this task, a large investigation was carried out to identify the 

configurations of these hybrid systems, the main energy storage devices used and the 

types of converters typically applied to the generation and transmission systems of 

these hybrid configurations, the control methods and resource management. An article 

based on this review was published. 

In this task, several topologies of hybrid power plants were also analysed, to 

define the internal configuration of the studied plant, evaluating the best connection 

point for the ESS and PV system. At this stage, it was decided to work with ZSCs and 

the feasibility of connecting an ESS and a PV plant in parallel to the capacitors of the 

qZSI converter was analysed. Nevertheless, for the connection of the PV power plant 

to one of these capacitors, the requirement of a DC/DC ZSC to control the power flow 

coming from the panels was verified. The internal configuration, aspects such as 

voltage levels, control and operation strategies in this study phase were considered. 

Then, it was crucial to define the power of all the hybrid plant components and 

carefully choose their main elements, including the WT, the PV panels and the ESS. 

A three-bladed horizontal axis WT with a PMSG was used, which allows operation at 

variable speed, and active regulation of the blade angles. The model of this WT 

consists of four large blocks: WT, power train, electric generator and control systems. 

The PV panels were chosen with technical and economic criteria from real 

manufactured models and a lithium-ion battery was considered as ESS. 

To contrast the above hypotheses, and achieve the defined objectives, the 

dynamic models that define the behaviour of the main components of hybrid systems 

were modelled in Simulink/MATLAB. The latest versions of Simulink/MATLAB 

incorporate detailed models of WTs, PV and batteries, which are used to implement 

more complex models that make up hybrid systems as a whole. The WT model was 

designed according to physical models sufficiently validated in the technical literature 

specialized. Models accepted and validated in the literature for the BES were 

implemented. Whenever possible, the design and dimensioning processes used the 
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technical characteristics provided by the manufacturers of devices and components 

available on the market. 

Regarding the design of control strategies for the power converters, simulations 

and experimental tests were performed for their validation under different operating 

conditions and changes in the references for the control variables. The designs were 

implemented, assessed and validated by simulations. The application of this detailed 

methodology allowed the simulation of the complex hybrid plant developed in the 

Simulink software. The results obtained with the different control systems 

implemented were compared to observe the improvements achieved. 

Subsequently, the study and design of supervisory control systems were carried 

out. The objective was to carry out a coordinated operation of the generation, BES and 

grid systems, improving the generation capacity and energy management of the hybrid 

plant. Within the control strategy, variables such as the active power of the PV and 

WT, the reactive power exchanged with the grid, the internal voltage of the plant or 

the electrical grid, the power of BES or its SOC were taken into account. The control 

strategy implemented in the controllers and the EMS coordinates the exchange of 

active and/or reactive power with the grid, the energy stored in BES or its SOC, among 

others. To evaluate the control, simulations and experimental tests were carried out 

under different operating conditions of the hybrid plant, and the results obtained were 

analysed to choose the best control, management and operation in the hybrid plant. 

Finally, the developed models were simulated in different operational situations, 

using Simulink-MATLAB simulation software. The simulations supported the 

expected results. The results obtained from the simulations completed have been 

discussed in the corresponding sections. The analysis of the results obtained over 

different simulations allowed us to clarify the main differences between the different 

cases studied, thus being able to highlight the most favourable aspects of each 

alternative simulated. 

1.5 THESIS OUTLINE 

The rest of this document is organised as follows. After this introduction, the 

context, objectives, hypotheses, and methodology of the thesis are presented. In 

Chapter 2, a thorough review of the backgrounds is carried out. The configurations 

under study are described in Chapter 3. The control systems are detailed in Chapter 4. 
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Chapter 5 describes the energy management systems. The simulation results are shown 

and discussed in Chapter 6. Finally, Chapter 7 presents the main conclusions of the 

thesis, its main contributions and proposes future research works. 
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Chapter 2: Literature Review 

Energy sources based on fossil fuels have been replaced gradually by alternative 

energy sources. Among the several clean energy sources, wind energy and PV stands 

out due to the abundance of wind and sun availability. Therefore, the number of large-

scale wind and PV power plants has grown significantly. At the last COP 26 meeting, 

climate targets were set to encourage renewable energy to reach new levels [33]. In 

this chapter, a review focusing on large-scale renewable energies is provided. 

Concerning wind energy, an extensive analysis of offshore wind energy was included, 

due to the fact of the exponential increase in installed capacity of these plants. 

2.1  RENEWABLE ENERGY IN THE WORLD 

The energy sources used in the world is constantly changing, as can be seen in 

Figure 2.1. These changes are based on climate and energy crises and are supported 

by international agreements, seeking to promote greater energy efficiency. The world's 

first energy transition occurred around 1910, from the massive use of coal, due to the 

first industrial revolution, passing to oil. In a second phase, although there was an 

increase in the use of oil between the 1960s and the present, natural gas became 

relevant from the 1970s onwards, and in the same period, there was an increase in 

energies based on nuclear and water sources. The current scenario is pronounced by 

the energy transition to renewable energies, as can be seen in Figure 2.1 [34].  

Among the advantages of using renewable energy is possible to highlight that 

they are nondepletable, ubiquitous (found everywhere across the world, in contrast to 

fossil fuels and minerals), and essentially non-polluting. On other hand, the drawbacks 

are higher initial cost, intermittence and low density. Other perceived problems are 

visual pollution, odour from biomass, avian and bat mortality with WTs, and brine 

from geothermal energy [35]. 

Therefore, it is important to understand the current status of renewable energies 

and which sources are part of this segment. RES are considered, derived from 

theoretically inexhaustible resources or that are naturally replenished. It can be cited 

as an example the biomass, ethanol, wood and wood waste, landfill gas and biogas, 

hydropower, biodiesel, geothermal, wind and solar [35].  

https://www.eia.gov/energyexplained/biomass/
https://www.eia.gov/energyexplained/biofuels/ethanol.php
https://www.eia.gov/energyexplained/biomass/landfill-gas-and-biogas.php
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Figure 2.1. World energy transition. 

 

Therefore, it is important to understand the current status of renewable energies 

and which sources are part of this segment. RES are considered, derived from 

theoretically inexhaustible resources or that are naturally replenished. It can be cited 

as an example the biomass, ethanol, wood and wood waste, landfill gas and biogas, 

hydropower, biodiesel, geothermal, wind and solar [35].  

An overview of main RES can be seen in Figure 2.2a, whereas that Figure 2.2b 

shows the increase of the main RES, separated by technology, between 1990 and 2020, 

including a forecast for the year 2026. These predictions are based on [33], an 

important report from International Energy Agency’s (IEA’s), which provides 

information about current policies and market developments. Between 1990 and 2002, 

renewable energy came mainly from hydropower, however, this scenario transformed 

from 2008 onwards, providing opportunities for greater diversification of the 

renewable electricity generation matrix. It is possible to notice an even greater 

diversification planned for the 2026 scenario and among the highlights in terms of 

growth are wind and solar energy, as can be seen in Figure 2.2c.  

 

(a) 

https://www.eia.gov/energyexplained/biomass/
https://www.eia.gov/energyexplained/biofuels/ethanol.php
https://www.eia.gov/energyexplained/biomass/landfill-gas-and-biogas.php
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(b) 

 

(c) 

Figure 2.2. (a) Overview of main renewable energy [36], (b) current status and 

forecast renewable energy capacity worldwide [33], (c) trends additions wind and 

solar energy [33] 

 

According to [37], to achieve the zero CO2 scenarios until 2050, the world must 

accelerate the pace in meeting the targets established concerning renewable energy, 

because, although growing, it is significantly below ideal levels for the “Net Zero 

Scenario” target to be achieved. The report [33] predicts that to reach this target the 

average addition of wind and solar will have to more than double in the next five years. 

Among the problems highlighted in the report regards to solar energy, it should have 

more political and regulatory support to be further increased, while wind faces 

problems of environmental permits and social acceptance. Hydropower plants are 

sources that, due to their characteristics, integrate properly with solar and wind, 

nevertheless, also face challenges concerning environmental permissions and social 



20 Chapter 2: Literature review 

acceptance. The great problem of renewable energies, such as geothermal, CSP 

(concentrating solar power) and bioenergy, is from an economic point of view, as they 

still do not have the necessary economic cost to grow exponentially. 

Figure 2.3 presents a summary of the current status of renewable energy in 

China, including the generation technology. The evolution of renewable energy 

installed capacity yearly (from 2011 to 2020) in China is also illustrated. On the left 

side of Figure 2.3b, it can be observed the China renewable capacity additions between 

2009-2026, including a historical, main case and accelerated case (Acc. case), being 

the last two, projections.  

China has added approximately 500 GW of the capacity renewable energy 

installed in the last five years, with its main renewable sources being led by wind 

power followed by PV-utility, PV-commercial, PV-residential, hydropower and 

bioenergy, respectively. In the main case, China has expected to increase 800 GW, and 

in an optimistic scenario can reach 900 GW. Figure 2.3b (right) shows an ambitious 

growth of the non-hydro renewable for 2026, almost 15% concerning 2020. Wind and 

solar can reach 1.2 TW until 2030.  

Analyzing Figure 2.3a along with Figure 2.3b, the plans for expansion of 

renewable energy in China become even more evident, considering that currently has 

an installed capacity of 900 GW and could double this capacity until 2026. This event 

has occurred before since in 2015, China had just over 450 GW of installed potential 

and in just five years, it practically doubled its capacity, reaching 900 GW in 2020. 

 

 

(a) 
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(b) 

Figure 2.3. China (a) Current status renewable energy, (b) renewable capacity 

additions between 2009-2026 [33]. 

 

Figure 2.4a depicts the evolution of renewable energy capacity installed by years 

in the United States of America (USA), which also has audacious targets for 

renewables. The USA has been increasing its renewable targets over the years. The 

capacity of renewable practically doubled in the last decade, in 2011 it had an installed 

capacity of almost 150 GW, while in 2020 its installed capacity is close to 300 GW.   

Figure 2.4b illustrates that the USA added nearly 140 GW of the capacity in the 

last five years, with the focus on wind and PV-utility. However, the USA plans to 

increase in a normal scenario almost 210 GW between 2021 and 2026, while for an 

optimistic scenario almost 275 GW could be reached. As can be seen, the average price 

decrease significantly for solar, justifying the increase of solar energy in the last years, 

while the average price remains stable for wind power, with a slight decrease compared 

to 2014.  

 

(a) 
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(b) 

Figure 2.4. USA (a) Current status renewable energy, (b) renewable capacity 

additions between 2009-2026 [33]. 

 

Figure 2.5 shows the additional trends for renewable energy in the Asia Pacific. 

Concerning countries in this region, the growth of renewable energy in India can be 

seen in Figure 2.6. Although the growth in this region is lower when compared to the 

USA and China, it is noteworthy that in an optimistic scenario these countries together 

can reach an increase of about 100 GW of installed capacity only 2026, being 

predominantly distributed in solar.  

 

 

Figure 2.5. The Asia Pacific, Renewable capacity additions between 2009-2026 [33]. 

 

India intends to invest in the main case scenario for an increase of 120 GW and 

can reach 180 GW in the case of the optimistic scenario (Figure 2.6b), totalizing 500 

GW until 2030 (Figure 2.6a). The main focus of investment is in PV-utility followed 

the PV-distributed and wind. Unlike China, which is going to reduce investments in 



 

Chapter 2: Literature review 23 

hydropower between 2009 and 2026, India intends to subtly enhance this type of 

generation.  

 

(a) 

 

 

(b) 

Figure 2.6. India (a) Current status renewable energy, (b) Renewable capacity 

additions between 2009-2026 [33]. 

 

In the case of Europe, investment targets remained at high levels in the last 10 

years, where almost 400 GW of renewable energy were added in Europe, as can be 

seen in Figure 2.7b, which shows renewable capacity additions between 2009-2026. 

Over the next five years, the main installed energy source will be solar energy, 

followed by onshore and offshore wind energy (Figure 2.7b). Currently, Europe has 

more than 600 GW of renewable installed and comes from a growth trend since 2011.  

Moreover, The European Commission is committed to reducing emissions by 

55% by 2030, compared to 1990 [38]. Although under discussion, a positive revision 

of the renewable energy targets under the Renewable Energy Directive (REDII) is 

foreseen through a policy package called Fit-for-55. The package aims to encourage 

the use of renewable energy in buildings, industries, heating, and cooling.  
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Regarding trends, Germany leads the additional installations planned for the next 

five years, followed by Spain and France. Figure 2.7b shows in detail the growth trends 

in Europe, in a normal scenario the addition of 300 GW is expected and almost 400 

GW in an accelerated scenario.  

 

(a) 

 

 

(b) 

 

Figure 2.7. Europe, (a) Current status renewable energy, (b) Renewable capacity 

additions between 2009-2026 [33]. 

 

Figure 2.8b shows the growth trends in Germany. It is possible to observe an 

increment of almost 55 GW in renewable energy for the years between 2021 and 2026. 

If the optimistic scenario occurs, almost 70 GW of installed capacity could be reached. 

Germany has supported policies to meet long-term climate goals, in addition to a new 

regulation, namely the new Renewable Energy Sources Act (EEG 2021), that aims to 

facilitate onshore wind energy. This act encourages self-consumption, since removing 

a surcharge that was previously charged in the case of self-consumed electricity, this 
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removal is valid for systems between 10 and 30 kW. The current situation is shown in 

Figure 2.8a where a great increase over the years can be observed.  

 

(a) 

 

(b) 

Figure 2.8. Germany, (a) Current status renewable energy, (b) Renewable capacity 

additions between 2009-2026 [33]. 

 

Latin America can increase its matrix by almost 100 GW between 2021 and 

2026. Brazil leads the additional installations planned for five years, followed by 

Chile. These countries together could contribute more than 10 GW in 2022 alone. 

Brazil currently has approximately 150 GW of installed renewable capacity (Figure 

2.9b). The potential is divided into 60% of hydropower, 8.5% in wind, 8.2% in 

biomass, 3.1% PV [39]. Currently, a significant portion of this capacity, mainly from 

solar and wind, is being acquired through the deregulated market through PPAs. In 

addition, a considerable increase in residential installations through PV-distributed is 

observed. Only in the last five years, there was an increase of almost 5 GW. In a normal 

scenario, renewable capacity additions between 2009-2026 in Brazil could reach close 
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to 40 GW, however, in an accelerated scenario, this value can reach 50 GW (Figure 

2.9c). Unlike reported in the USA, prices for renewables (wind and solar) in 2021 were 

slightly increased when compared to 2018. 

 

(a) 

 

 

(b) 

 

 

(c) 

 

Figure 2.9. Latin America, (a) renewable capacity additions between 2009-2026 in 

Latin America [33] (b) Current status renewable energy in South America and Brazil 

and (c) renewable capacity additions between 2009-2026 in Brazil [33]. 
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With regards to Sub-Saharan Africa and the Middle East and North Africa 

(MENA), the analysis was divided into Figure 2.10a and Figure 2.10b, respectively. 

In the case of Sub-Saharan Africa, a significant difference in the analysis concerning 

all the previous ones is a relevant increase of its renewable matrix based on 

hydropower between the years 2015 and 2021. For the following years, this segment 

surpasses the others, being foreseen 14 GW of hydropower compared to 13 GW of 

solar, as can be seen in Figure 2.10a.  

Figure 2.10b illustrates the case of MENA. In a normal scenario, investments in 

renewable energy for the next five years will be almost double when compared to the 

last 5 years. The growth expectation between 2021 and 2026 is expected close to 30 

GW, being the United Arab Emirates (UAE) the leader. Opposed to Sub-Saharan 

Africa, the focus of investments is on PV-utility and CSP. If an optimistic scenario 

occurs this target of 30 GW could increase to 60 GW. 

 

(a) 

 

 

(b) 

 

Figure 2.10. Africa and the Middle East, (a) Sub-Saharan Africa, (b) the Middle East 

and North Africa [33]. 
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In summary, the growth of renewable energy is evident and proven. However, 

several challenges will have to be solved for this energy transition to renewable 

sources to occur. Many of these challenges were discussed in the aforementioned 

reports [33,37], which address several issues related to the current energy situation in 

the world and how to solve these challenges. There is much debate about the 

importance of governmental policies [40], the actions of the state agencies, and the 

reduction of prices of renewable energies [41,42]. Another topic addressed is 

concerning the use of transitional sources such as natural gas to support this new model 

[43,44], the role of nuclear energy in decarbonisation, to reach Net-zero [45–47] and 

finally, what are the impacts and availability of some commodities to meet this new 

model  [33].  

2.2 LARGE WIND FARMS 

This part of the thesis analyses the current status and the trends of large-scale 

OWFs with an installed capacity above 150 MW in Europe and the world. The review 

shows the trends on WT size and capacity, turbine model, distance to shore, water 

depth, investment cost, type of foundation, transmission technology, and voltage array 

systems among others. 

OWFs show favourable indicators in almost every environmental impact index 

investigated, which is aligned with the search for sustainability in electric power 

generation [4]. OWFs share all the benefits of onshore power plants and present further 

advantages. For instance, larger areas are available for bigger plants, greater plants in 

terms of installed capacity, steadier wind speeds with less turbulence, and lower visual 

and acoustic impacts [48].  

However, these systems also present certain drawbacks, such as limited access 

to the sea, costly marine foundations, and connection to the grid through marine 

electric lines. Those disadvantages are attenuated by the possibility to have a higher 

capacity factor in OWF [48–50]. Moreover, to offset the higher costs associated with 

OWF, the developers are focusing on increasing the installed capacity [51]. 

In this sense, an increasing trend towards large-scale based systems has been 

reported in the literature [49,52], although the fast growth experienced after 2013 was 

not fully addressed. The perspective and challenges in the development of offshore 

wind power were highlighted in [49], mainly dealing with the potential interests of this 
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sector, although the authors did not differentiate by country in their analysis as in [52], 

where the authors also explored some technical, economic and environmental issues. 

The rearrangement in OWF has been significant since 2013 in terms of types and 

models of turbines, transmission systems, increase of the installed capacity and 

distance to shore. Rodrigues et al. brought out information of interest related to the 

topic, although not emphasizing large-scale power plants [53]. The commitment 

towards the reduction of greenhouse emissions from electricity generation is 

reinforced by the importance of wind in the energy mix [54]. Some reviews about 

OWF have been performed separately by the country. For instance, an inquiry into 

offshore in the United Kingdom (UK) highlighted an increase and accelerated 

development of offshore wind energy in this country [55], whereas [56] presented an 

overview of the status and future development in Spain in 2016. 

To understand the development of OWF, it is very important to identify the 

trends that are driving the sector in certain vital aspects. In this topic, the latest 

information demonstrating the status and trends of existing OWF above 150 MW in 

Europe is gathered and analyzed. The trends are derived and justified with actual data 

obtained from official reports and literature, not only based on the impressions of the 

authors or other experts. The primary aim of this study is to establish the future trends 

in OWF and demonstrate the wide growth of this technology, especially in large-scale 

OWF, where the sector is very economically competitive. With this purpose, the most 

significant characteristics of 57 plants installed in Europe with rated power above 150 

MW and fully commissioned until 2019, as well as 11 plants authorized or under 

construction, are studied in detail, drawing relevant conclusions from the data 

collected. To date, significant evidences of large-scale OWF in operation were not 

found in other locations except for China, which is a market in constant development.  

2.2.1 Trends Offshore wind farms in Europe 

In Europe, OWF will continue to grow and increase their contribution to the 

energy mix. This trend is favoured by the support that renewable energies receive from 

regulatory policies, fiscal incentives and public funding, which increases their 

competitiveness [57].  

Eleven European countries contributed to the installed capacity of OWF until 

2019, where the UK and Germany stand out with the largest capacity. Offshore 
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technologies are growing in Europe, as seen in Table 2.1, which shows the evolution 

of offshore energy over the years, as well as the expected trends for 2025 and 2030. 

The data presented in Table 2.1 were obtained from [58–67]. 

Table 2.1. Growth of OWF in Europe over the years.  

Current average Trends 

Years   2010 2011 2012 2013 2014 2015 2016 2017 2018 2019  2025 2030 

Number 

 of OWF 
  45 53 55 69 74 80 81 92 105 110  139 172 

Number 

of Turbines 
  1136 1371 1662 2080 2488 3230 3589 4149 4543 5047  11126 16850 

Installed  

Capacity 

(GW) 

  2.95 3.81 4.99 6.56 8.05 11.03 12.63 15.78 18.5 22.07  47.4 76 

Average  

Power 

(MW) 

  155.3 200 285.6 485 386 337.9 379.5 493 561 621  849 1080 

 

The trends for 2025 and 2030 were estimated from the number and average 

power of OWF in the period between 2008 and 2019 using linear regression. For these 

estimations, a neutral scenario was considered, in which the investments on OWF will 

remain the same when compared to the current scenario. Thus, the number of OWF 

(NWF) can be deduced from Equation (2.1), whereas the average power of wind farms 

(APF) is given by Equation (2.2), obtained from Figure 2.11, where x indicates the year 

of the projection. These trends are presented in Table 2.1. 

6.73 13489.13WFN x=  −
 

(2.1) 

  

46.1 92483.86PFA x=  −
 

(2.2) 

  

 

Figure 2.11. Average power and number of OWF in Europe. 

 

The values of 47.4 and 76 GW included in Table 2.1 correspond to a neutral 

scenario for 2025 and 2030, i.e.: considering the same growth rate as in the previous 
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years. These values were found through the polynomial regression presented in 

Equation (2.3), deduced from Figure 2.12.14, where IC indicates the installed capacity. 

Finally, the number of wind turbines (NWT) was estimated using the polynomial 

regression in Equation (2.4), obtained from Figure 2.12.14. 

2140.74 564911.49 566878201IC x x=  −  +  (2.3) 

 

224.97 100092.35 100321939.49WTN x x=  −  +  

 

(2.4) 

 

 

Figure 2.12. Trends in installed capacity and number of offshore wind turbines in 

Europe. 

 

From Table 2.1, it can be observed that, under the scenarios considered, the 

generation capacity increases more sharply than the number of generators installed, 

indicating that the rated power of the WTs installed in OWF shows a tendency to grow. 

The results estimated through linear and polynomial regression were close to the 

values found in [68] and [69], which describe possible scenarios for 2030. In [68] and 

[69], three scenarios for the installed capacity in 2030 were evaluated. In the first 

report, a neutral scenario of 66 GW, an optimistic projection with values that reach 98 

GW, and a pessimistic projection of 44.6 GW were considered. While the second 

report indicates a neutral scenario of 70 GW, an optimistic projection of 99 GW, and 

a pessimistic projection of 49 GW. This trend towards a growing rated power of the 

WTs in European OWF is also highlighted in [64,65,70].  
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2.2.2 Europe’s large-scale OWF  

Until 2019, about 89% of the total installed capacity in European OWF 

corresponds to plants with rated power above 150 MW. For this reason, this section 

focuses on large-scale OWF.  

The parameters evaluated for large-scale OWF are depicted in Figure 2.13. 

When applicable, the data is differentiated by the colour, size and line style of the 

circle to appreciate the variation taking 2013 as a reference, when OWF experienced 

fast growth in many segments. The same applies to the cluster diagrams in the 

subsequent sections. Nevertheless, some parameters do not have a red circle in Figure 

2.13. This is justified because some of them can be further sub-divided and they are 

dealt with in the corresponding sub-sections; or simply because they cannot be 

quantified, as is the case of the array systems. Additionally, the cluster diagrams of 

some sub-sections also indicate numerically the installed power belonging to the 

cluster, the percentage of the cluster installed power compared to the total installed 

power, and the average power of the WTs included in the cluster. 

 

Figure 2.13. Cluster diagram of the main parameters of OWF. 

 

Installed capacity and size  

Only in 2019, an increase of nearly 3412 MW new installed capacity was seen, 

with around 504 new turbines connected in Europe [65]. The trends indicate that these 

figures will continue to increase in the coming years. 
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Currently, Europe is the leader in offshore wind power generation and 

experiences fast growth. The total installed capacity in the years 2008 and 2019 was 

approximately 1.5 and 22 GW respectively [61,65]. Regarding exclusively plants over 

150 MW, they contribute 89% of the total. Figure 2.14 illustrates the increase in the 

installed capacity of OWF above 150 MW between 2002 and 2019. From 2013 

onwards, about 76% of the new plants installed are above 150 MW. 

 

Figure 2.14. Yearly installed and accumulated capacity of large-scale European 

OWF. 

 

Another aspect worth noting is that about 98% of OWF installed capacity in 

Europe is concentrated in only five countries. Considering plants above 150 MW, the 

UK and Germany sum 80% of the installed capacity, and the 20% remaining is divided 

among Belgium, Denmark and the Netherlands, with 8%, 8% and 4% of the installed 

capacity respectively.  

The UK represents 44% of the offshore WTs installed and in operation, therefore 

being the country with the largest installed capacity. For more details, a thorough 

review of the offshore generation in the UK is presented in [55]. 

Distance to shore and water depth 

Most of the area available for OWF is located far from the coast (above 50 km). 

In this sense, Figure 2.15 summarizes the status of OWF in terms of distance to shore 

and water depth. The black circles contain the total installed power until 2013, its 

percentage compared to the total, and the average rated power of the offshore WTs 

included in each range. The red dashed circles contain the same parameters as the black 
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circles from 2013 to 2019. For instance, in Figure 2.15 (a), the amount of offshore 

wind power installed for a distance to the shore below 20 km was 4.28 GW, 

corresponding to 1.89 GW before 2013, and 2.39 GW after (and including) 2013. 

Regarding the percentage of the total installed power, these values correspond to 

9.65% and 12.22%, before and after 2013 respectively, for a total installed capacity of 

19.58 GW. Before 2013, no OWF with a distance to shore above 50 km had been 

reported, and for this reason, only the red circle is represented. 

 

   
(a) 

 
(b) 

Figure 2.15. (a) Distance to shore cluster diagram; and (b) Water depth cluster 

diagram. 

 

The distance to the shore is increasing over the years, and consequently, the WTs 

have to be installed in deeper waters. This trend can be observed in Figure 2.16, which 

represents in a separate coordinate axis the average depth and distance to shore of 

OWF from 2008 to 2019. Additionally, the average rated power of the turbines and 

OWF is indicated by the size of the blue and orange circles, respectively, together with 

the corresponding numerical values. 

Figure 2.16 shows a 193% increase between the deepest and shallowest OWF. 

Furthermore, the average distance in 2019 is approximately 4.5 times higher than in 

2008, and the average power of the WTs is about 3.25 times larger for the same period. 

The average distance to shore and depth of OWF have increased by 132% and 60% 

respectively, since 2013. Regarding the deepest offshore wind generator, it is installed 

at about 56 m, and the furthest is less than 120 km away from the coast.  
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Figure 2.16. Average depth and turbine power (blue) and average distance to shore 

and OWF power (orange). 

 

Figure 2.17 shows the trends for the distance and depth for the years 2025 and 

2030. A polynomial regression shows that the predicted depth for OWF above 150 

MW for 2025 and 2030 is 44 and 53 m, respectively. When considering all OWF, these 

values decrease to 42 and 50 m, respectively. The distance predictions only for OWF 

above 150 MW are 80 and 100 km for 2025 and 2030, respectively. However, the 

average values for all the OWF decrease to 70 and 87 km, respectively. 

 

 

(a) 
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(b) 

Figure 2.17. Average trends for: (a) depth; and (b) distance. 

 

 Turbine technologies  

Regarding WTs, among the different variable-speed technologies available, 

DFIG and PMSG are usually employed due to their high energy efficiency [16–18,23]. 

PMSG has several advantages, such as high performance, low maintenance compared 

to DFIG, and the possibility of direct-drive operation. Detailed information about 

commercial models of these WTs can be found in [19]. 

Offshore wind turbines present certain differences compared to onshore WTs. 

They are designed to withstand severe corrosion and stress conditions. Furthermore, 

offshore WTs can have larger rotor and blade sizes, as well as more powerful 

generators. Another important point is that the installation, operation, maintenance and 

electrical infrastructure costs decrease as the size of the offshore turbine increases. 

Therefore, the increase in the rated power of offshore wind turbines has become a trend 

[52,71]. 

Among the different WT technologies available, the DFIG, SCIG with full-scale 

converter and PMSG are usually employed in OWF, due to their higher energy 

efficiency [16]. Several generators used in OWF were presented in [19]. The relevance 

of each of these technologies is illustrated in Figure 2.18. The offshore wind turbines 

are clustered into the aforementioned technologies.  



 

Chapter 2: Literature review 37 

The total installed capacity until 2013, percentage, and the average rated power 

of the turbines in each category are also indicated. The red dashed circles represent the 

variation in the percentage of installed capacity from 2013 to 2019. It is possible to 

observe a modest increase in DFIG driven WT in OWF commissioned after 2013, 

whereas the increase for SCIG is slightly higher. On the other hand, the PMSG 

technology started to be employed after 2013, and its installed capacity has increased 

significantly since then. 

 

Figure 2.18. Cluster diagram of turbine technologies. 

 

The generator models installed in Europe in large OWF between 2002 and 2019 

can be found in Table 2.2. In total, 4307 WTs above 150 MW were installed and fully 

commissioned in European OWF during this period. SCIG with the full converter is 

currently the most used technology with 2180 turbines (51%), mainly due to its lower 

initial cost. DFIG shares correspond to 562 turbines (13%), and they were widely used 

between 2009 and 2013. PMSG reaches 1565 turbines (33%). However, it can be 

noticed that the trend for offshore turbines targets this technology, since 1265 PMSG 

were installed between 2016 and 2019, against only 54 DFIG and 388 SCIG. 

Moreover, no DFIGs were installed in large wind farms in 2018 and 2019. 

Another important trend for offshore turbines is the increasing concern of 

manufacturers with the reliability, durability and cost of these elements. In this sense, 

the industry leaders are developing modular offshore wind turbines. This concept 
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consists in dividing the traditional single-pieced blades of the turbine into smaller 

pieces [71]. 

The natural path of WT manufacturers is the development of larger turbines in 

the next years. In general, when the power and size of the turbine increase, the costs 

of the foundations also increase. However, this increase in the rated power and size of 

the WTs reduces the number of units needed. Therefore, the total cost per MW tends 

to decrease with the growth of the rated power of turbines and plants. 

Table 2.2. Generator models installed in large OWF in Europe. 

Country Turbine Model Technology 
Number of 

Turbines 
Total % 

GE Bard VM 5 MW – Bard [72] 

DFIG 

80 

562 13% 

UK Senvion 5 MW – Repower [73] 36 

BE, GE Senvion 6.15 MW – Senvion [74] 150 

DK V80-2.0 MW – Vestas [75] 80 

UK, BE V90-3.0 MW – Vestas [76] 216 

GE AD5-135-5 MW – Adwen [77] 

PMSG 

70 

1565 36,3% 

DK, GE M5000-116-5 MW – Areva [78] 120 

GE 
Haliade-150-6.0 MW – GE 

Renewable Energy [79] 
62 

GE, NL, BE V164-8.4 MW – Vestas [80] 180 

NL SWT108-3.0 MW – Siemens [81] 48 

UK, GE SWT154-6.0 MW – Siemens [82] 473 

BE, UK V112-3.0 MW – Vestas [83] 145 

UK V164-8.0 MW – Vestas [84] 72 

BE,UK,GE SWT154-7.0 MW – Siemens [85] 395 

UK SWT107-3.6 MW – Siemens [86] 

SCI 

667 

2180 50,7% 

UK, GE SWT120-3.6 MW – Siemens [87] 794 

GE, NL SWT120-4.0 MW – Siemens [88] 300 

DK SWT82-2.3 MW – Siemens [89] 253 

BE V112-3.3 MW – Vestas [90] 50 

UK V112-3.45 MW – Vestas [90] 116 
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Currently, offshore wind turbines have diameters ranging from 80 to 164 m and 

a rated power between 2 and 8.4 MW, with the largest turbines being manufactured by 

MHI Vestas [91] and Siemens Gamesa [92]. Hence, there is a growing tendency 

regarding the rated power and rotor diameter of turbines in OWF. The average size of 

the turbines in 2019 was 3.72 times bigger than in 2002. In [93,94], the feasibility of a 

20 MW turbine was investigated, concluding that the project would be feasible and 

could significantly improve the final cost of wind power plants, further revolutionizing 

this market. 

Based on the information gathered, it can be indicated that, by 2025, generators 

ranging between 6 and 12.5 MW will be common in OWF, raising to 20 MW by 2030 

[94–96]. Similar values are obtained from the polynomial regression of Figure 2.19. 

However, linear regression with the values registered up to 2019 yields lower figures: 

8.6 MW for 2025 and 10.7 MW for 2030. In [97], an average value of 8 MW for 2020 

and 10 MW for 2030 is envisaged. 

 

 

Figure 2.19. Trends for average offshore wind turbine power. 

 

Transmission technologies  

The trends for offshore transmission systems are presented in this section. 

Detailed studies of offshore transmission technologies can be found in [98–103].  

In OWF, the transmission stage usually occurs at medium or high voltage AC 

(MVAC or HVAC), or high voltage DC (HVDC). Currently, MVAC transmission is 
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an option only for plants near the coast (20 km maximum) and with an installed 

capacity of up to 100 MW. This alternative is not profitable under conditions others 

than the mentioned according to [104]. Since 2002, HVAC has become the most used 

technology. This technology is consolidated, simple and more suitable for OWF with 

distances between 15 and 50 km from the shore. However, with an increase in the 

transmission distances, some drawbacks of the AC technology become more visible, 

such as a large amount of reactive current due to the high capacitance of the 

transmission lines, the unfeasible direct connection of two AC networks with different 

frequencies, and the failures in the HVAC cables. Based on these drawbacks, HVDC 

has become a technically viable and economical solution in cases of large distances 

and power [53,102].  

In HVDC systems, power converters are used to adapt and control the DC 

voltage. The VSC-HVDC projects built up to 2010 used a two-level converter 

technology, which uses PWM due to its higher performance. The other alternative is 

the modular multilevel converter (MMC), which presents lower switching losses and 

a higher output voltage with low harmonic distortion [105,106]. 

Among the OWF observed, MVAC transmission (33 kV) was used only in the 

Lynn e Inner Dowsing and Westermeerwind projects. These projects have an installed 

capacity of 209 and 144 MW respectively. However, they are very close to the coast 

(6 and 1 km). As shown in Table 2.3, 70% of the transmission systems in OWF above 

150 MW correspond to HVAC. However, a significant increase in HVDC transmission 

occurred in 2013.  

Currently, several plants employ HVDC transmission, and this trend increases as 

the distance to the coast of the OWF rises. In 2015, eight OWF were connected through 

an HVDC link, and many more will be connected after 2018. Nowadays, Germany is 

the leader in OWF connected through HVDC links. Germany has twelve offshore 

HVDC links, while the UK has one wind farm (Global Tech 1 of 400 MW), and the 

next country to connect an HVDC to the coast will be Belgium. 

Figure 2.20 summarizes all the information in terms of transmission technologies. 

The HVDC transmission was first used after 2013, and it has a total installed capacity 

of approximately 6 GW and average rated power of the turbines of 5.4 MW. Despite 

the huge increase of HVDC, HVAC transmission still dominates the scene. 
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Table 2.3. Transmission voltage level used for plants above 150 MW. 

Transmission technologies 
Number of 

Offshores 

Voltage  

levels 

HVAC 40 

2  33 kV 

14 132 kV 

8 150 kV 

1 155 kV 

14 220 kV 

1 245 kV 

HVDC 17 

1 150 kV 

2  250 kV 

3 300 kV 

11 320 kV 

 

 

 

Figure 2.20. Cluster diagram of transmission technologies. 

 

Array systems 

Currently, there are several options for the internal topology of OWF regarding 

their design. The main topologies are reviewed here, and they can be divided into two 

groups: AC collection and DC collection [107,108].  

AC topologies are consolidated and used in most cases. Radial parallel AC 

topology is the most common, which is used in various onshore and offshore plants. 

However, although this topology is the cheapest and commonly applied, it is not the 

most adequate option for OWF. Due to this inconvenience, "Single-Sided Ring 

Topology", "Double-Sided Ring", and "Star Topology" are better options for AC 
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collection in OWF. DC collection, or even the mix of two or more topologies, are 

relatively new, and currently under research. As the array collector system can be 

developed from different possibilities, the best topology is sought concerning 

investment vs. reliability. In this context, the aforementioned topologies are beginning 

to become viable options [109]. 

The selection between AC and DC has impacts in many aspects of the project, 

including the WT technology. A voltage of 33 kV is the most frequently used in 

internal array systems of OWF. However, with the increase of the rated power of the 

turbines in OWF, the trend is to increase the voltage rating as well. Hence, a rated 

voltage of 66 kV has been proposed in several works, and, although it has not been 

implemented yet, it might be the future trend for the internal array [110–113]. 

Moreover, some plants authorized in Europe will use this 66 kV voltage in their 

internal array. 

Costs 

The costs of OWF are divided into capital, variable and decommissioning costs 

[114]. Figure 2.21 shows the composition of costs in OWF in more detail. In general, 

due to their greater complexity, an OWF is more expensive than an onshore with the 

same rated power [115]. Nevertheless, offshore energy generation begins to turn 

competitive with other renewable energies, and the maturity of the technology can be 

highlighted. Many papers present cost reductions for offshore wind generation [116–

118]. On the other hand, the necessity to be realistic is emphasized in [119], because 

there are still uncertainties regarding costs. 

At a global level, offshore wind power witnessed a price drop between 2010 and 

2018. The global weighted average levelized cost of energy (LCOE) of offshore wind 

projects commissioned in 2018 was 0.11 €/kWh, which represented a decrease of 20% 

in relation to 2010 (0.14 €/kWh). Moreover, offshore wind projects that will be 

commissioned after 2020 expect to reach between 0.053 and 0.088 €/kWh [120]. The 

LCOE represents the average income per unit of electricity generated that would be 

needed to recover the costs of building and operating a generating plant during a 

defined financial life and duty cycle [121].  

In Europe, the LCOE dropped from 0.14 to 0.12 €/kWh between 2010 and 2018, 

representing a decrease of 14%. Belgium reduced by 28%, Germany 24% and the UK 
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14% falling to 0.125, 0.11, and 0.123 €/kWh respectively. Another important 

observation is that the capacity factor of OWF, that is the average power generated 

divided by the rated peak power, increased from 38% in 2010 to 43% in 2018 [120]. 

In the last decade, the highest average cost of offshore power occurred in 2014, 

reaching 4.77 M€/MW. This is justified by the fact that, between 2012 and 2015, OWF 

reached deeper waters, and the challenges faced were enormous. Moreover, in 2018, 

offshore average costs reached 3.87 M€/MW, showing a reduction of approximately 

20% compared to 2014. 

 

Figure 2.21. Distribution of costs for OWF. 

 

Figure 2.22 presents the global weighted average of LCOE and capacity factors 

for different renewable energy systems. It can be observed that, although OWF have a 

slightly higher price per kWh when compared to onshore and PV solar, their LCOE 

has been decreasing over the last years. Moreover, the capacity factor of OWF is 

increasing with a higher rated power of the turbines. 

Due to the tendency of OWF to move away from the coast, projects with HVDC 

are becoming more common. When analyzing the costs of the OWF above 150 MW, 

it is verified that the HVDC technology is currently more expensive than the HVAC, 

which has matured the most in recent years. However, from the first plant in HVDC 
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(Bard Offshore 1), their cost has been decreasing gradually. Other illustrative 

examples are the first phases of Trianel Borkum 1 and Borkum Riffgrund 1, which are 

20% and 38% higher than their second phases respectively, even though they present 

the same characteristics.  

For AC technology, there is a slight increase in costs per MW. Hence, when the 

first phases of Belwind 1 and Horns Rev 1 are analyzed, their costs are approximately 

10% and 20% lower than their second phases respectively. 

 
(a) 

 

 
(b) 

Figure 2.22. (a) A global weighted average of LCOE; and (b) capacity factors for 

Renewable systems. 

  

2.2.3 Offshore wind farms outside Europe 

Although Europe is the main contributor when it comes to OWF, it is possible to 

find some power plants above 150 MW operating in China. China is the third producer 

of offshore wind energy in the world with an installed capacity of 4.3 GW, and another 

4 GW of OWF under construction [122], whereas the target is to reach 5 GW by 2020 



 

Chapter 2: Literature review 45 

[123]. When analyzing only plants above 150 MW, Figure 2.23 shows the installed 

and accumulated capacity, where significant growth can be noticed. The construction 

of OWF began with a single plant in 2010, and it started growing in 2016. Other 

upcoming markets that have shown interest in OWF are Japan, Korea, Taiwan, USA, 

India and Vietnam, but in these countries, the OWF are not in operation, nor classified 

as large-scale plants. Figure 2.24 shows the cumulative capacity of OWF in MW and 

the projections for 2031 according to [122]. It can be observed that the estimation in 

installed capacity for China is approximately 39 GW for 2031, which is below the 49 

GW estimated for Europe. 

 

 

Figure 2.23. Installed capacity of the largest OWF installed in China [124]. 

 

 

Figure 2.24. Estimated 2031 cumulative offshore wind capacity by country by 

country [122]. 

 

In terms of water depth, the early commissioned projects in China came from 

nearshore plants, which includes depths ranging from 10 to 15 meters. Previously, the 

water depth was mainly less than 10 meters [122,125]. When compared to Europe, it 
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can be noticed that the Chinese OWF are located in shallow waters, while the European 

plants are in deeper waters, being an average depth of 33 m. Regarding the distance to 

shore, the European OWF are furthest from the coast (50 km average) than the Chinese 

plants (25 km average) [122,124].  

In China there are approximately 1100 WTs installed offshore, as can be observed 

in Table 2.4, while in Europe there are about 4307 WTs for plants above 150 MW (see 

Table 2.2). The average rated power of the WTs used in the European OWF nowadays 

is approximately 7.5 MW, whereas it decreases to 4.1 MW in the Chinese OWF [124]. 

The European OWF already use the HVDC technology as a transmission system (see 

Table 2.3), while only HVAC technology, mainly with a rated voltage of 220 kV, is 

used in the Chinese OWF [124]. For the internal array system, the voltage of 33 kV is 

the most frequently used in the OWF in Europe, while China typically uses a standard 

of 35 kV. 

Table 2.4. Average parameters of OWF in China above 150 MW [124]. 

Total Nº 

WTs 

Avg. 

Rating  

(MW) 

Avg. 

Capacity 

(MW) 

Avg. 

Depth 

Avg. Dist. to 

shore (km) 

Avg. 

Array 

(kV) 

Avg. 

Transm. 

1082 4 265 10 26 35 
220kV 

(HVAC) 

 

2.2.4 Environmental issues and constrained potential 

The OWF belong in the green industry context, and, in this sense, the intention is 

to maintain the green label associated with that by not causing and/or reducing the 

damage to the environment when manufacturing or installing these plants [10]. 

However, as in any human activity, a certain impact on the surrounding ecosystem is 

inevitable. According to [126], there are positive and negative issues associated with 

OWF. The main positive effects are the replacement of fossil fuels with wind energy, 

and the offshore structures acting as artificial reefs, increasing the diversity of marine 

species. In contrast, the risks of collision for birds, the displacement of marine 

mammals and birds, and habitat loss or degradation can be mentioned as negative 

impacts. Some measures during the planning process can reduce the negative impacts 

associated with OWF. For instance, the authors in [127] mention that the proper 

election of an OWF location includes choosing a place outside protected areas and 

scheduling the construction operations outside the breeding season.  
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Regarding the legal framework, proper regulation is required given the remarkable 

expansion of the offshore plants and to avoid harmful impacts. To deal with the legal 

aspects of OWF, the Environmental Impact Assessment (EIA) is essential. Through 

the EIA, the impacts of the project are identified, and measures are adopted to mitigate 

these adverse effects. Any OWF with the potential to cause adverse impact must be 

able to produce an appropriate EIA, and if significant disturbances to the surrounding 

environment are verified, the power plant construction can only continue with 

compensatory measures [128].  

Following the same reasoning towards sustainable development, there is an 

important legislative structure at the European level, such as The Birds and Habitats 

Directives (79/409/EEC and 92/43/EEC, respectively), which provide a structure for 

preserving species and habitats of interest, including the designation of Special 

Protection Areas (SPAs) and Special Areas of Conservation (SACs) under the Natura 

2000 network [126]. Natura 2000 is a network of protected areas on land and sea across 

the 28 countries of the European Union (EU) for rare and threatened species and 

habitats [129]. If a certain location is identified as sensitive, this place should not be 

used for the construction of OWF, especially under the presence of endangered 

species. The Convention on the Conservation of Migratory Species of Wild 

Animals (Bonn Convention) on wildlife protection also grants responsibilities to 

signatory parties. This convention provides a platform for the conservation of 

migratory birds, aquatic or not, and their habitats. A Marine Strategy Framework 

Directive (MSFD) is working on marine management strategies to achieve a beneficial 

environmental status by 2021. This directive is part of the EU legislation specifically 

targeted at the protection of the marine environment and natural resources for 

sustainable use of these waters [97]. More detailed information regarding legal 

framework and obligations in Europe can be found in [128]. 

The offshore plants have to coexist in harmony with shipping routes, military use, 

oil and gas extraction, natural protected areas and tourist zones, due to the varied 

economic exploitation of the seas. For this reason, the potential for OWF development 

is limited. Currently, only 4% of the area with a distance to shore between 0 and 10 km 

can be used for OWF applications. This figure increases to 10% for distances between 

30 and 50 km, and 25% for distances above 50 km [97]. Another important issue open 

to debate is the visual impact caused by OWF. This impact is considerable for OWF 

less than 10 km away from the coast. For this reason, the Netherlands and the UK have 

http://www.cms.int/
http://www.cms.int/
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prohibited building OWF less than 22 km away from the coast [97,126]. Figure 2.25 

illustrates the total and the available unrestricted technical potential in TWh in the 

European sea. According to [97], if there were no restrictions, the amount of electricity 

generated by OWF would be enough to supply about 60% of the energy demand in 

Europe by 2030. 

 

Figure 2.25. Available potential for OWF [97]. 

 

The aforementioned points highlight the difficulty to find the balance between 

positive and negative impacts. Therefore, it becomes necessary to reach a trade-off 

between sustainable development and ever-growing electricity demand. 

2.3 PV POWER SYSTEMS 

This chapter presents some of the current trends for PV power plants with energy 

storage 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.  

2.3.1 Current status PV solar in the world 

Figure 2.26a has presented a summary of the current status of solar and solar PV 

in the world, showing the evolution of installed capacity yearly (from 2011 to 2020). 

Figure 2.26b shows the current status of solar PV separated by country. Asia leads the 

installed capacity due to the great contribution of China, which has been investing 

massively in PV-utility. China has approximately 250 GW of solar PV installed. 

Evaluating Figure 2.26c it is possible to observe that it increased its matrix by 

approximately 125 GW in the last three years, the USA added nearly 40 GW, while 
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that Europe and UK together added nearly 42 GW in the same period. USA has 

approximately 75 GW of installed solar PV capacity and Europe has just over 150 

GW. 

 

(a) 

 

(b) 

 

(c) 

Figure 2.26. PV installed capacity in the world: (a) Solar and solar PV in the world, 

(b) Solar PV by continents and main countries, (c) Increment in the last three years 

of solar PV by countries 
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2.3.2 Small-scale PV power plants 

Briefly, before discussing high-power PV plants, the current situation of small-

power PV plants, less than 100 kW, with energy storage, which corresponds to the vast 

majority of published applications and works, is discussed. 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. 

The first article to be analyzed is a review of distributed PV generation systems 

with energy storage [32]. Although right now, for isolated or grid-connected small 

power installations, the most widely used options are lead and lithium-ion batteries 

[130], for the authors in [32], NaS batteries in small power PV systems represent an 

efficient option as a storage system as it is a technology that is already well developed, 

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, increase the reliability of the 

system and increasingly include renewables in the grid. 

In [131] an optimization of PV plants with grid-connected BES in commercial 

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

most cost-effective configuration of PV and BES while providing information on how 

such systems should operate at half-hour intervals at different times of the year. The 

technology selection and operation model has been tested using a case study in a food 

distribution centre in London, UK. The results indicate that the most attractive 

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

crystalline 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 one 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 

BES constitute a questionable investment for most of the organizations that establish 

short periods of recovery of the investment (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 [132–137]. An optimization based on a novel 

perturbation and observation algorithm was proposed in [132] to achieve the MPPT of 

a 4.5 kW PV system connected to the grid through a qZSI. In [133–135], different 
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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 [136], while control loops with conventional PI controllers 

were used in [137].  

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

integrating ESS can be seen in [138,139]. After these first applications, other research 

works with the same elements were also published, connecting the inverters in the 

cascaded multilevel topology [140], managing the battery SOC [141] or the power 

flow [142].  

2.3.3 Large-scale PV power plants 

Concerning large scale PV plants, 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 [143] [144], as shown in Figure 2.27. In this figure, two 

situations are considered for China, one with an 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 large scale PV plants 

to improve their quality and spread their use. 

 

Figure 2.27. Trends for installed PV power systems by countries/continents [144]. 
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One important parameter to consider to improve large-scale power plants 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 [20]. In the central 

topology, all PV panels are interconnected to 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. 

It can be stated 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 [145]. The 

contribution of ESS was also considered in this paper. Furthermore, the connection to 

the grid of the configurations was analyzed. The configurations evaluated were: 

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

The independent configuration represents the way that most of the 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 
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component, the ESS can still act independently of the PV system, that is, it can store 

energy from the PV plant or 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 energy storage 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 large scale PV plants, different converter models have been implemented. 

For example, the topology used in [21] 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 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 

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 large scale plants 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 ZSI, which includes an 

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

[146,147]. A modified topology with a bi-directional power flow was proposed in 

[146]. An improved boost capability and low voltage stress in the impedance source 

of a ZSI were analyzed in [147]. A derivation of ZSI is the 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 [139]. 

2.4 CONVERTER TECHNOLOGIES 

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

current inputs, transforming them in an optimized way for the desired specific output 

[148]. The converters are responsible for adapting the energy generated by PV panels, 
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WTs, BESs or any other source to the necessary characteristics so that it can be injected 

into the electrical network or used by 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 [149]. A common 

classification is through the relationship between the input and the output of the 

converter [150], 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 the 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 [151]. 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 of 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 [152–154]. 

Nowadays, WT can have different topologies regarding their power converters. 

Some alternatives for the machine-side converter (MSC) of PMSG WT were suggested 

in [22], whereas several options for the grid-side converter (GSC) were presented in 

[23]. For instance, a three-phase diode bridge can be used as a rectifier for the MSC. 

However, when the WT rotates at a low speed, the uncontrolled rectifier may not 

provide the DC voltage level required at the input of the GSC. In these cases, a DC/DC 

boost converter can be employed to increase the voltage to adequate values for the 

GSC. This solution is simple, cost-efficient and allows extracting the maximum power 

from the WT. Nevertheless, it presents high harmonic current distortions in the 

generator windings, overheating and oscillations in the torque. 

 On the other hand, PMSG can be connected to the grid through two two-level 

voltage source converters (VSC) in a B2B configuration and controlled by pulse-width 

modulation (PWM). Additionally, a voltage transformer is usually inserted between 
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the GSC and the grid. This solution is relatively simple, robust and reliable. The 

drawbacks of this configuration are larger switching losses and lower efficiency at 

high powers, in addition to high THD [23].  

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. It means that the 

obtainable output voltage range is limited to higher or lower than the input voltage and 

their main circuits cannot be interchangeable [29,155]. 

To overcome these problems, 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 [24]. This type of 

device incorporates an impedance network between the voltage source and the 

converter so that the converter can overcome the technological barriers of traditional 

VSI [156]. The structure of a ZSC is presented in Figure 2.27. 

 

Figure 2.28. Estructura general de un convertidor Z [156]. 

Another important advantage of the ZSC is that they can work in a shoot-through 

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

is based on taking advantage of the overlapping states, not allowed in the other 

converters, 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 [155], where the 

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

configuration based on ZSC. ZSC achieved better performance due to their 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 

[28].  
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Several ZSC topologies were analyzed in [26,27]. Among them, the qZSI is 

particularly attractive due to several improvements compared to the ZSC [28]. 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 [157] 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. In [158] is proposed a converter 

based on an impedance source that, in addition to a good duty-cycle range, has a high 

voltage gain capacity, maintaining an acceptable degree of stress in the components. 

The converter proposed in [159], that is used in this work, in addition to a high degree 

of boost/buck capacity, reasonable efficiency and stress on the components, its gain 

concerning the duty-cycle is linear, making control much easier.  

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 [137] and [160] 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 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 [161].  

Some applications based on small-scale wind power generation were also 

discussed in the literature. A control strategy for a grid-connected ZSI was presented 

and compared with a conventional VSI in [162], highlighting the main benefits of the 

former. A solution using double-input ZSI was proposed in [163] for a WT with dual-

star PMSG. The authors emphasized the increased generator reliability against short 

circuits, the need for less passive components, and the desired output voltage 

waveform as the main advantages. 

A dynamic model of the qZSI equipped with an ESS was presented in [164,165]. 

This converter was used on a PMSG WT in a stand-alone application. Additionally, a 

closed-loop control scheme for the DC and AC sides was presented, validating the 

adequate performance of the control system through simulation. The authors 

highlighted the need for further studies in this area.  
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In Sections 3.1.2 and 3.1.4, the modelling and control of the ZSC-DC/DC and 

qZSI with battery used in this thesis are described in detail. 

2.5 BATTERY ENERGY STORAGE SYSTEM 

On the other hand, due to the intermittency and fluctuation of the hybrid sources, 

it is important to pay attention to the integration of these systems in the electric grid. 

If this integration is not dealt with properly, excessive RES connected to the grid may 

lead to voltage instability, power fluctuation, malfunctioning of the voltage regulation 

equipment, among other issues. Thus, it is necessary to find solutions by developing 

advanced control and operation techniques to maximize renewable power utilization 

while keeping the system reliable and stable [166]. 

Many solutions in the literature are proposed. To reduce the intermittent 

characteristic of RES, the authors in [167–170] proposed the use of ESS. Among the 

different ESS, BESs are nowadays considered as the main technology applied to PV 

and wind power plants. Other technologies such as flywheels, SC and fuel cells, for 

example, need to be further studied. According [167], 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 [168] studies the use of batteries 

with large renewable generation as one of the effective technologies to deal with power 

fluctuation and intermittency, while that in [169], an ESS composed of a combination 

of battery and SC is used to complement each other in terms of power and energy. 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 [170]. In the same 

way, the authors of [13,171] investigated a hybrid system consisting of WT, PV panels, 

a fuel cell with a proton exchange membrane (PEMFC), a hydrogen tank, electrolyzer 

and BES. The excess power produced by the WTs or by the PV system is used to 

charge the BES and to generate hydrogen through the electrolyzer, which is stored in 

a tank and later used as input fuel in the fuel cell, to generate energy again electrical. 

ESS integrated into PV plants allow the excess energy generated to be stored for 

later use when necessary. ESS can help power grids withstand peak demand, allowing 

transmission and distribution grids to function efficiently. In shorter periods, energy 

storage can be effective in smoothing short peaks and distortions in voltage [172]. 
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Energy storage technologies can be classified as electrical, electrochemical, chemical, 

thermal and mechanical, as presented in Figure 2.29. 

 

 

Figure 2.29. Examples of energy storage systems [173] 

 

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

the following subsections, and the others that are not marked were not studied due to 

their little use or relevance to the proposed objective. 

2.5.1 Battery 

Batteries are based on the chemical storage system and have the double function 

of storing and releasing electricity, alternating the charging and discharging phases, 

without noise and emissions [174].   

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

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

air, sodium-sulfur, lithium-ion, lithium-polymer, etc. and its main strengths are its 

energy densities and technological maturity. However, its main drawback is its 

relatively low durability for high amplitude cycles [174].   

According to DTI Report [175], large-scale storage was rare until recently, due 

to its low energy density, small power capacity, high cost of ownership, low life cycle, 
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and limited discharge capacity. Furthermore, most batteries contain toxic material, and 

therefore the environmental impact of discarding these batteries must be considered. 

For Karpinski A P, Makovetski B, Russell S J, et al. [176], BES that are in use 

and/or potentially suitable for storage use are lead-acid, nickel-cadmium, sodium-

sulfur, sodium nickel chloride and lithium-ion. 

Currently, the conventional BES that are widely applied today are lead-acid 

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

main types of BES described above, 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 [175][176]. 

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 [177]. 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 [172]. Moreover, provides competitive cost 

but have a relatively limited lifetime, low energy density, and can cause a large 

environmental impact [176]. 

Nickel Cadmium   

As for the positive electrode, nickel hydroxide is applied, for the negative 

electrode, cadmium hydroxide and in the electrolyte 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) [178]. The main disadvantages of these batteries 

are a relatively high cost due to the expensive manufacturing process and cadmium is 

a toxic heavy metal and therefore poses problems associated with the disposal of NiCd 

batteries [32]. 

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 [175]. The self-discharge rate is very low, with a 

maximum of 5% per month and the battery life can reach more than 1500 cycles [179]. 
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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 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 discharge [172]. 

Sodium sulphur (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 [32]. NaS batteries have an expected operational duration of 15 years 

considering 2500 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; it is not affected by the ambient temperature (it works from 290 to 360 ° C); 

allows remote operation and monitoring with minimal maintenance; no emissions or 

vibrations, low noise level compared to other energy conversion systems; 98% of the 

material used in NaS batteries can be recycled, only sodium cannot be reused [167]. 

Vanadium redox flow 

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

discharge and the absence of degradation for deep discharge [172]. 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 

[175]. 

Metal-air 

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

[175]. 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 [172]. Among the various metal-air batteries, the lithium-air battery 

is an attractive option. However, 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 [180]. 
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2.5.2 Battery energy storage 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 and efficiency. 

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

application is comparing the rated power of the system and the discharge time, as 

shown in Figure 2.30. 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. 

• 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, in these applications, are used to decouple 

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

levelling, which involves storing energy during off-peak hours (low energy cost) and 

using stored energy during peak hours (high energy cost). 

Figure 2.30 compares which of the storage options are more suitable according 

to the application and the intended power. 

 

Figure 2.30.  Distribution of storage techniques according to the application [174]. 
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The characteristics of the different storage techniques concerning efficiency and 

life cycle are illustrated in Figure 2.31. The two technologies with the longest lifespan 

and efficiency are the UC and the flywheel, and among the batteries, the Li-ion 

technology presents higher efficiency. 

 

Figure 2.31. Distribution of storage techniques based on energy efficiency and 

lifetime [174]. 

 

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 Figure 2.32. 
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Figure 2.32. Distribution of storage technologies as a function of investment costs per unit 

of power [174] 
 

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 in that 

storage is required. 

It is clear from the review above those BES are the dominant technology to be 

used when the 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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Chapter 3: Description of the configurations 

evaluated 

In this thesis, several hybrid configurations using renewable systems have been 

analysed. These configurations although are varying in terms of elements that integrate 

the power plant were based on PMSG, PV, and BES. The systems under study were 

modelled using MATLAB/Simulink and simulated in various scenarios to evaluate 

their performance. In this chapter, all components involved in the configurations under 

study are described and presented. 

3.1 HYBRID POWER PLANTS  

The grid-connected hybrid power plant under study (Figure 3.1) is composed of 

a PMSG-based WT of 1.5 MW, a PV plant of 402 kW and a lithium-ion BES of 532 

kW, totalling a 2.44 MW hybrid power plant. Moreover, a load of 1.2 MVA shares the 

same connection point with the hybrid power plant. 

The PMSG-based WT has a rated power of 1.5 MW, and it is connected to the 

grid through a qZSI with BES. The PMSG has an AC output voltage of 0.69 kV 

connected to a non-controlled rectifier in the first stage. Then, the impedance network 

of the qZSI boosts this DC voltage for achieving an AC output voltage controlled of 

0.69 kV, which is connected to a transformer to adapt the voltage and connect the 

hybrid power plant to the grid and the load. The capacitor C1 of the impedance network 

works as a controlled DC bus and the PV system is connected to this capacitor C1 

through a DC/DC ZSC, which ensures the control of the PV plant.  

Furthermore, the qZSI has an integrated BES connected to capacitor C2 without 

an additional converter. Several battery cells are connected in series/parallel to reach 

the adequate capacity and output voltage for the connection to the capacitor C2. This 

BES has the main objective of supplying an extra power demand required by the grid.  

An LCL filter is considered at the qZSI output because it provides high harmonic 

attenuation and it is suitable for large-scale renewable energy applications [181]. 

Residential and industrial load were considered in the microgrid under study. The 

residential and industrial load are connected to the microgrid through a transformer of 
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0.75MVA, 25 kV/240V and 0.75MVA, 25 kV/2.3 kV, respectively, and both are 

connected in Y/Y.  

 

Figure 3.1. Configuration of the grid-connected microgrid with the hybrid power 

plant (PV, WT and BES), and residential and industrial load. 

 

The components of the system implemented were detailed and modelled in this 

chapter. Figure 3.2 shows all voltage levels of the microgrid. The values in the graphs 

correspond to the peak values of the phase voltage. Moreover, Table 3.1 shows the 

main parameters of the system simulated. 

 

Table 3.1. Specifications of the system under study 

 
Parameter Value 

PV generator 

Optimal PV power (PPVopt) 335.2 W 

Optimal PV voltage (VPVopt) 57.3 V 

Optimal PV current (VPVopt) 5.85 A 

Open-circuit voltage (Voc) 67.9 V 

Short circuit current (Isc) 6.23 A 

Wind turbine 

Rated wind power  1.5 MW 

RMS voltage 690 V 

Power coefficient (Cp) 0.48 

Blade radius (R) 60 m 

Number of pair of poles 60 
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Stator resistance  5.5 mΩ 

Stator inductance 0.8 mH 

Rated wind speed 11.5 m/s 

Battery 

Battery nominal voltage   48 V 

Battery rated capacity   74 Ah 

Filter 

Inductor L1f 0.15 mH 

Capacitor Cf 230 µF 

Inductor L2f 6.6 µH 

qZSI 

Inductor L1 = L2 100µH 

Capacitor C1 = C2 360 µF 

  

 

 

Figure 3.2. Voltage levels in the microgrid 

 

3.1.1 PV power plant 

The SPR-X21-335-BLK PV modules [182] are used and grouped in a 120x10 

structure to reach a PV peak power of 402 kWp, with an output voltage of 573 V. The 

model presented in [183] is used to implement the PV system. This model receives the 

irradiance and temperature as inputs, while the I-V characteristics are outputted. The 

model consists of a diode, a controlled current source, a series and a shunt resistor. 

Moreover, irradiance and temperature are the input parameters, whereas the output 

parameters are the voltage and current. According to [184,185], this model is accurate 

and simple to implement. The equations to find the output current is supplied in 

Equation (3.1) – (3.3). 
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where IL0, IL are solar-induced current at 300 K and the solar-induced current 

(A), respectively; Isat,n, Isat is the nominal saturation current of the diode and the 

saturation current (A); 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 PV 

characteristic; T and TN are the operating and the nominal temperature (K) of the PV; 

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; and G and Gn are 

the irradiation and the nominal irradiation (W / m2) on the device surface, respectively.  

 

Figure 3.3. P-V and I-V curve of the PV power plant 

 

An MPPT strategy is necessary to benefit from the maximum solar radiance 

received by the PV modules. In the proposed configuration, the perturb and observe 



 

Chapter 3: Description of the configurations evaluated 69 

(P&O) algorithm was used, where the value of the maximum voltage is continuously 

tracked [186]. The MPPT algorithm provides the reference voltage at the output of the 

PV panels (Vin_pv*), which is then compared with the voltage measured at the panels 

in the active power control loop. Figure 3.3 illustrates the P-V and I-V curves of the 

PV power plant simulated.  

3.1.2 DC/DC ZSC 

For the control of the PV plant, the DC/DC ZSC proposed in [159] was used. 

This converter is based on a ZSC, which consists of inserting a set of components, 

such as capacitors, inductors and switching, between the source and the load. In the 

application of this thesis, this converter is used as a boost to raise the voltage level 

between the PV power plant to connect it to capacitor C1 of the impedance network of 

the qZSI. Figure 3.4 illustrates this converter as well as the working mode. It consists 

of 5 steps (S1U, S2U, S3U, S4U and S5U).  

 

(a) 

 

(b) 

Figure 3.4. (a) DC/DC ZSC, (b) Steps of operation and current-flow paths of DC/DC 

ZSC [159]. 
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The inductances and capacitances, respectively, meet L1 = L2 = L, C1 = C2 = C. 

The values can be calculated according to [159]. The switching technique of this circuit 

is very simple and only has a switching device S2. In this thesis, the averaged model 

of this converter was used, which will be detailed in Section 4.1.9. 

3.1.3 Wind Turbine 

Figure 3.1 illustrates the overall configuration of the PMSG-based WT with 

qZSI under study. It uses a full-scale power converter, which is composed of a 3-phase 

uncontrolled bridge rectifier and qZSI. The use of an uncontrolled rectifier is an 

economical solution, but it has the main drawback of a great dependence of the DC 

bus voltage on the wind speed [22]. Hence, the uncontrolled rectifier usually requires 

a two-stage power converter based on DC/DC boost converter and B2B-VSI to control, 

not only the power flow between the WT and the grid but also the DC bus voltage. In 

this work, this two-stage power converter is replaced by a qZSI, which is composed of 

an impedance network and a 3-phase VSI. The switching control of the VSI allows 

regulating the active power generated by the WT, the reactive power exchanged with 

the grid and the DC bus voltage. A 1.5 MW PMSG WT is considered in this work. 

Table 1 shows the main parameters of the WT.  

The WT rotor is modelled by the quasi-static model defined through the actuator 

disk theory, and the drive train is represented by the two-mass model, as usual in 

fundamental frequency simulations [187]. Equations (3.4) – (3.10) refers to the WT 

and PMSG model. The rotor model defines the mechanical power by Equation (3.4). 

The tip speed ratio is the ratio between blade tip linear speed and the wind speed is 

defined in Equation (3.5). The power coefficient Cp is given in Equation (3.6) and λi is 

given by Equation (3.7).  

The generator of PMSG is modelled, assuming that the flux distribution in the 

stator is sinusoidal, by its third-order model, which is defined by the following 

equations in the synchronous dq reference frame [188]. 
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where u and i denote voltage and current, respectively; indexes d and q are the direct and 

quadrature components, respectively; index s refers to the stator; Rs and Ls are the stator 

resistance and inductance, respectively; e is the electrical speed; pm refers to 

permanent magnetic flux; Te is the electromagnetic torque; and p is the number of pole 

pairs of the generator. Each element of the rectifier is modelled by an ideal diode with 

an RC snubber circuit connected in parallel, and a small resistance in series.  

3.1.4 Energy-stored qZSI (qZSI integrating a BES) 

The typical qZSI configuration is presented in Figure 3.5a. It consists of a three-

level VSI and an impedance network composed of two capacitors (C1, C2) and two 

inductors (L1, L2). These components are sized to limit the switching frequency of 

current and voltage [189]. For the proposed system under study, a qZSI with BES 

connected in parallel to the capacitor C2 was considered, as can be seen in Figure 3.6. 

The output of the qZSI with BES, as well as qZSI without a BES can be connected to 

a traditional VSI. In general, for this type of DC/AC conversion stage, a boost stage is 

needed to achieve an adequate DC voltage level before connecting to a VSI, being that 

the shoot-through state is a characteristic of the qZSI and not allowed in the VSI.  

During a switching cycle T, the qZSI works at one of the two possible operating states, 

namely shoot-through-state (STS) and non-shoot-through states (NSTS), as shown in 

Figure 3.5b and Figure 3.5c, respectively. In the NSTS, the qZSI operates like a 

traditional VSI, having six active states and two zero states. Hence, from the DC side, 
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the VSI is seen as a current source. On the other hand, in STS, the VSI is a short-circuit, 

with both switches of a leg closed simultaneously. 

 

(a) 

 

(b) 

 

(c) 

Figure 3.5. (a) General structure of a qZSI converter, (b) shoot-through state (STS); 

and (c) non-shoot-through state (NSTS) of the qZSI 

 

 Figure 3.6a and Figure 3.6b illustrate the aforementioned topology of the qZSI 

with the BES in the STS and non-shoot through states, respectively. During a switching 

cycle T, the qZSI works in one of the two possible operating states, namely STS (Figure 

3.6a) and NSTS (Figure 3.6b). Considering the shoot-through interval as Tsh, and the 

non-shoot-through Tnsh, then T= Tnsh + Tsh, being the shoot-through duty ratio D = Tsh 

/T.  

  

(a) (b) 

Figure 3.6. qZSI with BES in the STS (a) and NSTS (b) 
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Average steady‐state model 

Average steady-state and dynamic small-signal models can be applied for the study 

of converters. The average steady-state model can be obtained from the evaluation of 

the STS and NSTS illustrated in Figure 3.6.  

The relation between the currents in STS shown in Figure 3.6a is given by: 

1 2C Li i= − ; 2 1C bat Li i i= −    (3.11) 

while that the voltage in the components can be solved following the equations below: 

1 1 1 1 2 2L in L L L C CV v i r i r v= − − +  (3.12) 

2 2 1 1 2 2L L C C L LV i r v i r= − + −  (3.13) 

Assuming that L1 = L2 = L, C1 = C2 = C, rL1 = rL2 = rL and rC1 = rC2 = rC , and that the 

voltage across the capacitor is clamped by the BES terminal voltage, it can be obtained: 

2C bat bat batv V R i= −  (3.14) 

2C bat batv R i= −  (3.15) 

where Vbat is the battery voltage, ibat is the battery current and Rbat is the battery 

resistance. The state equations for STS are given by: 

1
1
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dt R C R C
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The relation between the currents in the NSTS shown in Figure 3.6b is given as follows: 

1 1C L oi i i= − ; 2 2( )C L o bati t i i i= − +  (3.20) 

The voltage across the inductors can be calculated as: 



74 Chapter 3: Description of the configurations evaluated 

1 1 1 1L in L L L C o C CV v i r i r i r v= − − + −   (3.21) 

2 1 2 2L C C L L CV i r i r v= − − −  (3.22) 

The state equations for NSTS are given by: 

1
1 1
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L C in
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i v v

dt L L L
= − − +  

(3.23) 

2
2

( ) 1 1L L
L bat bat bat

di t r
i i R V

dt L L L
= − + −  

(3.24) 

1
1

( ) 1 1C
L o

dv t
i i

dt C C
= −  

(3.25) 

2

( ) 1 1 1bat
L o bat

bat bat bat

di t
i i i

dt R C R C R C
= − + −  

(3.26) 

 

Reorganizing in space-state x Ax Bu= +  and assuming ( )1 2 1A A D A D= + −  and

( )1 2 1B B D B D= + − , the following space-state model for STS is obtained: 
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The space-state model for NSTS is expressed as follows: 
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Finally, the steady-state model for NSTS is represented as follows: 
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Thus, 
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Through Equations (3.30) can be obtained: 
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where Vb, VC1, VC2 are the steady-state average voltage across the BES, and capacitors 

C1 and C2 respectively; Vin is the voltage input to the Qzsi; Ibat, IL1 and IL2 are the 

average currents of the BES and the inductors L1 and L2, respectively. 

Finally, the output voltage of the impedance network Vdc can be expressed as 

follows: 
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Small signals model 

For the study of small signals, a small disturbance is inserted around an operating 
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The minimum values of the components of the impedance network (L1, L2, C1 

and C2) are calculated according to [29]. Thus, the value of the inductors is obtained 

as follows: 

min in
1 2 0max

1

2 i in

L L T
r

M v
L

I
= ==    (3.39) 

where ri is the current ripple (20%); Tomax represents the maximum value of the shoot-

through period; Mmin is the minimum value of the modulation index (M); and 𝑉𝑖𝑛 and 𝐼𝑖𝑛 

are the input voltage and current to the impedance network of the qZSI, respectively. 

The capacitors are calculated by the following expression: 
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0max max
1 2

2 (1 2 )in

v in
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C C C

r v

−
= = =  (3.40) 

where rv is the voltage ripple (1%); Dmax is the maximum value of the shoot‐through 

duty ratio (D); and 𝑉𝑖𝑛 is the DC voltage at the input of the impedance network.  

3.1.5 Battery 

The application of energy storage on systems that have intermittent sources 

reduces their disadvantages. Several ESS are discussed in [190]. The BES considered 

in this thesis is a Lithium-ion BES. The Lithium-ion BES has a good life-cycle, high 

efficiency, deep discharge depth and fast charging [191], and due to these advantages, 

it was applied in this work. The BES model is composed of a variable voltage source 

and a resistance connected in series according to the model available in Simulink 

[192]. This model has been adapted to properly represent the V-I and V-SOC curves 

and dynamic response of the device, according to the information provided in the 

datasheets. The BES output voltage can be obtained through Equation (3.41). 

intbat b bU E I R= −   (3.41) 

where Eb is the open-circuit voltage of the battery (V), which depends on if the battery 

is charging or discharging; Rint is the internal resistance (ꭥ); and Ib is the battery current 

(A). The SOC is an important parameter of the BES, which has to be controlled to 

avoid a great discharge and an overcharge. It is calculated as follows. 

1
o bat

nom

SOC SOC I dt
C

= + +   (3.42) 

where SOCo is the initial state of charge; Cnom is the battery nominal capacity (Ah) 

given by the manufacturer; and Ib is the battery current (A).  

A lithium-ion BES with a capacity of 78 Ah and a nominal voltage of 48 Vdc was. 

The battery cells were associated in series to reach the adequate output voltage of 240 

V for the connection to the capacitor C2 and connected in parallel to provide a nominal 

capacity of 2220 Ah. The discharge curves characteristics of the BES can be seen in 

Figure 3.7. 
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Figure 3.7 - The discharge curves characteristics 

 

3.1.6 LCL Filter 

An LCL filter is considered at the qZSI output because it provides high harmonic 

attenuation and it is suitable for large-scale renewable energy applications [181]. 

Proper sizing of the inductors and capacitors of the filter requires to consider the 

following criteria: 1) the inductor reactance 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 converter; and 3) to avoid resonance problems, the 

resonant frequency must remain between ten times the grid frequency and half of the 

switching frequency [181]. To size the LCL filter, the base impedance Zb and 

capacitance Cb are determined first. 
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where ωn is the grid angular frequency. 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 (Imax - Imin.) is given by Equation (3.45) 
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The minimum value of the inductor L1f can be obtained through Equation (3.46) 

[193]. 
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where fs is the frequency of the first harmonic of the converter output voltage and IL1f 

is the maximum tolerable current ripple. The percentage of the impedance XL1f in 

relation to Zb and the resonant frequency can be obtained through Equation (3.47) and 

Equation (3.48), respectively:  
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The minimum value of the filter capacitor (Cf) is calculated considering the 

reactive power absorbed by the filter in rated conditions [181]. 

f f bC X C=   (3.49) 

where Xf is a percentage of the absorbed reactive power (5%); and Cb is the base 

capacitance.The minimum value of the inductor L2f  can be determined as a function of 

L1f  [181]. 

2 1f fL r L=   (3.50) 

where r represents the ratio between both inductances. The parameter r is obtained 

through Equation (3.51). 
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If the resonant frequency is not satisfied, a damping resistance Rd can be added 

[194]. The value of this resistance can be calculated through Equation (3.52): 

1
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R
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=  (3.52) 
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Chapter 4: Control systems 

The control system uses a Z-Space-Vector Modulation (ZSVM) as a modulation 

method to generate the gating signals for the inverter bridge switches to control the 

active and reactive power delivered by the qZSI with battery (qZSI+BES) to the grid. 

Moreover, the MPPT of the PV panels and WT (MPPT of the WT, pitch angle control 

and active and reactive power control) are also included in the global control strategy. 

The control of the duty cycle D1 of the qZSI varies with the presence or not of BES on 

capacitor C2. Furthermore, the control of D1 is slightly modified in the case of using 

the averaged dynamic model for the qZSI. The charge and discharge of BES on 

capacitor C2, when inserted at this point, is controlled by using D1 of the qZSI. The 

PV control is performed by the duty-cycle D2 of the DC/DC ZSC. Before the complete 

system was implemented using average dynamic converters, simulations were 

performed with the switched dynamic model (SDM) of the converter to validate the 

results and controls obtained from the averaged dynamic models (ADM) of the 

converters used in this thesis. All these controls are described in this section. 

4.1 CONTROL STRATEGY 

The control strategy aims to optimize the energy extracted from the hybrid power 

plant, coordinating all power flows, from the hybrid plant to the grid and loads or from 

the grid to the hybrid plant, in the case the BES is charged from the grid. The control 

system uses a ZSVM modulation technique applied to qZSI, described previously. The 

qZSI control is performed by controlling the shoot-through time (Tsh) through D1, and 

by the modulation signals ma, mb and mc. These last three terms represent a balanced 

three-phase signal. The module of these signals represented in the dq reference frame 

(md and mq) corresponds to the modulation index M.  

As observed in Figure 4.3, M is controlled to regulate the active power generated 

by the hybrid system, and the reactive power injected into the grid. M used in the 

modulation method is obtained through two control loops based on PI controllers, 

which are responsible for generating the reference current Id
* and Iq

* for the adjacent 

control loop, called current control loops (control Id and Iq). This control system allows 

the decoupled control of the active and reactive powers through Id and Iq. Thus, the 
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active and reactive power delivered by the WT with BES and PV to the grid through 

the qZSI is controlled. Moreover, the MPPT of the WT and the pitch angle control for 

above-rated wind speeds are considered in the control scheme depicted in Figure 4.9.  

The charge and discharge of the BES are controlled through the shoot-through 

duty-cycle (D1) of the qZSI. The control of D1 is performed through a PI controller and 

applied to the ZSVM6 modulation method so that Tsh is calculated, and thus, the 

modulation method can calculate all the necessary times to switch the converter. The 

control of the duty-cycle (D2) used to control the PV power plant is performed through 

a PI controller and applied to the DC/DC ZSC. 

4.1.1 Z-Space-Vector Modulation 

The main objective of the modulation techniques is to generate the switching 

pulses for the converter, providing a minimum harmonic distortion and maximum 

fundamental component in the output. Several control strategies based on pulse width 

modulation (PWM) have been used for the control of the duty cycle of converters. 

Typical modulation techniques applied to the qZSI are the simple boost control (SBC) 

[156], maximum boost control (MBC) [195], maximum constant boost control 

(MCBC) [196] and 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 [134].  

The ZSVM technique applied in this thesis is based on ZSVM6 [134]. It has the 

relevant advantages of low voltage stress in the switches and high voltage gain when 

compared with other modulation methods. 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 ZSVM, compared with the traditional SVM, allows one extra state called 

shoot-through and zero states. The ZSVM technique has a ratio of Vdc/√3 concerning 

Vref, thus achieving a higher modulation index of 90.7%. The conventional sinusoidal 

PWM (SPWM), which includes the SBC, MBC and MCBC algorithms, allows a 

voltage output maximum magnitude of Vdc/2, achieved with a maximum modulation 

index of 78.55% [197].  
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Figure 4.1 shows the six possible sectors generated by the eight space vectors. 

Considering the αβ bi-dimensional reference frame, a voltage vector reference Vref is 

generated resulting from the weighted average application of non-zero vectors, shoot-

through and zero states in relation to the switching period Ts. Vref can be calculated by:  

01 2
1 2 0

sh
ref sh

s s s s

T TT T
V V V V V

T T T T
= + + +  (4.1) 

where T1 and T2 represent the application time of the vector V1 and V2 respectively; Ts 

is the sample time of the ZSVM; and Tsh is the shoot-through time (Tsh = D⸱Ts). These 

times can be obtained as follows:  
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(4.2) 

 

Figure 4.1. Voltage space vectors modulation adapted to ZSVM. 

 

where M =√3Vref  / Vdc,   is the angle between Vref  and V1, and i represents the sector.  

Figure 4.2a shows all switching time sequences, referring to sector 1 modified 

from traditional SVM for ZSVM6. The switching times for the three bridge legs, Tmax, 

Tmid , and Tmin are the maximum, medium, and minimum are described in Equation 

(4.3). 
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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 [134]:  
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 (4.4) 

To summarize, the algorithm implemented initially identifies the sectors through 

the theta angle, all times are calculated, and then the triggers for all sectors with the 

switching states described in Figure 4.2b are generated. A complete state of the 

switches applied for switching the converter with STS states for ZSVM6 can be seen 

in Figure 4.2b.  

 

(a) 
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(b) 

Figure 4.2. (a) Switching time sequences applied ZSVM6, (b) Complete switch states 

in the six sectors for ZSVM6. 

 

4.1.2 Switched dynamic model (SDM): Active and reactive power control 

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 [198], as shown 

in Figure 4.3. 

The outer control loops are dedicated to active and reactive power regulation, 

which can be calculated using Equation (4.5) in the dq reference frame. It can be seen 
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that controlling the d and q components of the grid current (id,grid and iq,grid) is 

equivalent to controlling Pgrid and Qgrid, respectively, because ud,grid is constant at a 

stiff grid [29].  

, ,

3

2
grid d grid d gridP u i=  

, ,

3

2
grid d grid q gridQ u i=  

(4.5) 

The reference values for these currents (id,grid and iq,grid) are generated by the 

outer control loops through PI controllers, one controlling active power indirectly 

through Vin_wind, 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 system. In this sense, an MPPT controller based on the perturb & 

observe (P&O) algorithm is implemented to define the optimum DC input voltage for 

the qZSI (Vin_wind
ref) that achieves maximum power generation in the WT. 

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 (ud and uq). With the contribution of 

the decoupling terms shown in Equation (4.6), 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) [198].  

, ,

3
( )d d f q grid d grid

DC

m u L i u
V

= − +  

, ,

3
( )q q f d grid q grid

DC

m u L i u
V

= + +  

(4.6) 

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 (Lf=L1f+L2f); and 𝜔0 is the electric angular 

frequency. 

Once md and mq are determined, they are transformed into ma, mb and mc (abc/dq 

transformation) to generate the switching pulses of the qZSI according to the ZSVM6 
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technique. A phase-locked loop (PLL) ensures the tracking of the grid voltage 

frequency [199]. The magnitude of M can be obtained by md and mq. 

 

 

Figure 4.3. Control schemes implemented for the qZSI (active and reactive power)  

 

4.1.3 Shoot-Through Control (D1) 

If there is no BES present in the capacitor C1 of the impedance network of the 

qZSI, the shoot-through state control aims to maintain the voltage (Vdc) at the output 

of the impedance network controlled. Figure 4.3 shows the control scheme 

implemented to control D1, which is used to maintain Vdc around the desired value 

(1.35 kV). Since measuring Vdc is quite difficult and inaccurate in the qZSI, its value 

is approximated employing the voltage across the C1 (VC1) as in Equation (4.7). A PI 

controller is used to obtain D1 from the error between the reference voltage (Vdc
ref) and 

Vdc. 

1

1

1

1
dc CV V

D
=

−
 (4.7) 

The output of the PI controller is limited by the maximum value of D1 (Dmax), 

which is a function of M [200]. Finally, the pitch angle controller of the WT adjusts 

the blade pitch angle to reduce the power extracted from the wind, and thus limiting 

the power generated by the WT for above-rated wind speeds. 

4.1.4 Averaged dynamic model 1 (ADM1) qZSI: Description and control 

In this model, the dynamic response of a qZSI is obtained through the equivalent 

modelling of two power converters connected in series, one for the impedance network 

and the other for the VSI, as shown in Figure 4.4a. This ADM adapts the variable DC 
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input voltage (WT output) to a constant 3-phase AC output voltage. Thus, the voltage 

boost provided by the impedance network and its behaviour is modelled as a 

conventional DC converter using a switching-function model directly controlled by D 

[201]. Figure 4.4b shows the control schemes implemented to control D1 in ADM1. 

 

(a) 

 

(b) 

Figure 4.4. Proposed averaged dynamic model a) ADM1 and (b) Vdc control 

  

On the other hand, the VSI is modelled by the averaged equivalent circuit of a 

three-level VSI, which is composed of a controlled current source at the DC side and 

three controlled voltage sources at the AC side. In this case, the value of these sources 

is governed by M, which is output by the control system.  

For the equivalent model of the impedance network, the relation between the 

input (Vin_wind) and output (Vdc) voltages, assuming a lossless converter, is given by 

[202]  

_

1

1

1 2
dc in windV V

D
=

−
 (4.8) 
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The boost factor of the qZSI (B), which represents the voltage gain of the 

equivalent model, is expressed as follows: 

1

1

1 2
B

D
=

−
 (4.9) 

Therefore, Vdc can be calculated from: 

_dc in windV BV=  (4.10) 

It can be derived from a power balance in which the input current (Iin_wind) is also 

related to the output current of the impedance network (Idc) through D1. 

_

1

1

1 2
in wind dcI I

D
=

−
 (4.11) 

In this model, the output voltage of the VSI uabc is calculated through the 

modulating signal mabc, which is a balanced 3-phase signal.  

( )
1

3
a dc au V m=  

( )
1

3
b dc bu V m=  

( )
1

3
c dc cu V m=  

(4.12) 

Assuming a lossless VSI, it implies that the input power on the DC side equals 

the output power on the AC side. 

dc dc a a b b c cV I u i u i u i= + +  (4.13) 

Merging Equations (4.12) and (4.13), the DC current injected into the VSI can 

be obtained. 

( )
1

3
dc a a b b c cI i m i m i m= + +  (4.14) 
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The control scheme implemented to generate mabc was the same as that used in 

the SDM, without the modulation method. 

4.1.5 Averaged dynamic model 2 (ADM 2) qZSI: Description and control 

In ADM2, the dynamic performance of the qZSI is modelled using the averaged 

model of a VSI. The scheme is composed of a controlled current source at the DC side 

and three controlled voltage sources at the AC side, as illustrated in Figure 4.5a.  

Vdc was not measured, and it was calculated from Vin_wind and B (Equation (4.8)). 

Thus, by substituting Vdc into Equation (4.10), a direct relationship between Vin_wind  

and the AC output voltage can be obtained. 

( )_
3

a in wind a

B
u V m=  

( )_
3

b in wind b

B
u V m=  

( )_
3

c in wind c

B
u V m=  

(4.15) 

Moreover, the following equation can be obtained applying the power balance: 

_ _in wind in wind a a b b c cV I u i u i u i= + +  (4.16) 

Finally, by substituting Equation (4.15) into Equation (4.16), the value of Iin_wind 

was calculated.  

( )_
3

in wind a a b b c c

B
I i m i m i m= + +  (4.17) 

Equations (4.15) and (4.17) show that the input controlled current source and the 

output controlled voltage source depend on B and mabc, respectively. 

In this model, the control schemes for mabc and D1 are the same as those used in 

ADM1. A PI controller is used to obtain D1 from the error between Vdc
ref and Vdc, 

calculated from Equation (4.8). D1 is also limited by Dmax. Figure 4.5b illustrates this 

control scheme for ADM2. 
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(a) 

 

(b) 

Figure 4.5. Proposed averaged dynamic model a) ADM2 and (b) Vdc control 

 

4.1.6 STABILITY ANALYSIS OF THE PROPOSED MODELS 

The following stability analysis focuses on the DC side of the converter, 

provided that the AC dynamics rely on the characteristics of the grid connection filter, 

which is the same for the three models presented. It is well known that the qZSI is an 

open-loop unstable system with regard to its DC side dynamics [160,203]. Therefore, 

a feedback control loop is required to regulate Vdc.  

In this study, a PI controller was implemented in the Vdc control loop, as shown 

in Figure 4.4b and Figure 4.5b. The Bode plot shown in Figure 4.6 illustrates that both 

SDM and ADM1 are closed-loop stable systems with such configurations, thus 

proving the stability of the proposed ADM1. Regarding ADM2, the DC side dynamics 

are modelled simply as a static gain that provides the voltage gain of the impedance 

network in the SDM of the qZSI. Therefore, no stability analysis is required for 

ADM2. 
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Figure 4.6. Open-loop Bode plot of SDM and ADM1 with the controller. 

 

4.1.7 Averaged dynamic model 2 (ADM2B) qZSI with Battery: Description and 

control 

The proposed ADM2 with battery (ADM2B) is composed of a controlled 

current source on the DC side, three controlled voltage sources on the grid side and a 

controlled voltage source that simulates the terminals of the capacitor C2, where the 

BES is connected.  

Figure 4.7a illustrates a scheme of the ADM2B proposed for the BES-qZSI. As 

well as the previous model, the ADM 2B of the qZSI replaces the impedance network 

and the VSI switches with controlled sources governed by the boost factor (B) and the 

modulation signals ma(t), mb(t) and mc(t). Because the firing pulses of the switches are 

not considered, the data processing needs are reduced notably (the sample time can be 

increased), while obtaining a performance similar to the SDM. Thus, the proposed 

model does not show the current and voltage harmonics but the dynamic performance 

of the SDM, which results important when it comes to managing the power flow. 

Considering ZSVM6 in the qZSI, the following two expressions relate to the 

different voltages in the qZSI (i.e., Vin_wind, Vdc, and Vac). 
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_

1

1 2
dc in windV V

D
=

−
 (4.18) 

( )

( )

( )

1

3

1

3

1

3

a dc a

b dc b

c dc c

u V m

u V m

u V m

= 

= 

= 

 
(4.19) 

 

If Vdc is replaced in Equation (4.18) using Eq. (4.19), a direct relationship 

between the AC output voltage of the converter and the input voltage Vin appears in 

Equation (4.20).  

 

_

_

_

3

3

3

a in wind a

b in wind b

c in wind c

B
u V m

B
u V m

B
u V m

= 

= 

= 

 
(4.20) 

 

Since ma, mb and mc constitute a balanced three-phase signal, so is the 

aggregation of ua, ub and uc. This can be achieved using the same control loops as in 

the SDM.  

In the DC side of the qZSI (Wind system terminals), the value of the controlled 

current source is calculated based on the power balance principle derived from the DC 

system side terminals (Vin). 

 

_ _

2

grid a a b b c c

in in wind in wind

BES C BES BES BES

P i u i u i u

P V I

P V I V I

=  +  + 

= 

=  = 

 
(4.21) 

 

 

Equation (4.21) taken to the wind system side becomes Equation (4.22). Note 

that VESS is equivalent to Vin_wind·B·D. 
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( )_

_

_

3

in wind

grid a a b b c c

in in wind in

BES in wind BES

V
P B i m i m i m

P V I

P V B D I

=    +  + 

= 

=   

 (4.22) 

 

Finally, the input current can be calculated through the power balance.  

 

( ) ( ) ( ) ( ) ( ) ( )( )

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )

_

1

3
in wind a a b b c c BES

a a b b c c abc abc

I B i t m t i t m t i t m t B D I

i t m t i t m t i t m t m t i t

=    +  +  −  

 +  +  → 

 (4.23) 

( ) ( )_

1

3
in wind abc abc BESI B m t i t B D I=    −    (4.24) 

 

where, iabc(t) is the current at the AC side, IBES is the BES current and Iin_wind is the 

current generated by the PV system.  

Finally, as commented above, the energy storage is connected to a controlled 

voltage source that simulates the terminals of the capacitor C2.  

_

out

BES in windV V D B=    (4.25) 

The BES power exchange is regulated through D1 in the BES current (IBES) 

control loop. To achieve a fast response, D1 is calculated as the sum of two terms (D1 

= ∆D1 + D0). ∆D is the output of the battery current control loop, and D0 is defined 

through Equation (4.26), where VBES
nom

 is the nominal voltage of the energy storage 

system and Vin_wind
std is the input voltage of the qZSI at standard conditions of the DC 

system. Note that D0 is constant. Therefore, ∆D1 varies D1 around Do to control the 

power in the energy storage device. 

( )0 _2nom nom std

BES BES in windD V V V=  +  (4.26) 

The current reference, IBES
ref, is limited to the maximum and minimum 

recommended values. Then, a PI controller generates ∆D1 to make the BES current 

track its reference value. This control scheme is depicted in Figure 4.7b. 
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(a) 

 

(b) 

Figure 4.7. Proposed averaged dynamic model a) ADM2B and (b) Vdc control 

 

In this thesis, a controlled voltage source that simulates the terminals of the 

capacitor C1 was added to the proposed ADM2B. In this terminal, the PV systems was 

connected. In a lossless qZSI, the input voltage (Vin_wind) and the voltage across the 

capacitor C1 (VC1) is related through Equation (4.27), considering the voltage in the 

capacitor C1 (VC1) as VDC bus voltage (VDC_C1). Figure 4.8 illustrates a scheme of the 

ADM2B proposed for the qZSI with the terminals of the capacitor C1. 

 

1
1 _ 1 _

1

1

1 2
C DC C in wind

D
V V V

D

−
= =

−
 (4.27) 

 

Considering the connection of the PV power plant in parallel to the capacitor 

C1, Equation (4.28) must be added to the power balance described in Equation (4.21), 

because the value of the controlled current source is obtained based on the power 

balance principle (Pgrid =Pwind +PBES +PDC_C1) calculated in the wind side terminals 

(Vin_wind). 
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_ 1 _ 1 _ 1DC C DC C DC CP V I=  

_ 1 1 _ _ 1(1 )DC C in wind DC CP B D V I=  −   

(4.28) 

Finally, if the power balance is carried out, the input current can be calculated.  

( ) ( ) 1 1 _ 1

1
(1 )

3
in abc abc BES DC CI B m t i t B D I B D I=    −   −  −   (4.29) 

 

 

Figure 4.8. Complete averaged model of the qZSI 

 

Considering the connection of the PV power plant in parallel to the capacitor 

C1, Equation (4.28) must be added to the power balance described in Equation (4.21), 

because the value of the controlled current source is obtained based on the power 

balance principle (Pgrid =Pwind +PBES +PDC_C1) calculated in the wind side terminals 

(Vin_wind). 

  

_ 1 _ 1 _ 1DC C DC C DC CP V I=  

_ 1 1 _ _ 1(1 )DC C in wind DC CP B D V I=  −   

(4.28) 

Finally, if the power balance is carried out, the input current can be calculated.  

( ) ( ) 1 1 _ 1

1
(1 )

3
in abc abc BES DC CI B m t i t B D I B D I=    −   −  −   (4.29) 
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4.1.8 Pitch angle control  

For below-rated wind speeds, the blade pitch angle of the WT remains 

at zero to extract the maximum power from the wind. For above-rated wind 

speeds, the controller adjusts the pitch angle to reduce the power extracted 

from the wind, ensuring a safe operation of the system. Figure 4.9 shows the 

PI controller used in the pitch angle control system. 

 

 

Figure 4.9. Pitch angle control 

 

4.1.9 Averaged model of the DC/DC ZSC 

Figure 4.10a illustrates the averaged model of the DC/DC ZSC used to 

connect the PV power plant to the capacitor C1. This model consists of a 

controlled current source in the input and a controlled voltage source at the 

output, and it is based on the converter designed in [159]. The 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 of this 

converter is given by Equation (4.30). 

 

, 2 2

, 2

24.8 0.8569

0.0146 0.3919

out ZSC

in ZSC

V D D
G

V D

 − 
= =

 +
 (4.30) 

 

where Vout,ZSC  corresponds to VDC_C1; and Vin,ZSC is related to the voltage of the PV 

plant. Finally, considering the power balance in the converter, the relation between the 

input and output current is obtained as follows.  
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_ _ 1

_ 1 _

ZSC ZSC

ZSC ZSC

in pv DC C

DC C in pv

I V
G

I V
= =  (4.31) 

 

Considering Equation (4.31), which relates the gain of the converter with the relation 

between the input and output current and voltage, Equations (4.32) and (4.33) can be 

obtained. Figure 4.10b shows the PI controller used for the DC/DC ZSC. 

 

_ _ 1ZSC ZSCin pv DC C
I I G=  (4.32) 

_ 1 _ZSC ZSCDC C in pv
V V G=  (4.33) 

  

 

(a) 

 

(b) 

Figure 4.10. (a) Averaged model of the DC/DC ZSC, (b) Control schemes implemented 

for the DC/DC ZSC.
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Chapter 5: Energy management system 

The hybrid power plant requires an energy management system (EMS) that 

coordinates the performance of all energy sources (WT, PV, and BES) and allows a 

reliable and controlled response. The main aim and novelty of this section is to describe 

two different EMSs, denoted as EMS 1 and EMS 2, which will be applied to the hybrid 

power plant under study. 

5.1 ENERGY MANAGEMENT SYSTEM 1 

The EMS 1 sets the power reference for the BES, depending on its SOC and the 

power demanded by the grid through of the system operator (SO), charging or 

discharging according to the several operating modes described. The BES connected 

in parallel to the C2 has a capacity of 74 Ah and a nominal voltage of 48 V. Several 

battery cells were connected in series/parallel to reach the adequate output voltage of 

240 V and a capacity of 2220 Ah.  

Three cases of BES discharge were considered. The first one, namely discharge 

1 (dis 1), is at a constant current of 40% of the BES capacity (Equation (5.1)). In this 

situation, the BES can inject a surplus of 215 kW into the grid until achieving a 

minimum final SOC of 5%, and the SOC is calculated according to Equation (5.2).  

 

,1

max

1

40

100

bat
dis nom

t h

E
P

t
=

 
=  

 
 

(5.1) 

 

1

1
(%) 100 1 batnom

bat t h

SOC P t
E

=

 
= − 

 


 

(5.2) 

  

where 
nom

batE  represents the battery nominal capacity in energy terms 

 

The second operational situation (dis 2) depends on the PMSG WT and BES 

SOC. In this case, the higher the BES SOC and the power generated by the WT, more 

power will be injected into the grid (Equation (5.3)). 
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( ),2 min
max

1
100

dis

wind

t h

SOC SOC
P P

=

− 
=  

 
 (5.3) 

 

The third one (dis 3) depends on the BES SOC. In this case, over time as much 

as the BES discharges, less current will be available to the grid, which means more 

time will be necessary to discharge the BES completely (Equation (5.4)).  

 

,3 min
max

1

50

100 100

bat
dis nom

t h

E SOC SOC
P

t
=

−  
=   

    
(5.4) 

 

The maximum available power of the system is calculated as the sum of the 

power generated through the PMSG and the maximum instantaneous power available 

in the battery (Equations (5.5), (5.6) and (5.7)).  

 

,1 ,1

max max

Av dis

windP P P= +  (5.5) 

,2 ,2

max max

Av dis

windP P P= +  (5.6) 

,3 ,3

max max

Av dis

windP P P= +  (5.7) 

 

where 
,1

max

disP
 ,

,2

max

disP
 and

,3

max

disP
represent the maximum instantaneous power discharge for 

modes 1, 2 and 3; 
,1

max

AvP
and 

,2

max

AvP
, 

,3

max

AvP
 represents the maximum instantaneous power 

available for three-mode operation. 

 

As an operating restriction, the power required by the SO must be equal to or 

less than the maximum power available and the minimum power must be the power 

generated by the PMSG WT minus the maximum BES charge capacity at the requested 

time. To preserve the lifecycle, the instantaneous power charge of the BES was limited 

to a maximum of 40 % of BES capacity.  

The SOC or the Depth of Discharge (DOD) is an important BES parameter to be 

controlled by the EMS. Discharging the battery fully, reaching a DOD of 100% is not 

recommended, as it reduces its useful life. For this reason, the EMS was based on the 

references defined by the SO, energy generated by the PMSG WT and BES SOC. 

Two cases for EMS were defined:  
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Case 1: The SO has priority if authorized by the operator of the wind farm and 

since it meets the aforementioned restrictions of maximum and minimum available 

power. If the SO requests more power than is available, the hybrid power plant will 

inject the maximum available into the network. If it requests less than what is desirable, 

the minimum will be injected. 

Case 2: If the SO does not request a specific demand, the hybrid power plant 

operates according to the BES charge status, following the steps below. 

If 5% < SOC < 9%, the BES priority is to charge. Therefore, if the power 

generated by PMSG WT is greater than 60% of its nominal power (0.9 MW), it will 

charge the BES with 40% of the total energy of the BES (dis 1, mode 1). Otherwise, 

all the energy generated by the PMSG WT will be injected into the grid (mode 2). 

If 9% < SOC < 90%, the BES will be discharged depending on the energy 

generated by the PMSG WT. If the PMSG WT generates a power greater than 60% of 

its nominal power, the EMS will discharge the BES using dis 1, mode 3. Otherwise, 

the BES will be discharged by dis 3, which means more time will be necessary to 

discharge the BES completely (mode 4). 

 If SOC > 90%, the BES will be discharged. Therefore, if the power generated 

by PMSG WT is greater than 60% of its nominal power, the EMS will discharge the 

BES with 40% of the BES nominal capacity (dis 1, mode 5). If the power generated 

by the PMSG WT is below 0.9 MW, the EMS will discharge the BES depending on 

the power generated by the WT and SOC (dis 2, mode 6).  

 

Figure 5.1. EMS 1 flowchart. 



102 Chapter 5: Energy management systems 

5.2 ENERGY MANAGEMENT SYSTEM 2 

This section describes the EMS 2 implemented to control the power flow 

between the energy sources, i.e. the WT, PV system, battery, load and the grid (namely 

Pwind, Ppv , Pbes, PL, Pgrid , respectively).  

The main priority of this EMS is to meet the active and reactive power of the 

load demand, reducing the dependence of the grid and optimizing the use of energy. 

In a second stage, the EMS waits for instructions of the SO, being the second priority 

comply with the active and reactive power requirements of the SO (Pso and Qso), which 

must be within the minimum and maximum limits established according to the 

availability, informed by the operator of the hybrid power plant. If the SO does not set 

any operating instructions, then the system is operated to make an economic profit, 

buying energy from the grid and storing it in the BES (if possible), or selling the 

previously stored energy.  

The difference between the power generated by the renewable system (PRW) and 

the power consumed by the load is named net power (Pnet), described by Equation 

(5.8). This Pnet always must be attended, as it guarantees the priority in meeting the 

power demanded by the load. If the Pnet is positive, the renewable system generates 

more than the load consumes, and then there is extra energy that can be generated by 

renewable energies. On other hand, if Pnet is negative, the PRW generates less than the 

load consumes, and therefore, there is an energy deficit in the hybrid power plant. The 

maximum available power (
max

soP ) that can be delivered to the SO is the result of the 

sum Pnet and the power associated to the energy stored in the BES. The minimum 

power allowed to the SO (
min

soP ) is the difference between the Pnet and the power that 

can be stored in the BES. Equations (5.9) and (5.10) show the maximum and minimum 

available power, respectively.  

 

net RW LP P P= −  (5.8) 

max ,maxdis

so net besP P P= +  (5.9) 

min ,maxchar

so net besP P P= −  (5.10) 

 

where PRW is the sum of the power supplied by the WT and the PV.  
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The maximum charge and discharge power of the battery (
,maxchar

besP and 
,maxdis

besP  

respectively) are given by Equations (5.11) and (5.12), which consider the BES SOC, 

thus preserving its life cycle [204].  

 

,max ax 100
min ,

100

nom
char m bat

bes bes

E SOC
P P

t

 − 
=   

   
 (5.11) 

,max ax minmin ,
100

nom
dis m bat

bes bes

E SOC SOC
P P

t

 − 
=   

   
 (5.12) 

 

A flowchart of the proposed EMS is illustrated in Figure 5.2. Initially, the 

algorithm will read all the necessary grid requirements, including the energy demand 

requested by SO (Pnet), the price of the use of the grid and the BES SOC. Then, the 

available power for the SO is calculated considering that the priority is to attend the 

load.  

If there is a power required by the SO, seven possibilities (mode(1,7)) can occur 

depending on the net power and the BES SOC. If the net power is positive, the SO can 

be served with this extra power generated or/and even with a surplus power available 

in the BES.  

In mode 1, the Pnet is greater than that required by the SO, and the BES is still 

capable of being charged, as it is below the maximum SOC level. In this mode, the SO 

complies with your demand and the BES is charged. If the BES is not being able to 

receive the excess of the Pnet because it has already reached the maximum SOC. The 

power available to the SO is updated and the energy is dispatched to the grid according 

to mode 2. In this case, the BES cannot be charged. If the Pnet is lower than that required 

by the SO, the BES is discharged to meet the SO (mode 4), as long as it does not exceed 

the minimum SOC level.  If the minimum SOC level is reached (mode 3), the power 

available to the SO is updated and the BES cannot be discharged. 

When the Pnet is negative, there is an energy deficit to meet the load, so it will be 

evaluated whether the power stored in the BES will be able to meet the deficit Pnet 

required by the load and the power required by the operator (Pso). If possible, the system 

works in mode 5. In this mode, the energy stored in the BES is capable of meeting both 

demands, from the operator, and the power deficit in the load. If the BES reaches the 

critical SOC minimum (mode 6), the BES can no longer be discharged to be preserved 
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and the net power must be attended by the grid. If the SO requests more power than is 

available in the BES, it will be discharged with the maximum available power (mode 

7).  

 

 

Figure 5.2. EMS 2 flowchart  

 

If the SO does not request a specific demand, the hybrid power plant operates to 

make an economic profit, buying or selling energy, according to the BES SOC, 

changing from mode 8 to mode 11. Because this thesis does not focus on the detailed 

regulation of power generation in a complex electricity market, the EMS considers a 

fixed cost of operation of the hybrid plant (called
hybrid

genPrice ), while the price of 

absorbing energy from the grid (
grid

absPrice ) varies during the simulation. Thus, a binary 
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variable is determined to discriminate between high and low prices in the electricity 

market.  

If SOC is low (9%), the priority is to charge the battery. Therefore, if the price 

of energy is high, it means the price of absorbing from the grid is bigger than the 

renewable energy plant. Thus, all the energy generated by the hybrid power plant will 

be injected into the grid, choosing not to charge the battery (mode 8). Otherwise, in 

case the SOC is bigger than the minimum SOC, the BES will be discharged until it 

reaches the critical value of the SOC (mode 9). If the price of energy is low, that is, the 

cost of generation is greater than the cost of absorption from the grid, the grid works 

as a storage system. Then it is possible to buy energy from the grid (mode 10) and to 

charge the BES until it reaches the SOC maximum. When the BES reaches this state, 

it will no longer be able to charge to preserve its lifetime (mode 11). 
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Chapter 6: Results 

Chapter 6 details all the results of the thesis, which were divided into three parts 

to facilitate understanding. The first simulation (relative to the systems shown in 

Figure 3.1,  highlighted in yellow and denoted as simulation 1) was used to validate 

the averaged dynamic models (ADM 1 and ADM 2) proposed in chapter 4. Both 

models present the same control system as the switched dynamic model (SDM), except 

for the generation of firing pulses, which is not necessary for the averaged models. The 

two proposed models were evaluated and compared with the SDM. The application 

and control of qZSI for large wind energy grid-connected systems with BES, relative 

to the systems shown in Figure 3.1a and highlighted in green (simulation 2), was 

evaluated in the second simulation. Moreover, the EMS 1 was implemented to control 

the SOC, charge and discharge of the battery. Finally, in the third simulation (relative 

to the configuration shown in Figure 3.1a, highlighted in orange and denoted as 

simulation 3), the system under study is composed of a WT, PV and BES. In addition, 

the EMS 2 was used to control and management of all energy of the system. 

6.1 SIMULATION 1 – VALIDATION OF AVERAGED MODELS 

To validate the average model described in chapter 4, the system presented in 

Figure 3.1 (highlighted in yellow and denoted as simulation 1) was implemented in 

MATLAB/Simulink® using the SDM, ADM1, and ADM2. However, for this 

simulation, the PV power plant and the BES were not considered. Only the WT was 

used to validate the averaged model so that it was possible to analyze a significant 

improvement in the simulation time when using the averaged models. 

The main parameters of the PMSG-driven WT modelled are given in Table 3.1. 

The time-domain response and control performance of the proposed models are 

evaluated under different operating conditions: fluctuating wind speed (below and 

above rated values), variable reactive power reference, and grid disturbances (voltage 

sag and presence of harmonics in the grid). Three simulation cases are used to test the 

proposed models, in which the responses of the averaged models (ADM1 and ADM2) 

are compared with those obtained from the SDM.  
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6.1.1 CASE 1: OPERATION WITH VARIABLE WIND SPEED AND 

CHANGES IN REACTIVE POWER 

Case 1 includes a 90-second simulation with variable wind speed (Figure 6.1a) 

between 8.8 (below-rated wind speed) and 12.6 m/s (above-rated wind speed) and 

changes in the reactive power reference between -0.15 and 0.15 MVAr (Figure 6.2b).  

As shown in Figure 6.2a, the active power delivered to the grid is maintained at 

its rated value for above-rated wind speeds, mainly because of the performance of the 

pitch angle controller (Figure 6.1b). For below-rated wind speeds, the pitch angle is 

kept at 0°, and the WT operates at variable speed to inject the maximum power into 

the grid according to the incoming wind speed. Both ADM1 and ADM2 show similar 

results to those provided by SDM, with very small differences in pitch angle for above-

rated wind speeds and active power for below-rated wind speeds. 

 

(a) 

 

(b) 

Figure 6.1. Simulation 1: Case 1. (a) Wind speed; (b) pitch angle 
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Figure 6.2b shows the reactive power exchanged with the grid. It can be observed 

that the WT provides the desired reactive power, which varies between 0.15 and -0.15 

MVAr, remaining at zero (unity power factor) for some periods. Regarding the reactive 

power, the results obtained by ADM1 and ADM2 matched perfectly with those 

achieved by SDM. 

 

 

(a) 

 

(b) 

Figure 6.2. Simulation 1: Case 1. (a) grid active power, and (b) grid reactive power. 

 

M and D are shown in Figure 6.3a. M was used to control the active and reactive 

powers. It varies significantly with the changes in the reactive power and slightly with 

the changes in the active power at below-rated wind speeds (variable speed operation). 
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In this case, ADM1 and ADM2 show differences with SDM, although the results 

obtained for the active and reactive powers are very similar, as illustrated in Figure 

6.2a and Figure 6.2b. Vdc is perfectly controlled at 1.35 kV (Figure 6.3b). As shown 

in Figure 6.3a, the three models present identical results to control Vdc through D. 

 

 

(a) 

 

(b) 

Figure 6.3. Simulation 1: Case 1. a) Modulation index (M) and Duty cycle (D), and 

b) Vdc 

 

6.1.2 CASE 2: OPERATION WITH GRID DISTURBANCES 

The WT and the proposed models are evaluated in Case 2 under two grid 

disturbances: grid voltage sag and grid voltage with 3rd and 5th harmonics. A 3-second 
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simulation with a constant wind speed of 11.5 m/s (rated wind speed) was performed 

for both grid disturbances.  

Figure 6.4 and Figure 6.5  show the grid voltage and current. Disturbances occur 

at the second 1. Figure 6.4 shows the simulation with the voltage sag, where the grid 

voltage decreases from 1 to 0.3 p.u. during 60 ms, whereas Figure 6.5 shows the 

simulation with harmonics in the voltage. Were considered the 3rd and 5th harmonics 

with an amplitude of 0.08 p.u. each, during 60 ms. As can be observed, ADM1 and 

ADM2 can accurately reproduce the grid voltage and current before and after the 

disturbances. 

 

(a) 

 

(b) 

Figure 6.4. Simulation 1: Case 2. a) Grid voltage sag: Phase-A voltage; (b) Grid 

voltage with 3rd and 5th harmonics: Phase-A voltage 
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(a) 

 

 

(b) 

 

Figure 6.5. Simulation 1: Case 2. a) Grid voltage harmonics: Phase-A current; (b) 

Grid voltage with 3rd and 5th harmonics: Phase-A current. 

 

The active and reactive powers delivered to the grid are shown in Figure 6.6. As 

shown, the WT operates at the rated active power and unity power factor before the 

grid disturbances. During the voltage sag, the active power falls equally in all three 

models owing to the voltage drop. When the disturbance disappears and the grid 

voltage is recovered, the active power increases above the rated value transitorily, 

reaching the same maximum value in all three models. Then, owing to the action of 

the controllers (active power, Vdc, and pitch angle controllers), a transient occurs until 

the steady-state value of the active power (rated active power) is recovered. Some 

differences between the models were observed in this transient. ADM1 and ADM2 

present less variability in the transient and reach pre-fault conditions earlier than SDM. 
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On the other hand, a small variation in the active power can be seen when the other 

disturbance (grid voltage with 3rd and 5th harmonics) occurs. In both disturbances, the 

reactive power hardly deviates from zero. 

 

(a) 

 

 

(b) 

 

 

(c) 
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(d) 

 

Figure 6.6. Simulation 1: Case 2. a) Grid voltage sag: Active power; b) Grid voltage 

with harmonics: Active power; c) Grid voltage sag: Reactive power; d) Grid voltage 

with harmonics: Reactive power. 

 

In the case of the voltage sag, ADM1 and ADM2 present less variability in the 

control variables M and D (Figure 6.7) than SDM, which explains the differences 

observed mainly in the active power (Figure 6.6a) and Vdc (Figure 6.8a). On the 

contrary, M and D are very little affected by the other grid perturbations, as seen in 

Figure 6.7a, Figure 6.7b, and Figure 6.7c, Figure 6.7d. 

 

 

(a) 
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(b) 

 

 

(c) 

 

 

(d) 

Figure 6.7. Simulation 1: Case 2. a) Grid voltage sag: Modulation index (M); b) Grid 

voltage with 3rd and 5th harmonics: Modulation index (M); c) Grid voltage sag: Duty-

cycle; d) Grid voltage with 3rd and 5th harmonics: Duty-cycle. 
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Figure 6.8 illustrates the control of Vdc. In the transient after the voltage sag, 

significant differences appear for ADM1 and ADM2 compared to SDM because of the 

simplifications made in the averaged models, although an adequate regulation of Vdc can 

be observed. Finally, as expected, the harmonics in the grid voltage do not affect the 

control of Vdc. 

 

 

(a) 

 

 

(b) 

Figure 6.8. Simulation 1: Case 2. Vdc: a) Grid voltage sag; b) Grid voltage with 3rd 

and 5th harmonics. 

 

The results obtained show the satisfactory response of the averaged models 

proposed in this work to represent the steady-state response and control performance 
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of the system under study, although some differences can be observed during the 

transient response, as expected. 

6.1.3 COMPUTATIONAL EFFORT 

Finally, the models described in Chapter 4 are simulated for different time 

intervals to compare the reduction in the computational effort for ADM1 and ADM2 

against SDM. The models were simulated on a computer with an Intel Core i7-4510U 

processor at 2.60 GHz and 8 GB RAM. As the purpose was to analyze the simulation 

time and computational effort, the WT was simulated using the rated wind speed and 

unity power factor. 

Table 6.1 presents the reduction in the simulation time achieved by ADM1 and 

ADM2 over SDM for several simulation horizons (from 2.5 s to 80 s). Very significant 

reductions in the simulation time registered for the proposed models compared with 

the SDM can be observed. ADM1 achieved an average time reduction of 91%, whereas 

the average reduction was 94% for ADM2. Therefore, ADM2 is the fastest among the 

models used to represent the time-domain response of the system under study. 

Furthermore, the average reduction in ADM2 was 27% compared to ADM1. 

Table 6.1. Comparison of the Computational Effort of the Models 

 

 
TIME REDUCTION (%) 

Simulation 

horizon (s) 

ADM1 vs 

SDM 

ADM2 vs 

SDM  

ADM2  

vs ADM1 

2.5 83 88 
30 

5 87 92 
37 

10 
89 94 

37 

20 92 94 
27 

30 92 94 
24 

40 93 95 
24 

50 94 95 
21 

60 93 95 25 

70 93 95 23 

80 94 95 23 

Average time 

reduction 
91 94 27 
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6.2 SIMULATION 2 – WIND TURBINE WITH BATTERY 

The system described in chapter 3 and the control described in chapter 4 was 

simulated in MATLAB / Simulink® to evaluate the efficiency of the control and EMS 

1 described in Section 5.1. The WT was simulated for below and above rated wind 

speeds, the BES allows reducing the intermittence of the generation and improving the 

operability of the WT. Two case studies were studied: one case considering the 

performance of the SO and the other case where the SO is disabled. 

Figure 6.9 shows the wind speed considered in the simulation. The EMS 1 

performance can be seen Figure 6.10 (with initial SOC below 9%), Figure 6.11 (with 

initial SOC 50%) and Figure 6.12 (with initial SOC 95%). If the system operates 

according to Case 1, the SO can require a specific power reference, according to the 

maximum and minimum values informed by the wind farm operator. If the SO does 

not request a specific power reference, the system will operate according to the battery 

SOC. 

   

Figure 6.9. Simulation 2: Wind speed. 

  

Figure 6.10a shows the active power provided by the WT, the power injected into 

the grid and the BES charge/discharge according to the EMS 1, with initial SOC below 

9%. Since the BES SOC is below 9%, while the WT is generating above 60% of its 

rated power, the BES is charged. However, when the power generated by the WT is 

below 60% of its rated power, all the wind power generation is injected into the grid.  

From 0 to 5 s the SO does not require any power reference and while the power 

generated is above 60% of the WT rated power, the BES is charged with 40% of the 
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total energy of the BES (mode 1). At 5 s, as the SO requires more power than the 

maximum available, the system injects into the grid the WT generation, as the BES 

cannot be discharged further. At 7.5 s and after 20 s, the SO does not require any power 

reference and the behaviour is the same as in the first seconds of simulation. At 10 s, 

the power required by the SO is greater than the maximum power, and thus the power 

injected into the grid is the maximum power allowed (WT). From 12.5 to 15 s the SO 

requirements are smaller than the minimum power, and thus the power injected into the 

grid is the minimum power available to the wind farm operator. From 15 to 20 s the SO 

requirements are satisfied. Figure 6.10b shows the SOC variation, the BES only charges 

in this case because the SOC is below the lower critical limit of 9%. As seen in Figure 

6.10c, which shows the BES current control for this simulation, the BES current is 

satisfactorily controlled to its reference by the control proposed in chapter 4. 

 

(a) 

 

(b) 
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(c) 

Figure 6.10. Simulation 2: (a) Grid active power, WT active power, BES power, SO 

power, and limits available power, (b) SOC close to lower limit 9%, (c) BES current 

control. 

 

Figure 6.11a shows several operating situations of charge and discharge of the 

BES, with the required power by SO and without SO. From 0 to 5 s, the SO does not 

impose any power reference, and therefore, the system works according to Case 2. In 

this case, because of an initial SOC of 50%, the BES can be charged, or discharged 

depending on the power generated by PMSG WT. At 5 s, the SO requires more power 

than the maximum available power. Therefore, the system injects into the grid the 

maximum available power (WT plus BES power).  

At 7 s and from 20 to 27.5 s, the working principle is similar to the first situation, 

in which the SO does not impose any power reference, however, the discharge of the 

BES is different, varying between mode 3 and 4, as seen in Figure 6.11b. At 10 s, the 

working principle is like the situation in 5 s, where the power required by SO is above 

the maximum available. From 12.5 to 17.5 s and from 27.5 to 30 s, the power required 

by the SO is within available power limits, and the BES is charged or discharged to 

comply with the requirements of the SO. 
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(a) 

 

(b) 

 

(c) 

Figure 6.11. Simulation 2: (a) Grid active power, WT active power, BES power, SO 

power, and limits available power, (b) SOC close to 50%, (c) BES current control. 
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Figure 6.12a shows operating situations described in mode 5, which occur when 

the SOC is above the upper limit of 90%. From 0 to 5 s, the SO does not impose any 

power reference, and therefore, the system works according to Case 2. In this case, 

because of a high initial SOC, the BES provides constant power, and all the power 

generated by the system (WT and BES) is injected into the grid. At 5 s, the SO requires 

more power than the maximum available power. Therefore, the system injects into the 

grid the maximum available power. At 7 s, the working principle is similar to the first 

situation, in which the SO does not impose any power reference. From 10 to 15 s the 

wind farm operator injects the maximum and minimum available power according to 

the demand of SO. From 15 to 30 s, the power required by the SO is below the 

maximum available power, and the BES is discharged to comply with the requirements 

of the SO. The SOC variation can be seen in Figure 6.12b.  

 

(a) 

 

(b) 

Figure 6.12. Simulation 2: (a) Grid active power, WT active power, BES power, SO 

power, and limits available power, (b) SOC above to upper limit 90%. 
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6.3 SIMULATION 3 – PV, WIND TURBINE AND BATTERY SYSTEM 

The system described in chapter 4 was simulated in MATLAB/Simulink® to 

evaluate the efficiency of the control and EMS 2, which is more complex than the EMS 

1 described previous. In addition to the WT and BES existing in the previous case 

(EMS 1), the EMS 2 should manage the power flow of a PV power plant and a load 

that must be primarily served by the hybrid power plant. The EMS 2 must maintain 

the correct power flow between the renewable generation system composed of wind 

and PV energy, BES, load, and grid.  

The WT was simulated for below and above rated wind speeds, while that the 

radiance was variable in the PV power plant. In this way, the simulation is even closer 

to real situations that can occur during the functioning of the hybrid power plant. 

Furthermore, the charging and discharging of the BES depend on the energy price, and 

the EMS 2 is responsible for managing the charging and discharging situations. The 

EMS2 developed in this thesis does not focus on the detail of the regulation of power 

generation in a complex electricity market, but rather on the possibility of being carried 

out with the suggested EMS. Cases with the performance of the SO and without the 

SO were considered to evaluate the EMS 2 with several modes of operation.  

The wind speed profile used in this case study is shown in Figure 6.13a, while  

Figure 6.13b shows the irradiance considered in the PV power plant. The wind speed 

remains mostly above the rated value of the WT during the first 10 s, while it fluctuates 

below and near the rated speed for the rest of the simulation. The irradiance varies 

from 50 to close to 1000 W/m2 during the simulation, and some shading moments can 

be seen in Figure 6.13b. The residential and industrial loads varies equally for the three 

considered cases (SOC low, SOC medium and SOC high), as can be seen in Figure 

6.13c, where Pnet is the net power, PRW is the renewable power, and PL is the load 

power. From 0 to close 18s, the Pnet is positive, representing an extra energy generated 

by renewable power. From 18 to close 77s, the Pnet is negative, representing an deficit 

energy generated by renewable power. In this case, the EMS will manage the energy 

available in the BES, discharging to meet the load or will take the decision to meet the 

load with the external grid. At 77 s, as well as the situation between 0 to 18 s, the Pnet 

returns to positive. 
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(a) 

 

(b) 

 

(c) 

Figure 6.13. Simulation 3: (a) Wind speed, (b) Irradiance and (c) Net active power, 

PV and WT active power, total load active power, residential and industrial load 

active power. 

2
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As can be noticed in Figure 6.14a, the WT speed remains close to 1 p.u. even for 

winds above the rated value, and for below-rated wind speeds, the WT speed varies 

accordingly, achieving a variable speed operation. Figure 6.14b shows the 

performance of the pitch angle for above-rated wind speeds. From 0 to 10 s the wind 

speed remains above the rated value of the WT, thus the pitch angle acts to maintain 

the speed and power controlled. At 10 s, the wind fluctuates below and near the rated 

speed, thus the pitch angle remains at zero to the WT to provide the maximum 

available power. 

 

 

(a) 

 

(b) 

Figure 6.14. Simulation 3: (a) Turbine speed, (b) Pitch angle control. 
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The EMS 2 was evaluated with three initial SOC (below 9%, 50% and above 

90%) to prove the correct functioning of the operation modes. In the first case, a BES 

with initial SOC below 9% was considered. Figure 6.15a shows the grid active power, 

which represents the power injected in the grid, the power generated by renewable 

energies (sum of WT and PV plant power), BES power, the active power requested by 

SO, the available power limits for SO and total load power.  

From 0 to 15s, the SO imposes the maximum available power as power reference 

, and therefore, the system works according to mode 3. In this mode, the power 

available is calculated considering SOC low, and thus the BES should not be 

discharged, and the power injected to the grid is the maximum power allowed 

according to net power available.  

At 15s, the SO does not request a defined power and the energy price is 

favourable to buy, thus the BES is charging with a maximum power of charge 

according to Equation (5.11). At 20 s, the power required by the SO is between the 

minimum and maximum available power, as the load was already attended, the BES 

is charging and at the same time complying with the requirements of the SO.  

From 30 to 55 s, the working principle is similar to the first situation, in which 

the SO does not impose any power reference, however, the energy generated by 

renewable sources is injected into the grid according to economic advantage, selling 

(mode 8) or buying (mode 10) according to the energy price. The EMS decision is 

executed being 0 favourable to buy energy from the grid and 1 favourable to sell energy 

to the grid according to Figure 6.15b.  

At 55 s, the energy injected complies with the SO requirements. From 60 to 95 

s, the working principle is similar to the situation between 30 to 55 s, selling or buying 

according to the energy price. The operation mode and energy price state during the 

simulation can be seen in Figure 6.15b. The SOC variation can be seen in Figure 6.15c, 

the BES is only charged in this case because the SOC is below the lower critical limit 

of 9%. 
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(a) 

 

(b) 

 

(c) 

Figure 6.15. Simulation 3: (a) Grid active power, PV and WT active power, BES 

active power, SO active power, load active power and limits available power; (b) 

SOC close to lower limit 9% 
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The control performance for the id and ib with initial SOC below 9% can be seen in 

Figure 6.16a and Figure 6.16b, respectively. The PI controller of the P control loop 

generates the reference for the d-current of the converter, which is inputted to the 

current control loop. As seen in Figure 6.16a, id is satisfactorily controlled to its 

reference by the current control loop. The results of charge/discharge of the BES 

controlled through the shoot-through state can be seen in Figure 6.16b, where the 

measured BES current ib and its reference are highlighted between 20 and 30 s. 

 

 

(a) 

 

(b) 

Figure 6.16. Simulation 3: (a) id current control, (b) BES current control 

 

The WT voltage Vin_wind remains around 930 V (Figure 6.17a), but it varies slightly 

for below-rated wind speeds to achieve the MPPT. A similar situation occurs for Vin_pv 
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of the PV system, as can be seen in Figure 6.17b. The voltage remains around 573V 

varying slightly to achieve the MPPT. The MPPT algorithm generates a reference value 

for Vin_pv and Vin_wind, which are later controlled by a PI controller in the active power 

control loop to achieve the optimal generation of the PV and WT, respectively. These 

results show the appropriate control performance. 

 

 

(a) 

 

 

(b) 

Figure 6.17. Simulation 3: Voltage Vin with initial SOC below 9% (a) Vin_wind  voltage 

control, (b) Vin_pv  voltage control 

 

For the case of the BES with initial SOC of 50%, a variation of the reactive 

power was inserted to prove the correct functioning of the reactive power control and 

the impact of changing the reactive power reference on the other controls. The results 

are illustrated in Figure 6.18, Figure 6.19 and Figure 6.20. 
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Figure 6.18a shows the grid active power, the power generated through renewable 

energies, the BES power, the active power requested by SO, the available power limits 

for SO and total load power. Figure 6.18b shows the operation mode and energy price 

state, which can change between 0 and 1, representing low (favourable to buy energy) 

and high (favourable to sell energy) prices, respectively. The SOC variation can be seen 

in Figure 6.18c. When the SOC is medium, the BES can be charged or discharged until 

it reaches its lower or upper limits. In this case, for SOC 50%, the power available is 

calculated considering SOC medium, increasing the operating range of the system, as 

it is possible to charge and discharge the BES.  

From 0 to 15s, the BES is discharging to comply with the requirements of the SO 

and the EMS 2 is functioning in mode 4 (Figure 6.18b). At 15s, the SO does not request 

a defined power and the energy price is favorable to buy, and thus, the BES is charging 

with a maximum of charge, and the operation is being executed in mode 10. At 20 s, 

the power required by the SO is between the limits minimum (Equation (5.9)) and 

maximum (Equation (5.10)) authorized, as the load was already attended, the battery is 

charging to comply with the requirements of the SO. From 30 to 55 s, the EMS 

alternates between mode 9 and mode 10, buying and selling energy, and thus the BES 

is charged and discharged according to the energy price. In the previous case (BES with 

an initial SOC below 9%), the BES could just be charged due to its low SOC. At 55 s, 

the energy injected again complies with the requirements of the SO. From 60 to 95 s, 

the working principle is similar to the situation between 30 to 55 s, buying and selling 

energy according to price. 

 

(a) 
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(b) 

 

(c) 

Figure 6.18. Simulation 3: (a) Grid active power, PV and WT active power, BES 

active power, SO active power, load active power and limits available power; (b) 

SOC close to 50%. 

 

The control performance for the iq can be seen in Figure 6.19a. The PI controller for 

the reactive power control generates the reference for the q-current of the converter, 

which is inputted to the current control loop. From 0 to 15 s, the reference is fixed at 

zero, and, in this case, it is not required reactive power in the grid. At 15 s, the reactive 

reference changes to 0.1 p.u. and returns to zero reference in 20 s. The same occurs at 

30 s, where the reference changes to -0.1 p.u., returning to zero in 35 s. In all the cases, 

iq is satisfactorily controlled to its reference by the current control loop. Figure 6.19b 

shows the reactive power exchanged with the grid. It can be observed that the system 
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provides the desired reactive power, which varies between 0.25 and -0.25 MVAr, 

remaining at zero (unity power factor) for some periods. 

  

 

(a) 

 

(b) 

Figure 6.19. Simulation 3: Reactive power control with initial SOC 50% (a) iq 

control and (b) reactive power 

 

As in the previous case, the WT voltage Vin_wind and PV voltage Vin_pv remain around 

930 V and 573 V, respectively, varying slightly to achieve the MPPT. Although the 

voltage Vin_wind was more sensitive to changes implemented in the reactive power, the 

system remains properly controlled, as can be seen in Figure 6.20a. The Vin_pv also 

remains properly controlled (Figure 6.20b). 
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(a) 

 

 

 

(b) 

Figure 6.20. Simulation 3: Voltage Vin with initial SOC 50% (a) Vin_wind voltage 

control, (b) Vin_pv voltage control 

 

For the case of a SOC close to the upper limit of 90%, the results can be seen in 

Figure 6.21, Figure 6.22 and Figure 6.23.  In this simulation, the reactive power 

remains at zero (unity power factor) for all periods (Figure 6.21a and Figure 6.21b). 

Figure 6.21a shows that the iq is controlled at the reference value (0), and Figure 6.21b 

shows the reactive power exchanged with the grid. The Vin_wind remains around 930 V 

and has less impact of abrupt variations (Figure 6.22), which occurs because Q remains 

at 0. 
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(a) 

 

(b) 

Figure 6.21. Simulation 3: Reactive power control with initial SOC 90% (a) iq 

control and (b) reactive power  

 

 

Figure 6.22. Simulation 3: Voltage Vin_wind voltage control 
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Regarding active power, Figure 6.23a shows the active power of the grid, 

renewable energies, BES, SO, load and the available power limits for the SO. From 0 

to 15s, the BES is discharged to comply with the requirements of the SO (Figure 

6.23c). From 15 to 30 s, the BES is charged softly since the BES is close to the upper 

limit of 90%. From 30 to 55 s, the SO does not request a defined power, and thus the 

BES is discharged with maximum power, when the price is favourable for it. However 

when the price is favourable to buy, the BES is charged softly to safeguard. At 55 s, 

the energy injected complies with the requirements of the SO. From 60 to 95 s, the 

working principle is similar to the situation between 30 to 55 s, selling or buying 

according to the energy price. The differences with the case of SOC 50% is the 

intensity of BES charge and discharge current, as can be noticed in Figure 6.23c. 

 

 

(a) 

 

(b) 
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(c) 

Figure 6.23. Simulation 3: (a) Grid active power, PV and WT active power, battery 

active power, SO active power, load active power and limits available power; (b) 

SOC close to upper limit 90% 
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Chapter 7: Conclusions 

In this section, the main conclusions of the thesis are presented, based on the 

observation of the results obtained through the simulation of the developed hybrid 

configurations. In addition, the most relevant contributions are highlighted, and 

finally, future research is proposed. 

7.1 CONCLUSIONS 

The thesis conclusions can be divided into two stages. First, the thesis proposes 

a complete review of the current state of renewable energies, deepening the study of 

OWF, estimating future trends and their main implications. Then, this thesis proposes 

the study of a hybrid power plant consisting of a WT, a PV power plant, and a BES 

that share the same grid connection point and with a nominal power of MW. 

To understand the development of renewable energies, it is very important to 

identify the trends that are driving the sector in certain vital aspects. In this thesis, the 

latest information demonstrating the status and trends of renewable energy mainly 

existing offshore wind farms above 150 MW in Europe is gathered and analyzed. The 

trends are derived and justified with actual data obtained from official reports and 

literature, not only based on the impressions of the authors or other experts. The 

primary aim of this part of the thesis is to establish the future trends in OWF and 

demonstrate the wide growth of this technology, especially in large-scale OWF, where 

the sector is very economically competitive. With this purpose, the most significant 

characteristics of 57 plants installed in Europe with rated power above 150 MW and 

fully commissioned until 2019, as well as 11 plants authorized or under construction, 

are studied in detail, drawing relevant conclusions from the data collected. The results 

show the trends in WTsize and capacity. The polynomial regression for the offshore 

WT average rated power estimates 12.7 and 18.8 MW for 2025 and 2030, whereas the 

linear regression indicates 8.6 MW and 10.7 MW, respectively. The installed power 

estimation for 2025 and 2030 is 47.4 and 76 GW, respectively, whereas the estimated 

number of OWF for 2025 and 2030 is 139 and 172. 

Concerning the WT technology, the PMSG reaches 1565 turbines (33%) 

installed. However, it can be noticed a trend for offshore turbines targets at this 
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technology, since 1265 PMSG were installed between 2016 and 2019, against only 54 

DFIG and 388 SCIG. Moreover, no DFIGs were installed in large wind farms in 2018 

and 2019. Regarding distance to shore and water depth, the new OWF are moving 

away from the coast into deeper waters. For OWF above 150 MW, the average depth 

predicted for 2025 and 2030 is 44 and 53 m, and the distance estimations are 80 and 

100 km, respectively. The main foundation technology is the monopile, used in 80% 

of the cases. However, there is a tendency towards the jacket due to the increase in the 

turbine power and depth. Another conclusion is referring to transmission technologies 

and the internal collection, there is an increase in the use of HVDC transmission lines 

justified by the larger distances to the coast and decreasing costs of the technology and 

a tendency towards 66 kV in the internal collection systems of the OWF as the rated 

power of the WTs grows. In addition, due to the increase in HVDC transmission, some 

new internal configuration topologies in DC are being proposed. The study gathers the 

most representative characteristics of large OWF in Europe. The figures given 

envisage a relevant growth of this type of power source for the following years. The 

development and increasing use of the OWF rely on a reduction in costs and a further 

maturation of the technology.  

In a second stage of the thesis, a new configuration of a hybrid power plant 

consisting of a WT of 1.5 MW, a PV plant of 402 kW and a lithium-ion battery of 532 

kW, totalling a 2.44 MW plant was implemented, and sharing the same connection 

point with a load of 1.2 MVA. The WT based on PMSG is connected to the grid 

through an uncontrolled rectifier qZSI with a BES, which is connected to the capacitor 

C2 of the qZSI, eliminating the need for an additional converter. The capacitor C1 of 

the impedance network works as a controlled DC bus and the PV system is connected 

to this capacitor C1 through a DC/DC ZSC, which is responsible for ensuring the 

control of the PV power plant. Due to the complexity and long simulation time of the 

proposed hybrid system, two new averaged models for qZSI were presented in this 

thesis. In the ADM1, the voltage boost provided by the impedance network of the 

qZSI, as well as its dynamic behaviour, are modelled as a DC/DC converter using a 

switching-function model directly controlled through the shoot-through period. This 

DC equivalent-averaged model of the impedance network is connected to the averaged 

equivalent circuit of a three-phase VSI. On the other hand, the qZSI is modelled 

through the averaged model of a VSI with a static gain on the DC side in ADM2, 
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obtaining Vdc from Vin and boost factor B. Both proposed models are simple, easy to 

implement and to integrate into large power systems as an electric circuit based on 

controlled voltage and current sources.  

To validate the averaged dynamic models (ADM 1 and ADM 2), a simulation, 

namely simulation 1, was carried out, where these models were used on a 1.5 MW 

PMSG-driven WT connected to a grid through an uncontrolled rectifier and a qZSI, 

and the active and reactive powers delivered to the grid were controlled by the qZSI. 

The time-domain response and control performances of the proposed models were 

evaluated under different operating conditions: fluctuating wind speed, variable 

reactive power reference, and grid disturbances. The results showed a suitable time-

domain performance and a significant reduction in the simulation time for both 

averaged models compared to the SDM (ADM2 reached a 94% reduction in the 

simulation time). ADM1 showed a better response under grid disturbances than 

ADM2. Hence, ADM1 is recommended for studies in which such situations are 

relevant. ADM2 was 21 times faster than SDM and 1.6 times faster than ADM1 in the 

best scenario, due to the absence of dynamic states on the DC side. Therefore, ADM2 

is preferred, where the speed of simulation and lower computational effort is more 

valuable than the response to grid disturbances. Notwithstanding the previous remarks, 

it can be concluded from the results obtained that both proposed averaged models can 

substitute the SDM with satisfactory accuracy in terms of time-domain response in 

steady-state stability studies, long-term simulations, or large electric power systems to 

reduce the computational effort and simulation time. Given the significant reduction 

in simulation time provided by the ADM2, two voltage sources emulating the 

terminals of C1 and C2 are added to enable the integration of PV and BES, respectively. 

This model was used on the studied hybrid power plant connected to the grid. The 

control of the system allowed a proper operation at the DC and AC sides of the system. 

The PMSG WT was simulated with above and below rated wind speeds to verify the 

pitch angle control, and the PV plant works with variable irradiance, proving the 

MPPT strategy for both sources. Furthermore, it was possible to ensure the stability of 

the system even under voltage disturbances and load variation. The simulation results 

showed an appropriate voltage regulation, active/reactive power generation and 

maximum power extraction from the WT and PV, thus verifying the effectiveness of 

the system.  
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Finally, an EMS was implemented to coordinate the performance of all energy 

sources (WT, PV, and BESS), load and the grid, allowing a reliable and controlled 

response. The main priority of the EMS is to meet the active and reactive power of the 

load demand, reducing the dependence of the grid and optimizing the use of energy, 

taking into account the power demanded by the SO, the renewable generation, the BES 

SOC and energy price. The second priority of EMS is to comply with the active and 

reactive power requirements of the SO, which must be within the minimum and 

maximum limits established according to the availability, informed by the operator of 

the hybrid power plant. If the SO does not set any operating instructions, then the 

system is operated to make an economic profit, buying energy from the grid and 

storing it in the BES (if possible), or selling the previously stored energy. The 

simulation results showed an adequate performance of the hybrid power plant. The 

control strategy implemented with EMS enabled the coordination of all renewable 

energy sources, load and grid, where the ZSCs played a key role.  

7.2 MAIN CONTRIBUTIONS OF THE THESIS 

Several contributions can be mentioned with the development of the thesis, and 

the main can be summarized here.   

• An extensive bibliographical review of renewable energy sources in the world, 

with a detailed study of 57 plants installed in Europe with rated power above 

150 MW and fully commissioned until 2019, as well as 11 plants authorized or 

under construction.  

• Different topologies of hybrid power plants were studied to choose the most 

interesting from a technical point of view. At this point in the thesis, it has been 

possible to contribute to the determination of the proper connection point of 

the BES and PV in the qZSI. Contributing a new topology configuration for 

hybrid power plant, including WT, PV and battery. 

• For the simulation of hybrid power systems, two new averaged models for 

qZSI were proposed. The models are simple, easy to implement and to integrate 

into large power systems as an electric circuit based on controlled voltage and 

current sources. Moreover, two voltage sources representing the terminals of 

C1 and C2 were added to enhance the proposed configuration and enable the 

integration of PV and BES, respectively. 
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• Different control strategies for hybrid power plants comprising WT, PV and 

BES were implemented and compared in different scenarios. These control 

systems were able to control satisfactorily the DC and AC side of the systems 

through the converters used in the WT and PV. The comparative studies 

included evaluation under wind fluctuation, irradiance variation and variable 

load demand. In addition, the system was exposed to grid failure conditions, 

attesting to its reliability. 

• Two EMS were implemented to coordinate the performance of all energy 

sources. The EMS is responsible for determining when the BES should be 

charged, paying particular attention to allowable SOC levels. The proposed 

EMS guarantees the effective fulfilment of the determined energy service 

priorities. For the developed EMS, the load has priority concerning the grid 

and the EMS is able to sell or buy energy according to the financial interest of 

the plant. 

7.3 FUTURE WORKS 

In this chapter, future research areas are appointed in the field of the studied 

topic and as an extension of the work performed in this thesis: 

• The use of other energy storage technologies can be added to the capacitor C2, 

comparing which option is more interesting from the technical and economical 

point of view. The interest in the storage elements is increasingly and needed, 

considering the inherited characteristic regards fluctuating generation of 

renewable systems (PV, wind).   

• Other devices, such as electric vehicles and hydrogen systems, ultra-capacitors, 

and batteries, could also be added to the same configuration presented in this 

thesis, substituting the PV system for one of the mentioned devices. 

• Other ZSC could be studied to connect the PMSG WT to the grid, such as 

Transformer-Based Z-Source/Quasi-Z-Source Inverters. In addition, the 

possibility of adding storage systems to these converters can be studied.  

• Other EMS strategies, adding optimized systems, can generate interesting 

results, because the optimization of the cost of using the grid can be profitable 
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for the plant, and real cases of the electricity market could be considered and 

compared with results obtained of the optimization. 

• The application of model predictive control for the PV power plant and WT 

can bring anticipate information for the hybrid power plant operation, and with 

this, optimize the results obtained.   

• Advanced control techniques and alternative control strategies can be 

interesting to regulate the power delivered to the grid, while ensuring a stable 

and satisfactory operation. 
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