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Abstract 

Over the last decades, power grids are facing significant improvements mainly due to the 

integration of more and more technologies. In particular, renewable energy sources (RES) are 

contributing to moving from centralized energy production to a new paradigm of distributed 

energy production. Analyzing in more detail the requirements of the diverse technologies of 

RES, it is possible to identify a common and key point: power electronics. In fact, power 

electronics is the key technology to embrace the RES technologies towards controllability and 

the success of sustainability of power grids. In this context, this book chapter is focused on the 

analysis of diverse RES technologies from the point of view of power electronics, including 

the introduction and explanation of the operating principle of the most relevant RES, both in 

onshore and offshore scenarios. Additionally, are also presented the main topologies of power 

electronics converters used in the interface of RES. 

1 Introduction 

Over the last decades, climate changes have contributed significantly to the integration of 

more and more technologies into the power grid. Therefore, the paradigm of centralization 

energy production to a distributed production is an increasingly present reality. This is mainly 

due to the integration of distributed renewable energy sources (RES), which are seen as the 

main viable alternative to fossil fuels in the processes of generating electricity. Although the 

costs associated with RES are quite high, some governments have decided to invest in clean 

energy, mainly supported by solar photovoltaic and wind power systems. Such a measure is 

seen as a necessity due to environmental concerns, but also as a strategy that could bring long-

term economic and political benefits [1], [2]. Over the last decades, thanks to the technological 

advances of RES, mainly solar photovoltaic and wind power systems, the efficiency of these 

systems increased and the costs, as expected, decreased. Although all the technological 

advances, fossil fuels for generating electricity remain a very accentuated reality, and it is 

necessary to develop new solutions and projects aiming to reduce CO2 emissions to the 

atmosphere. In this sense, RES are seen as indispensable from an environmental point of view 

(also guaranteeing that technologies based on RES are clean) and considered essential to 

support the ever-increasing power demand. 

In this context, the sustainability of the planet is a topic that has deserved special attention 

from society in general and from the scientific community. Regarding the more and more 

introduction of RES, both in large-scale and in micro-generation, an important challenge still 

is presented: the importance of new solutions of power electronics, both control algorithms and 

power converters, in the power production, transmission, and distribution [3]. The status and 

future outlooks of the power electronics as a key technology for RES are presented in [4] and 

issues related to the RES integration as a contribution for distributed generation are presented 

in [5]. For such purpose, consequently, it is fundamental to have power electronics with high 

efficiency and high reliability [6]. A survey about power electronics dedicated for the RES 
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integration is presented in [7] and the future perspectives of the energy systems with RES 

supported by power electronics are presented in [8]. Supported by dedicated control algorithms, 

power electronics are prepared to deal with the requirements imposed by the power grid and, 

at the same time, accomplishing the requirements of the end-users. A review of control 

algorithms dedicated to distributed generation is presented in [9]. In [10] are presented power 

electronics converters dedicated for the interface of photovoltaic and wind power systems with 

the power grid. In [11] is also presented a review specifically dedicated to power electronics 

converters interfacing photovoltaic systems with the power grid. A review of transformer-less 

power electronics topologies specifically dedicated to photovoltaic systems is presented in 

[12]. Specifically, regarding wind turbines, a review of power electronics converters is 

presented in [13] and future perspectives are presented in [14]. Supported by the vital demand 

of reliable and environmentally friendly power production from RES, its total production is 

constantly prosperous, and it is expected to a significant increase in the next few decades [15]. 

In this context, abundant efforts have been made by various countries with the objective to 

introduce more RES in on-grid and off-grid configuration, with a special preponderance for 

solar photovoltaic and wind power systems as the most promising technologies. Figure 1.1 

shows a simple overview of interfacing RES in on-grid and off-grid configurations. 

Consequently, new possibilities, but also new problems can be introduced in the electric grid, 

being necessary that it is able to answer the energy needs of the consumers and, in addition, 

has the capacity to fill possible failures and power quality problems. Additionally, the 

increasing penetration of electric vehicles, energy storage systems and new controlled electrical 

appliances are also seen as new an opportunity, and a challenge for the RES introduction [16], 

[17]. In view of this change, power grids are also changing to introduce new paradigms, such 

as smart grids and smart homes. The objective is to make the power grid more sustainable, 

secure, and flexible, allowing the bidirectional transfer of power and information between all 

the systems. With the adoption of distributed generation systems, the reach and flexibility of 

the power grid are superior when compared to the current scenario, making the consumer also 

a power producer, i.e., a prosumer. RES, in addition to the impact on smart grids, have been 

used more frequently in the creation of off-grid systems in remote locations. RES has an 

intermittent profile, however, at any time of the day and regardless of atmospheric conditions, 

it is essential that the energy produced is the maximum, using, for this purpose, certain 

strategies and algorithms in power electronics systems. Even so, in addition to adverse 

atmospheric conditions, there are several factors that can limit or prevent the generation of energy 

through these sources. As a complement of traditional onshore power production from RES, 

the power generation using RES in an offshore regime has been gaining preponderance in the 

power generation mix [18], [19], since there are a large number of advantages when compared 

to the onshore regime, particularly in terms of atmospheric conditions (e.g., wind, temperature, 

radiation). 

The main contribution of this book chapter relies on the analysis of the most diverse RES 

from the point of view of power electronics. In this sense, in section 2 is presented a short 

introduction and explanation of the operating principle of the most relevant RES, highlighting 

the main advantages and disadvantages of each one and presenting application cases. Section 

3 discusses possible architectures for energy transmission and distribution systems, both 

onshore and offshore, supported by power electronics technologies. Moreover, this item also 

presents some topologies of power electronics converters used in the interface with the most 

diverse RES. Finally, in section 4, some conclusions are highlighted. 



 
Figure 1.1. Integration of renewable energy sources (RES) considering: 

(a) On-grid configuration; (b) Off-grid configuration. 

2 Renewable Energy Sources 

To achieve the carbon neutrality targets by the year 2050, it is essential, among other 

measures, that RES-based power generation methods continue to evolve gradually [20]. 

However, in addition to environmental issues, these generation systems must be considered 

economically viable, both for the consumer and for the energy producer. In addition, society 

needs to change its behavior regarding this issue, adopting energy rationalization strategies and 

increase the efficiency of the power electronics systems. 

From the power electronics point of view, emerging technologies are being frequently 

employed in RES-based power generation systems, as well as new control algorithms and 

topologies that intend to increase their efficiency. Consequently, business competitiveness will 

also increase, the reason why the energy mix is fairly different between each country. Although 

different, the biggest contributors to the energy mix of each country are, in general, 

hydropower, wind and solar PV. Even so, geothermal, biomass, and marine power (waves, 

tidal, temperature gradient, and salinity gradient power) are also considered [20]. 

In this respect,  

Table 2.1 presents a comparative study between the electric power production of some EU 

countries in the years 2005 and 2018. It is also analyzed the percentage that RES represents in 

the total energy mix of each country, denoting a marked growth in almost all countries over 

these 13 years. Note that EU countries that are not represented in  

Table 2.1 have a percentage of RES-based electric power production below 20% in 2018. 

In the case of Portugal, it is verified that, in 2018, RES accounted for more than half of the 

total energy produced in the country (51.6 %). This situation is, once again, represented in 

Table 2.2 and in Figure 2.1, in which the contribution of each renewable to the annual 

production of electricity based on RES in Portugal is presented, this time between the years 

2011 and 2019. However, it should also be noted that the total annual production does not 

include the water pumping component, which, e.g., was accounted for at 1235 GWh in the year 

2018 and at 1425 GWh in 2019 [21]. 

In this respect, the following items present each of the aforementioned RES, explaining the 

process of energy generation and analyzing some of the frequently used technologies. 
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Table 2.1-Electrical energy production in EU countries. 

 

2005 2018  

Total 

(TWh) 

RES 

(TWh) 
%RES 

Total 

(TWh) 

RES 

(TWh) 
%RES 

%RES 

increase 

Austria 69.4 40.9 58.9 77.5 50 64.5 +5.6 

Sweden 151.0 81.2 53.8 146.2 91.1 62.4 +8.6 

Denmark 37.6 9.8 26.1 35.6 20.8 58.3 +32.2 

Portugal 53.4 8.3 15.5 57.0 29.4 51.6 +36.1 

Croatia 17.6 7.1 40.2 19.0 9.8 51.4 +11.2 

Latvia 7.1 3.4 48.4 7.6 3.5 45.8 -2.6 

Romania 56.5 20.2 35.8 62.3 26.2 42.0 +6.2 

Germany 615.5 63.4 10.3 592.8 224.7 37.9 +27.6 

Spain 287.7 42.3 14.7 285.4 103.9 36.4 +21.7 

Finland 87.3 23.5 26.9 89.9 32.1 35.7 +8.8 

Italy 351.7 48.4 13.8 332.9 114.4 34.4 +20.6 

Slovenia 14.8 3.6 24.2 15.8 5.2 33.1 +8.9 

Ireland 28.0 1.9 6.7 31.1 10.2 32.8 +26.1 

Greece 63.8 6.4 10.0 59.5 16.1 27.1 +17.1 

Bulgaria 36.8 4.3 11.7 39 9.3 23.8 +12.1 

France 515.6 56.3 10.9 518.2 113.4 21.9 +11.0 

Table 2.2-Annual production of electric energy based on RES in Portugal between 2011 and 2019 (GWh).  

 2011 2012 2013 2014 2015 2016 2017 2018 2019 

Hydro 11536 5622 13730 15569 8661 15730 5897 12393 8818 

Wind 9162 10260 12015 12111 11608 12474 12248 12617 13667 

Biomass 2467 2496 2516 2578 2518 2481 2573 2558 2749 

Urban Solid 

Waste (USW) 
296 245 286 240 292 305 360 327 349 

Biogas 161 210 250 278 294 285 287 271 264 

Geothermal 210 146 197 205 204 172 217 230 215 

Solar PV 282 393 479 627 799 871 993 1006 1342 

Total 24114 19372 29473 31610 24375 32317 22574 29402 27405 

 
Figure 2.1. Annual production of electrical energy based on RES in Portugal between 2011 and 2019. 
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2.1 Hydropower 

In the case of hydropower, electricity is produced based on the rotating motion of a turbine 

coupled to a generator, an action caused by the force and/or movement of a body of water. Thus, 

the kinetic energy of a water stream or the potential energy of water stored in a reservoir at 

altitude is used to promote the described rotational movement. In this respect, two main types of 

hydroelectric power plants are highlighted: run-of-river and reservoir. 

That said, the major difference between the two types of hydroelectric power plants lies, 

fundamentally, in the method of generating electric power. On one hand, run-of-river plants 

present lower or no water storage capacity, being the kinetic energy of the river current that 

rotates the turbine. In turn, reservoir plants, as the name suggests, store large amounts of water 

in the form of potential energy, thus rotating the generator axis due to the action of the gravity 

force. In this respect, considering the aforementioned differences, it is possible to conclude that 

reservoir power plants are endowed with water flow control capacity, which is not the case 

with run-of-river plants since they depend on the seasonal levels of the river [22]. 

Some reservoir power plants are capable of re-storing water, pumping it in the reverse 

direction, i.e., from a downstream reservoir (only existing in this type of plant) to a bigger one 

upstream the dam, a method that is named pumped-storage hydroelectricity or pumped 

hydroelectric energy storage. At first sight, this feature makes the hydroelectric plant an 

energy-consuming element, however, the system contributes to level consumption and 

production profiles of energy [23]. When there is a production surplus, the power is used to 

pump water to the upper reservoir. In this way, it is possible to generate, once again, electricity 

during grid peak periods. From another perspective, this type of hydroelectric power plant 

facilitates the integration of renewables into the power grid. Since RES has an intermittent 

power production, as is the case of wind or solar PV, the production of electric power based on 

these, is, sometimes, carried out during off-peak periods. This surplus of energy should be, as 

an optimum solution, stored in batteries or any other type of energy storage system. Thus, 

pumped-storage plants are considered a viable solution since the excess of energy produced by 

these intermittent RES can be used, once again, to store water in the form of potential energy 

[24]. 

Nowadays, hydropower is seen as one of the main alternatives to the burning of fossil fuels 

for the production of electricity, not only in Portugal but worldwide. Moreover, hydroelectric 

plants are highly efficient, actively contribute to the grid stabilization, in certain regions are 

capable of enhancing economic activities and generating employment, and, as aforementioned, 

some of them have the capacity to store water in the form of potential energy. 

On the other hand, the implementation of a hydroelectric power plant can cause a negative 

effect on the environment, which is considered lower in run-of-river stations when compared 

to reservoir ones. That said, it is observed, in some cases, soil erosion, alteration of the river 

flow, and an increase in the evaporation area, directly influencing ecosystems. Therefore, 

according to the magnitude of the project, the construction of a dam can also cause the 

displacement of populations [22]. Obviously, to minimize these risks, studies must be 

performed, and preventive measures must be taken during the project. 

2.2 Wind Power 

Wind power has gained greater preponderance in the international energy mix after the 

1970’s oil crisis, but its origin is much more remote. The electricity produced based on this 

RES results, even if indirectly, from the rotation of a turbine through the force of the wind. 



However, considering certain parameters such as wind speed or the implementation site of the 

system, wind turbines are considered horizontal axis or vertical axis. Notwithstanding, for both 

cases, the wind flows through the turbine blades and rotor (blade fixation system), transforming 

kinetic energy into rotational mechanical power. In turn, the rotor is coupled to a low-speed 

shaft that, by the action of a gearbox, rotates the central axis of a generator at a higher speed. 

Since wind speed is not constant throughout the day, it is necessary to employ control 

algorithms and mechanical or software limitations to avoid possible damage to the wind 

turbines. Furthermore, the wind speed is also associated with the power values produced, and 

as expected, the latter need to be controlled, regulating, to this end, the parcel of kinetic energy 

that is transformed into mechanical power. Among power control regulation methods, passive 

stall, active stall, and pitch techniques stand out. The main difference between these three 

techniques lies in the way that the turbines counter wind speed when it is excessive. 

In the case of a wind turbines with passive stall control, it is the fixed geometry of the blade 

that makes it less aerodynamic when the wind speed reaches a certain value, even decreasing 

the rotor rotation speed. However, this technique is mechanically limiting and less efficient, 

the reason why active stall control is more commonly used. In this technique, after the wind 

speed reaches a determined critical value, the shape and geometry of the turbine blades vary. 

At that moment, speed brakes are deployed, a mechanism that adds drag to the blades and, 

consequently, less speed and power. On the other hand, pitch control is considered an active 

and mechanical process, in which the electronic controller of the turbine is constantly reading 

the output power values that are produced. When the power is too high, each of the turbine 

blades pitches (turns) longitudinally out of the wind, slowing down the rotor. Conversely, when 

the wind speed decreases, the blades return dynamically to their initial position [25]. 

Notwithstanding, only a fraction of the wind kinetic energy (Cp) is transformed into 

mechanical power (Po, expressed by (2.1)), as Betz’s Law states. According to this Law, only 

59% of the wind power is captured by the rotor blades, whereas the remaining percentage is 

discharged or wasted. Thus, the maximum power extracted from the wind (Pmax) is given by 

(2.2), where ρ is the air density (kg/m3), A is the swept area of the rotor blades (m2) and V is 

the velocity of the air (m/s). 

𝑃𝑜 =
1

2
 𝜌 𝐴 𝑉3 𝐶𝑝 (2.1) 

𝑃𝑚𝑎𝑥 =
1

2
 𝜌 𝐴 𝑉3 0.59 (2.2) 

However, wind turbines typically present a Cp value below 50%, slightly lower than what 

is stated (59%). This difference is justified according to mechanical losses, thus reducing the 

fraction of maximum power that can be generated. In this regard, assuming a value of 0.5 for 

Cp, Pmax can be expressed by: 

𝑃𝑚𝑎𝑥 =
1

4
 𝜌 𝐴 𝑉3 (2.3) 

In turn, the value of A varies according to the type of turbine. For a horizontal axis turbine, 

A is dependent on the rotor diameter (D) and expressed in (2.4). The determination of A can be 

considered complex for other types of turbines, assuming, in most cases, parabolic curves. 

𝐴 =
𝜋

4
 𝐷2 (2.4) 



On the negative side, wind-based generation technology enhances noise pollution and can 

be responsible for an aggravated impact on fauna and flora [26]. 

Regarding offshore generation systems, wind power is considered the most developed and 

consolidated. The efficiency of this technology is superior when compared to the onshore 

regime since wind speed is higher and the absence of physical barriers means that its intensity 

is practically constant. Nowadays, offshore wind farms are located in shallow waters and 

relatively far from the coast, as well as outside maritime traffic routes, strategic naval facilities, 

and spaces of ecological interest. Thus, the visual and acoustic impact is reduced, allowing the 

installation of large structures and plants with hundreds of MW, which rarely happens on land. 

In Portugal, Windfloat Atlantic is a pioneering project with a worldwide dimension, 

referring to the first floating offshore wind farm. This structure is composed of 3 turbines and 

has a total installed power capacity of 25 MW. Windfloat Atlantic has opened a new horizon 

for offshore wind power, validating the installation of wind turbines in deeper waters. In this 

respect, it is common practice that in shallow waters a cement base, tripod or quadropod, and 

mono-pillar structures are used, whereas, in deeper waters, jacket, spar-buoy, and submersible 

structures are employed. 

2.3 Solar Power 

The photovoltaic effect is the physical and chemical phenomenon responsible for converting 

solar radiation into voltage and electric current in the terminals of a semiconductor material. 

Photons are the particles that transport energy from the solar radiation and, at the moment of 

their incidence on the surface of a solar PV module, are absorbed by solar PV cells. The latter 

is the element that converts the solar radiation into electric power, however, it is imposed the 

need to associate them in series and/or parallel in order to increase the voltage and current 

values produced by the solar PV module. In this respect, the aggregation of several cells 

constitutes a module that, also when associated with each other, makes up a solar PV panel. 

Unlike cells, that present a brittle and fragile structure, a solar PV panel has greater robustness 

in the face of atmospheric conditions, thus avoiding the corrosion of electrical contacts and the 

existence of possible short-circuits. 

Thus, to generate an electric potential in each solar PV cell, the latter must be based on a 

conductive material which, in most cases, is silicon. When a photon is absorbed by the cell, its 

energy is transferred to the electrons of the silicon atoms, causing its stimulation and movement 

along the semiconductor layers of the cell (P-N junction). This constant movement of particles 

generates an electric potential between the semiconductor layers and, consequently, a dc 

current. However, the maximum power produced by a solar PV panel is dependent on several 

external factors, such as ambient temperature, incident radiation, and maintenance frequency. 

Due to its ease of installation and low maintenance costs, solar PV is the most commonly 

used RES-based generation technology in low power systems, e.g., self-consumption 

production units. However, since the energy efficiency of the panel depends on the 

semiconductor material for the cells, such costs are also directly associated with this choice. 

Obviously, solar PV panels with greater efficiency are normally more expensive and, therefore, 

used in very specific applications and in large power plants. On the other hand, in, e.g., 

self-consumption units, the main concern is to make its acquisition economically viable. 

Given that the implementation space for large solar PV power plants in onshore regimes is 

more limited, over the last decade, solar offshore projects. i.e., floating PV technology began 

to be studied and implemented worldwide. The layout of this technology is analogous to a 

terrestrial solar PV system, only differentiating the fixation structure of the PV panels [27]. In 



any floating PV system, there are specific fixation and floating systems, as well as an 

underwater cable that transmits the produced power to land. In the majority of the cases, solar 

PV panels are placed with fixed inclination using pontoon floats, whether they are pure floats 

or floats combined with metal trusses. The floating platform is fixed with an anchoring and 

mooring system, either to the seabed or using pillars or a bench (also, the three fixation types 

can be combined). As for the implementation site, floating PV systems are normally installed 

in drinking water reservoirs or basins, lakes, etc. 

Floating PV systems present several advantages in comparison with traditional onshore 

installations, highlighting the profitability of aquatic spaces not “occupied” until then. 

Moreover, solar PV panels present greater efficiency in these locations since their structure is 

in direct contact with water, thus lowering the temperature. Due to the fact that the structure 

creates shade on the water surface, the level of water evaporation is reduced, which, in regions 

with the scarcity of this resource, is considered an excellent benefit. Finally, in order to not 

create new power transport technologies, they can be used, e.g., those of an existing 

hydroelectric power plant, thus rationalizing resources. In turn, since floating PV power 

generation is only carried out on large scale, accommodating a great number of modules and 

complementary equipment, the size of the plant and the costs are much higher. Most 

importantly, it should also be noted that solar floating PV technology has been growing in 

terms of projects and prototypes worldwide, although not as fast as intended [27], [28]. 

Solar radiance, in addition to the solar PV component, can also be used via solar thermal 

energy, commonly named concentrating solar power (CSP). Among its purposes, the production 

of electrical power and the heating of water stand out. As the name suggests, throughout the 

power generation process, there are utilized systems that concentrate the radiance into an 

absorbing cavity, thus allowing to heat a fluid (water, oil, etc.). This same fluid is posteriorly 

used in a “conventional thermodynamical” cycle, in everything analogous to fossil fuel 

thermoelectric plants, in which steam is used to rotate a turbine and produce electric power [29].  

Despite the technological advances verified over the last decades, CSP is relatively recent, the 

reason why it is still in a much lower phase when compared with, e.g., solar PV or wind power. 

2.4 Other Renewable Power Generation Methods 

Biomass is the term that defines renewable energy products generated from organic matter. 

From the point of view of electric power production, this RES consists of the total amount of 

organic matter in an ecosystem, either plant or animal originated. There are determined 

processes that lead to the use of biomass as a source of several forms of energy. In this sense, 

they are divided into three main groups: thermochemical processes, biological processes, and 

direct combustion processes. Thermochemical processes are based on a heat source to 

transform the biomass, whereas biological methods utilize several microorganisms to 

decompose biomass, a characteristic that provides higher energy value to this resource [30], 

[31]. 

Geothermal power is based on the transformation of the existing heat inside the earth and it 

is considered one of the cleanest and most reliable types of energy. The earth’s heat can be 

used for electric power generation, for indirect use (e.g., thermal baths, industry, etc.), or also 

for heating, through geothermal heat pumps. Considering some factors such as temperature 

(oscillating between 75°C and 300°C), depth, and extracted steam, three types of geothermal 

power plants are considered: dry steam, flash steam, and binary cycle [32]–[34]. 

As know, the seas and oceans provide several possibilities and mechanisms for the 

generation of electrical power. Regarding maritime power, waves are considered the result of 



the wind force acting on the water surface, being their size influenced by the intensity and 

speed of the wind, the time it blows in the same direction, the topography and depth of the 

seafloor, and by the length of the active area without obstacles. Regarding power generation 

methods, wave energy converters are classified as: (i) Oscillating water column; (ii) 

Overtopping devices; (iii) Oscillating devices [32], [35]–[37]. 

Tides are caused by astronomical phenomena related to the gravitational force exerted by 

the moon and the sun on the earth but, also meteorological and geological factors at a given 

location contribute to its appearance. One of the power generating methods is named tidal 

barrage, in which electricity is produced both during high and low tides (single-effect mode), 

taking advantage of the potential energy in the height difference between the tides, or even 

combining the two variants (double-effect mode). On the other hand, the tidal stream 

generation method is based on the transformation of the kinetic energy of the water currents. 

In this respect, several technologies are considered for the kinetic energy transformation 

method, thus highlighting vertical axis turbine, oscillating hydrofoil, venturi effect devices, 

Archimedes screw, and tidal kite [32], [38]. 

Salinity gradient power is another maritime technique for generating electricity, having, as 

an operating principle, the difference in salt concentration between two fluids. Such salinity 

difference can be obtained when freshwater from a river flows into the ocean, however, other 

types of fluids or situations are equally valid. Although there are several ways to produce 

electrical power based on this RES, only two of them are in development at the commercial 

level: pressure retarded osmosis and reverse electro-dialysis. In both processes are used 

membranes, a component that assumes a critical role in the system operation [39]. 

The ocean thermal energy conversion is based on the temperature difference of the ocean 

water. The surface water, due to presenting higher temperature, is used to generate steam, either 

through a vacuum chamber or by thermal transfer to a fluid with a boiling point lower than the 

one of water. On the other hand, to consider this generation method profitable, the differential 

temperature must be at least 20°C, which constitutes a major drawback. Ocean thermal energy 

generation systems may operate in closed-cycle, open-cycle, or in a hybrid structure [40]–[43]. 

3 Power Electronics Converters for Renewable Energy Sources 

As mentioned in the introduction of this book chapter, power electronics play a central role 

in the growing dissemination of power generation systems based on RES, both in large power 

plants and, e.g., in self-consumption production units. Thus, this item introduces the main 

power electronics topologies for the interface of each of the aforementioned renewable, namely 

isolated and non-isolated converters, multilevel and interleaved architectures, and single-phase 

and three-phase converters. 

3.1 Turbine-based Power Systems 

In power generation systems based on the transformation of mechanical energy using 

turbines and generators, e.g., wind power, hydropower, etc., topologies of power converters and 

control algorithms capable of realizing an intelligent interface between the RES and the power 

grid (or certain electrical appliances) must be adopted. Among other aspects, the efficiency of 

these generation technologies is also influenced by the blade rotational speed, torque, and 

frequency, which vary according to the characteristics of the generation system. The power grid 

interface must, therefore, obey to certain parameters in order to do not compromise its stability. 

On the other hand, the power supplied to the consumer must respect determined regulated 



quality standards, which include frequency adjustment, active power control, reactive power 

control (to regulate power grid voltage), fault tolerance, protection and the mitigation of power 

quality problems, as it the case of flickers, harmonics and voltage and current fluctuation. 

In the early years after the dissemination of power generation technologies based on the 

action of the wind, water, or steam, asynchronous generators (induction) were used to interface 

the power grid since they were (and still are) a brushless technology (in the case of squirrel 

cage rotors), reliable, cheap, lightweight, low maintenance, and widely available in the market. 

However, considering the technological evolution in the field of power electronics (power 

semiconductors, etc.), new configurations and methods have emerged, and, among other 

changes, synchronous generators began to be used, both wound rotor and permanent magnet. 

Thus, it is possible to, e.g., rectify oscillations in the values of power produced since the 

asynchronous generator is directly connected to the power grid, thus operating at a fixed speed. 

3.1.1 Wind Turbines 

Highlighting wind power, the rotation speed of the turbines and the central axis of the 

generator can be variable or fixed, thus, four types of speed control are considered: (i) Fixed 

speed; (ii) Partial variable speed; (iii) Variable speed with partial-scale frequency converter; 

(iv) Variable speed with full-scale power converter [44]. 

In the case of fixed wind speed turbines, the induction motor is connected to the blades via 

a gearbox and to the power grid via a step-up transformer. Therefore, since a squirrel cage 

induction generator is considered, there is a need to absorb reactive power from the power grid 

so that the electromagnetic field necessary for the conversion of mechanical energy into 

electrical power is established through the stator. Thus, to compensate for such reactive power 

values, a capacitor bank must be introduced, as shown in Figure 3.1. On the other hand, the 

introduction of a soft starter in this configuration is justified by the fact that the induction motor 

requires a high initial magnetization current, which can be a synonym of problems for the 

power grid. Although commercial solutions for fixed speed wind turbines still exist, this 

architecture has fallen into disuse due to its significant disadvantages. As examples are 

highlighted lower wind energy conversion efficiency, changes in the wind speed are reflected 

in the power grid, and severe stress on the mechanical components can occur due to grid faults. 

 
Figure 3.1. Fixed-speed wind turbines. 

In turn, in the case of partial variable speed wind turbines, the stator of a wound rotor 

induction generator is connected to the power grid via a transformer, reactive power 

compensation is performed with the aid of a capacitor bank, and a soft starter is considered for 

the sake of initial magnetization current limiting purposes. However, when in comparison with 

fixed speed wind turbines, the difference is related to the fact that the rotor of the generator is 

connected to a variable resistor, as can be observed in Figure 3.2. The latter is easily adjustable 

and has a direct impact on the slip value, thus changing the rotational speed in accordance. 

Depending on the value of the resistor, the speed range oscillates between 0% and 10% above 

the synchronism speed of the generator. This alteration allows to increase the energy 
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conversion efficiency and reduce the mechanical stress in the gearbox and bearings, thus 

increasing its lifecycle. 

 
Figure 3.2. Partial variable speed wind turbines. 

Variable speed wind turbines with a partial-scale frequency converter are constituted by a 

gearbox, a step-up transformer, a wound rotor induction generator, and an ac-dc-ac converter 

topology connected to the rotor terminal, as can be seen in Figure 3.3. However, since the stator 

is directly connected to the power grid (commonly, by a 3-phase transformer), this 

configuration is also known as a doubly-fed induction generator. Contrary to the aforementioned 

types of speed control wind turbines, reactive power compensation is now ensured by the ac-

dc-ac converter, as well as the generator soft start. With the connection of the ac-dc-ac 

converter to the rotor, it is possible to increase the speed range, this time from -30% to 30% 

above the synchronous speed, thus verifying a bidirectional power flow in the rotor circuit. 

Additionally, with the adoption of an MPPT control technique, it is also possible to increase 

the power conversion efficiency and the robustness of the system. Notwithstanding, the main 

drawbacks are high maintenance costs and the decrease in the lifetime of some components. 

As an example, due to the fact that the ac-dc-ac power converter is connected to the rotor using 

brushes and rings, i.e., equipment with rapid wear, maintenance must be performed regularly, 

increasing the costs. Such a characteristic precludes this configuration from being employed in 

offshore wind turbines, where maintenance and travel costs would be much higher. 

 
Figure 3.3. Variable speed wind turbines with a partial-scale frequency converter. 

On the other hand, for variable speed wind turbines with a full-scale power converter, it is 

possible to increase the speed range of the generator up to 100%. This operating characteristic 

is obtained by connecting an ac-dc-ac power converter between the stator of the generator and 

the step-up transformer, thus establishing the interface with the power grid, as shown in 

Figure 3.4. Moreover, the reactive power compensation and the soft start are ensured, once 

again, by the ac-dc-ac power converter. However, contrarily to the aforementioned cases, 

synchronous generators may also be adopted, namely wound rotor synchronous generator and 

permanent magnet synchronous generator. In this sense, if a synchronous generator with a high 

number of poles is selected, the need for the gearbox can be excluded. Besides the gearbox, 

also rings and brushes can be eliminated in the case of the use of a permanent magnet generator, 
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thus simplifying the design and allowing to reduce the costs and the maintenance frequency. 

In this respect, and as its name indicates, the excitation of this type of synchronous generator 

is carried out using magnets and not electrically. 

As already mentioned, the adoption of wound rotor synchronous generators in wind turbines 

has become an increasingly frequent practice. However, due to its own operating 

characteristics, its electrical excitation must be controlled with the aid of variable resistors or 

power converters based on thyristors or fully controlled semiconductors (e.g., IGBT or 

MOSFET). Thus, the power grid interface can be directly established or using an ac-dc-ac 

power converter. This converter stage, considering the power values produced by the wind 

turbines, may present different topologies. Thus, for low power systems, two-level voltage 

source converters (2L-VSC) in a back-to-back regime (sharing a dc-link) are often used, as 

shown in Figure 3.5. However, this topology presents, as the main drawback, high 

semiconductor stress, justified by the fact that the current that flows through them is also high. 

Alternatively, interleaved topologies or several 2L-VSC modules connected in parallel can be 

considered a viable solution, despite the higher costs. 

 
Figure 3.4. Variable speed wind turbines with a full-scale power converter. 

 
Figure 3.5. Two-level voltage source converters (2L-VSC) in back-to-back operation. 

Above 3 MW, the number of power converters used starts to be considered hampering, thus 

increasing the cost, size, weight, and complexity of the power electronics system. However, 

despite the fact that the topologies employed in medium voltage (MV) are considered more 

suitable from an economic and energy efficiency point of view, there is still some reluctance 

to use them on a regular basis. This situation is justified by the fact that the availability of MV 

generators is very low, which contributes to an also lower scientific knowledge of MV wind 

turbines. Notwithstanding, some MV power converter topologies are considered: 3-level 

neutral point clamped VSC, 3-level and 4-level flying capacitor VSC, 3-level and 4-level 

diode-clamped VSC, VSC series switches, and current source converter [45]. 

3.1.2 Offshore Wind Turbines 

Since onshore RES are normally installed in large urban centers, its connection to the power 

grid is considered very reliable, affordable, and flawless. However, in offshore RES-based 
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power production systems, due to their diversified locations, it is important to consider the 

transmission of power to onshore. This process is carried out underwater and two main 

possibilities are highlighted, high voltage alternating current (HVAC) and the high voltage 

direct current (HVDC). 

HVAC transmission systems were the first to be adopted regarding the appearance of the 

first offshore wind farms. Since these production power plants were located nearshore, 

considered a well-consolidated technology, and with easy maintenance, HVAC was seen as a 

viable solution. HVAC technology has also a low cost of implementation, in short-distance 

transmission systems presents fewer losses and does not require the use of power converters. 

However, when the transmission distance increases, the losses will also increase. Moreover, 

HVAC underwater cables present a capacitive effect that worsens when the cable size, voltage, 

and power increase. For this reason, the use of HVAC for distances superior to 90 km and for 

large power plants can be compromised. A transmission system based on HVAC technology 

employs an offshore transformer (which in some instances may be dispensable, e.g., if the 

distance to the cost is relatively short), an onshore transformer for coupling to the power grid, 

HVAC underwater cables with cross-linked polyethylene (XLPE), and reactive power 

compensation equipment [46]–[48]. 

In this sense, HVDC technology allows mitigating the above-mentioned limitations of 

HVAC, highlighting the power transmission for large distances [49]. Thus, some alternatives 

regarding the converter technology can be adopted, in which line commuted converters (LCC) 

and voltage source converters (VSC) are becoming increasingly prevalent. The differences 

between these converter technologies are presented in Table 3.1 [50]. 

Table 3.1-Comparison between HVDC LCC and HVDC VSC. 

 HVDC LCC HVDC VSC 

Semiconductors 
Thyristor 

(semi-controlled) 

IGBT, SiC, GaN 

(fully-controlled) 

Power Control Active Active/Reactive 

AC Filters Yes No 

Minimum Short-Circuit Ratio > 2 0 

Black Start Capability No Yes 

As observed in Table 3.1, HVDC LCC technology is based on thyristor semiconductors. 

This system has several advantages: (i) The transmission distance is not limited by the losses; 

(ii) It is possible to transmit high power at the same voltage when compared with HVAC 

systems; (iii) Allows an asynchronous connection; (iv) dc cables have longer lifetime; (v) 

possibility of controlling the flow and amplitude of the transmitted power. On the other hand, 

power semiconductors’ switching generates harmonics, which leads to the need of including 

filters to mitigate this problem. Additionally, when a general collapse of the system occurs, 

LCC does not actively contribute to the replacement of the service (only operates when two ac 

ends are under voltage) and its implementation costs are higher when in comparison with 

HVAC systems. The implementation of HVDC LCC implies the use of converters, 

transformers, ac and dc filters, and dc underwater cables [50]. 

In turn, HVDC VSC is a more recent technology, emerging as a consequence of the 

evolution of power electronics systems. The development of fully-controllable semiconductors 

(IGBT, SiC, GaN) has triggered new opportunities for transmission in HVDC. In this way, this 



technology, when compared to HVDC LCC, has a VSC in its genesis. These semiconductors 

can withstand higher voltages and powers, as well as controlling the system in a more efficient 

way, however, the switching frequency is limited. Thus, system losses, as well as harmonics 

and the number and size of filters are reduced. However, it is a more complex system compared 

to the other technologies above-mentioned [51], [52]. 

The control of HVDC VSC allows its operation in the four quadrants of the P-Q plane and 

has black start capability. In turn, fully-controlled semiconductors are more expensive devices 

than thyristors, the use of pulse-width modulation (PWM) control technique increases losses, 

and, comparing to HVDC LCC, lower power values are transmitted for the same distance. For 

the implementation of HVDC VSC are used power converters, transformers, ac and dc filters, 

and dc underwater cables [50], [51]. 

The configuration of HVDC transmission systems can assume different topologies, thus 

considering symmetric monopolar, asymmetric monopolar, bipolar, and multi-terminal 

architectures [53]. Symmetric monopolar systems, as observed in Figure 3.6, are the simplest 

configuration, in which two cables are used without including the ground reference. 

 
Figure 3.6. HVDC transmission system with Symmetric Monopolar configuration. 

On the other hand, asymmetric monopolar structures may present two different types of 

configurations, metallic return or return via ground, as Figure 3.7, correspondingly 

demonstrate. In the case of a metallic return, two conductor cables are, once again, considered, 

being the return cable referenced to the ground, whereas return via ground, as the name 

suggests, establishes the return via ground through electrodes installed at both ends of the 

transmission system (only one conductor cable is used). These architectures are frequently used 

in areas where the resistivity of the earth is very high or if the return by water presents 

restrictions due to the existence of metal structures in the vicinity of the electrodes. 

As with asymmetric monopolar structures, the bipolar configuration may also present two 

options for its implementation, shown in Figure 3.8. This configuration consists of two 

conductive cables with opposite polarities, being the neutral points (defined by the junction of 

the converters) connected to the ground, as shown in Figure 3.8 (a), or connected to each other 

by means of a metal cable, as shown in Figure 3.8 (b). The main advantage of this 

configuration, compared to monopolar, is the fact that in case of failure from one of the 

conductor cables, the system continues to operate, assuming the monopolar configuration. On 

the other hand, the implementation of this configuration has a higher cost. 

(a) 

 

(b) 
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Figure 3.7. HVDC transmission system with asymmetric monopolar: (a) Configuration with metallic return 

referenced to the ground; (b) Configuration with return via ground. 

(a) 

 

(b) 

 
Figure 3.8. HVDC transmission system with Bipolar configuration: (a) Return by ground; (b) Metallic return. 

Lastly, the multi-terminal configuration can be composed of any of the configurations 

above-mentioned. In Figure 3.9, it is shown an example of a 3-terminal configuration based on 

the symmetric monopolar configuration. 

 
Figure 3.9. HVDC transmission system with multi-terminal configuration based on symmetric monopolar. 

3.2 Solar PV Systems 

As mentioned in item 2 of this book chapter, the dc power generated by a solar PV system, 

considering the application case, can be directly injected into the power grid or, accordingly to 

the smart grid concept, used to charge the ESS of a self-consumption unit or an EV, supply 

smart home/smart industries electrical appliances, etc. Therefore, for any of these scenarios to 

be considered viable, it is essential to use power electronics converters to interface the solar 

PV modules, enabling the extraction of their maximum power at any time of the day, as well 

as controlling the voltage and current values at its terminals. 
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3.2.1 Solar PV System Operating Principle 

To maximize the efficiency of a solar PV panel, it is crucial to understand its operating 

principle and response to determining conditionings. In this sense, Figure 3.10 presents the 

equivalent electrical scheme of a single solar PV cell, contemplating the inclusion of the 

equivalents Rs, representative of the ohmic resistance of the semiconductor material, and Rsh, 

corresponding to electrical connection losses. Ideally, Rs would assume a value of 0 and Rsh 

would have an infinite value. 

 
Figure 3.10. Equivalent electrical scheme of a single solar PV cell. 

To trace the characteristic curves of a panel (P-V and I-V), it is essential to analyze the 

equivalent model of the solar PV system and obtain its output current and voltage equations. 

Thus, in equation (3.1), it is presented an expression for the output current of a solar PV cell 

(iout,cell), considered the result of subtracting the current that flows through the diode D (iD) and 

the shunt current (iRsh) to the current generated by the incident solar radiance (ipv,cell) [54], [55]. 

 
𝑖𝑜𝑢𝑡,𝑐𝑒𝑙𝑙 = 𝑖𝑝𝑣,𝑐𝑒𝑙𝑙 − 𝑖𝐷 − 𝑖𝑅𝑠ℎ 

(3.1) 

The equivalent expressions for iD and iRsh consider the addition of new parameters to the 

system. Thus, it is possible to obtain a reliable and very specific equation for iout,cell (3.3), in 

which isat,cell represents the diode saturation, vt is the thermal voltage of the cell and a is the 

diode ideality factor (a=1.1). Moreover, considering equation (3.2), it also should be noted that 

q is the elementary charge of an electron (q=1.6E10-19 C), k is the Boltzmann constant 

(k=1.38E10-23 J/K), and T indicates the P-N junction working temperature in Kelvin. 

 
𝑣𝑡 =

𝑘 𝑇

𝑞
 

(3.2) 

 
𝑖𝑜𝑢𝑡,𝑐𝑒𝑙𝑙 = 𝑖𝑝𝑣,𝑐𝑒𝑙𝑙 − 𝑖𝑠𝑎𝑡,𝑐𝑒𝑙𝑙 (𝑒

𝑣 + 𝑅𝑠 𝑖𝑜𝑢𝑡,𝑐𝑒𝑙𝑙
𝑣𝑡 𝑎 − 1) −

𝑣 + 𝑅𝑠 𝑖𝑜𝑢𝑡,𝑐𝑒𝑙𝑙

𝑅𝑠ℎ
 

(3.3) 

However, it should also be noted that, as expected, the current generated by a solar PV panel 

(iout,pv), presented in equation (3.4), is dependent on the number of cells connected in parallel 

(np) and in series (ns), thus obtaining: 

 
𝑖𝑜𝑢𝑡,𝑝𝑣 = 𝑛𝑝 𝑖𝑝𝑣,𝑐𝑒𝑙𝑙 − 𝑛𝑝 (𝑒

𝑣
𝑛𝑠

 + 
𝑅𝑠
𝑛𝑝

 𝑖𝑜𝑢𝑡,𝑐𝑒𝑙𝑙

𝑣𝑡 𝑎 − 1) −
𝑣 

𝑛𝑝

𝑛𝑠
+ 𝑅𝑠 𝑖𝑜𝑢𝑡,𝑐𝑒𝑙𝑙

𝑅𝑠ℎ
 

(3.4) 

Posteriorly, it is possible to trace the solar PV panel I-V (Figure 3.11(a)) and P-V 

(Figure 3.11(b)) curves, highlighting 3 points: Isc, Voc, and MPP, where: 

• Isc (0, Isc) – Short circuit current: Maximum current extracted from a solar PV panel at 

the moment that its output voltage is null and the positive and negative terminals are 

short-circuited. 



• Voc (Voc, 0) – Open circuit voltage: Maximum voltage at the terminals of a solar PV 

panel, correspondent to the moment that the latter it is not producing power (night). 

• MPP (VMP, IMP) – Maximum power point: The moment that the power extracted from 

the solar PV panel assumes its maximum value. 

(a) 

 

(b) 

 
Figure 3.11. Characteristic curves of the solar PV: (a) I-V curve; (b) P-V curve. 

3.2.2 Solar PV System’s Efficiency Constraints 

Considering the influence of certain parameters, P-V and I-V curves vary throughout the 

day, thus observing a constant oscillation of MPP [56]. The more intense the solar radiance, 

the greater the efficiency and the values of power produced (more photons will collide with the 

surface of each module). This situation is confirmed by the analysis of Figure 3.12, in which 

the influence of solar radiance on the P-V and I-V curves of a given solar PV panel is verified. 

(a) 

 

(b) 

 
Figure 3.12. Solar radiance influence on the solar PV curves: (a) I-V curve; (b) P-V curve. 

With the solar radiance increase, the greater Isc and the power produced by a solar PV 

module (for the same voltage value), which justifies the constant oscillation of the MPP 

position. However, only a parcel of the radiance is absorbed by the cells, the rest being reflected 

or diffused. The value of incident radiance can also be affected by shading. Notwithstanding, 

even if the shadow effect only affects a section of the panel, the current produced by it will 

necessarily be lower since some of the module’s cells are connected in series. In turn, the 

shadows can be of multiple nature, e.g., clouds or the presence of trees and buildings in the 

vicinity of the solar installation. Thus, the influence of this effect is observed in Figure 3.13 

which shows a drastic change in the profile of the PV and I-V curves of a given solar PV panel. 
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(a) 

 

(b) 

 
Figure 3.13. Shadow effect influence on the solar PV curves: (a) I-V curve; (b) P-V curve. 

If the extracted power is higher with the increase in solar radiance, the same is not verified 

with the increase in ambient temperature, i.e., the higher the temperature, the lower the 

efficiency and power produced [57]. As mentioned, a large part of the solar radiance is not 

absorbed by the cells, which contributes to a lower panel efficiency and to the temperature rise. 

In this point of view, Voc will be the main variable affected, in a dual way to the effect caused 

by solar radiance, where a substantial change in Isc is verified. Once again, by observing 

Figure 3.14, it is possible to prove such statements, in which the effect of temperature on P-V 

(Figure 3.14(a)) and I-V (Figure 3.14(b)) curves of a given solar PV panel is verified. 

(a) 

 

(b) 

 
Figure 3.14. Temperature influence on the solar PV curves: (a) I-V curve; (b) P-V curve. 

Another parameter that influences the efficiency and the power produced by a solar PV 

panel is its maintenance, considering aspects such as dirt and the accumulation of fungi/bacteria, 

as well as possible cracks, corrosion, or even the discoloration of its surface. Regular 

maintenance is essential to extend the lifetime of the modules. However, in cases of greater 

carelessness, they may even present a condition of non-return, not covering its acquisition cost. 

3.2.3 MPPT Control Algorithms 

As expected, there are several conditions and parameters that influence the ideal operation of a 

solar PV system, highlighting, among others, ambient temperature and incident solar radiance. 

Thus, as with wind power and hydropower, a maximum power point tracking (MPPT) control 

algorithm is used to constantly “look” for the panel’s MPP, corresponding to the knee of the above 

presented P-V curve. Despite the high number of MPPT control algorithms, due to its ease of 

implementation, robustness, and capability of providing greater efficiency, MPPT 

Perturb & Observed (P&O) is normally applied [58]. Notwithstanding, other power converters 

and control algorithms may be adopted to regulate the voltage and/or current (e.g., constant 

voltage, fuzzy logic, artificial neural networks, incremental conductance, etc.) [59]–[62]. 
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In the case of the P&O algorithm, the solar PV panel voltage and current are constantly 

verified (v[k] and i[k]), being the latter increased or decreased with a fixed step value (inc) 

towards the MPP. The process is repeated cyclically until the point is reached. Since MPPT P&O 

is based on an iterative process, the search for the MPP occurs several times throughout the day. 

This fact constitutes a small disadvantage in sudden climatic change situations (e.g., clouds) since 

there will be a continuous oscillation around the MPP. For this same reason, the power losses 

will be slightly higher and dependent on the step value applied: the greater its value, the faster 

the response to sudden climatic changes, but greater the oscillation and consequent losses. 

Therefore, the ideal step value must be determined with computer simulations and/or 

experimentally. In this regard, the flowchart of the MPPT P&O control algorithm is presented in 

Figure 3.15. 

 
Figure 3.15. Perturb & Observe MPPT Algorithm 

To mitigate the MPPT P&O control algorithm drawbacks, namely the inability to compare 

the array terminal voltage with the actual MPP voltage, an incremental conductance algorithm is 

commonly considered. Its basic concept lies in the analysis of the slope of the P-V curves, i.e., 

differentiating the power with respect to the voltage. At the MPP, the slope is null (𝑑𝑃 𝑑𝑉⁄ = 0), 

increases on its left side (𝑑𝑃 𝑑𝑉⁄ > 0), and decreases on its right (𝑑𝑃 𝑑𝑉⁄ < 0 ). At the MPP 

point, the following expression is obtained: 

𝑑𝑃

𝑑𝑉
= 0 ⇔

𝑑𝐼

𝑑𝑉
+

𝐼

𝑉
⇔ −

𝐼

𝑉
=

𝑑𝐼

𝑑𝑉
 

(3.5) 

When the MPP is reached, the PV array’s instantaneous conductance (𝐼 𝑉⁄ ) is equal to the 

incremental conductance (𝑑𝐼 𝑑𝑉⁄ ), although with opposite values. In turn, at a different point 

from the MPP, it must be verified if the operating voltage is above or below its value, i.e., if the 

slope of the P-V curve is positive or negative. Depending on the scenario, the array voltage 

reference is adjusted by decreasing or increasing the previous voltage value with a fixed step 

value (inc). Since incremental conductance is an iterative control algorithm, the voltage (V[k]) 

and current (I[k]) values are updated in each cycle, as it is possible to observe in the flowchart of 

Figure 3.16. 
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Figure 3.16. Incremental Conductance MPPT Algorithm 

3.2.4 Solar PV Modules Configurations 

Since the panel efficiency varies in accordance with the aforementioned conditions, new 

power electronics solutions must be studied and implemented, as is the case of control algorithms 

and power converter topologies. Moreover, to achieve certain current and voltage values, solar 

PV modules can be associated in series and/or parallel, thus constituting a panel. Therefore, its 

efficiency is affected in accordance with the connection scheme of the modules and with the 

architecture of the power electronics systems adopted. 

As shown in Figure 3.17(a), to maximize the efficiency of a solar PV panel, each module 

can be equipped with a dedicated dc-ac power converter, commonly denominated by a 

microinverter [63]. With the adoption of this configuration, only the efficiency of a given 

module would be affected, e.g., by the action of a shadow or due to dirt, maintaining the overall 

efficiency of the solar panel at higher values. This situation is also verified in the series 

microinverter configuration (Figure 3.17(b)), in which the efficiency of each module is 

obtained independently [64]. However, the interface with each solar PV module is now 

achieved with a dc-dc power converter, allowing to connect all modules in series. In other 

words, the nominal power is higher compared to the parallel microinverter configuration, but 

the lower efficiency values of a specific module do not influence the rest of the solar PV panel. 

Lastly, to interface loads, electrical appliances, ESS, etc., a single-phase inverter is commonly 

used. 
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(b) 

 
Figure 3.17. Microinverter configurations for solar PV system: (a) Parallel; (b) Series. 

The use of a dedicated power converter for each module represents higher implementation 

costs, the reason why, in most solar PV systems, only one single-phase inverter is used for each 

solar PV panel (string), as Figure 3.18 shows. As mentioned, in a string inverter configuration, 

all the modules are connected in series and only one single phase inverter is used per string, 

which may compromise its efficiency [65]. 

 
Figure 3.18. String inverter configuration for solar PV systems. 

However, contrary to string inverter configuration, central inverter units only consider the 

use of one single-phase inverter for the entire solar PV system [66]. This configuration, 

presented in Figure 3.19, as its name suggests, is a centralized architecture in which the 

single-phase inverter deals with much higher nominal power values [67]. Notwithstanding, the 

main difference between these configurations relies on its flexibility, i.e., if a certain module 

fails, the entire operation of the solar PV system is compromised in a central inverter 

configuration, only one string is affected in a string inverter configuration and only the module 

in failure is compromised in series microinverter and parallel microinverter configurations. 

Independently of the chosen configuration, there will always exist a tradeoff between the cost 

(number of power converters used) and the efficiency of the solar PV system. 

 
Figure 3.19. Central inverter configuration for solar PV systems. 
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In a multistring inverter configuration, and just as for the string inverter, the efficiency of 

each panel is independent of the solar PV system as a whole, which is not the case, e.g., for the 

central inverter configuration. However, and as can be seen in Figure 3.20, the interface with 

each of the strings is performed using a dc-dc power converter, the output of which is connected 

to a single dc-link. The use of an intermediary dc-dc conversion stage, besides facilitating the 

optimal operation of the panels (MPP), provides voltage decoupling capability and allows the 

operation of the solar PV system over a wider range of voltage values. For this reason, the number 

of modules that constitute each string is considered more flexible. On the other hand, since this 

configuration is seen as a two-stage architecture, the total conversion losses are slightly higher 

[68], [69]. 

 
Figure 3.20. Multistring inverter configuration for solar PV systems. 

3.2.5 Dc-dc Power Converter Topologies 

According to the power of the solar PV system, several dc-dc converter topologies can be 

adopted, including isolated and non-isolated architectures. In this respect, for solar PV systems 

in which the voltage and current values are considered low, basic buck-type (Figure 3.21(a)) 

and boost-type (Figure 3.21(b)) converters are normally used. 

The buck and boost topologies, presented in Figure 3.21, share the same ground point and 

are considered inexpensive, but, on the other hand, generate large values of electromagnetic 

noise. For both of them, the components that are in its genesis are a diode, a fully-controlled 

semiconductor, an inductor, and two capacitors, the latter responsible for attenuating the 

voltage ripple at the input (Vin) and output (Vout) terminals of the power converter. Depending 

on the application, if Vin is higher than the required Vout, a buck power converter must be 

adopted, employing a boost power converter if the opposite occurs, i.e., if Vin is lower than the 

required Vout. In this respect, the characteristic equations of the buck-type and boost-type 

converters are indicated, correspondingly, in equation (3.6) and equation (3.7), in which Vout is 

provided in accordance with the relation between Vin and the duty-cycle (D) of the signal 

applied to the semiconductor S1. 

 
𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛 𝐷 

(3.6) 

 𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛  
1

1 − 𝐷
 (3.7) 

On the other hand, when Vout is intended to assume a specific value, the aforementioned 

buck and boost power converters can also be connected in series, which, in other words, is 

named a cascade power electronics converter. In this sense, the ratio between Vout and Vin is a 

multiple of the number of interlinked converters. Thus, in Figure 3.22 is shown an example of 

the boost-type topology in a cascade association. 
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(a) (b) 

Figure 3.21. Dc-dc power converter topologies: (a) Buck-type; (b) Boost-type. 

 
Figure 3.22. Boost-type topology in cascade. 

The functionalities of the buck and boost power converters can be combined in a buck-boost 

type converter, in which Vout, depending on the value applied to D, presents a higher or lower 

value than Vin. This topology, as for the buck-type and boost-type converters, is also constituted 

by a diode, a fully-controlled semiconductor, an inductor, and two capacitors, as it is possible 

to observe in Figure 3.23(a). Thus, if D is greater than 50%, Vin is equal to Vout. Below this 

value, the converter operates in buck mode, entering boost mode when D is greater than 0.5. 

This situation is verified in equation (3.8), thus concluding that the conversion scale of this 

topology is more limited than the aforementioned architectures. That is, in buck-type and boost-

type topologies, the value of D could vary freely from 0% to 100%, however, in this case, each 

of the operating modes only has a range of 50% for the variation of D. 

 𝑉𝑜𝑢𝑡 = 𝑉𝑖𝑛  
𝐷

1 − 𝐷
 (3.8) 

For very specific solar PV applications, where is intended to, e.g., reduce switching losses, 

voltage ripple, or current oscillations, power converter topologies such as SEPIC (Figure 

3.23(b)), Zeta (Figure 3.23(c)), and Cuk (Figure 3.23(d)) may be employed. These, despite 

providing determined and, as mentioned, specific operating characteristics to the system, also 

present a large number of drawbacks when in comparison with the buck-boost architecture, as 

is the case of higher costs, elevated implementation difficulty, and inefficient and low 

conversion rate. However, studies related to these topologies are frequently found in the 

literature, among others, presenting their advantages and drawbacks, energy efficiency 

analyses [70]. 

In medium/high power electronics systems, it is essential to adopt new converter topologies 

that are capable of meeting the current energy needs. Thus, multilevel converters, as mentioned, 

are seen as a viable solution for medium/high power systems, since a large number of 

semiconductors are normally used. This characteristic allows dividing the voltage through 

them, thus reducing losses and extending their lifetime. However, increasing power levels will 

also increase the associated costs. Notwithstanding, by applying specific control algorithms, it 

is possible to obtain more voltage levels at the output of the converter, which, consequently, is 

reflected in better results in terms of power quality. 
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Comparing to conventional topologies, multilevel converters allow to increase the power of 

the system without changing the maximum current value and to improve power quality 

standards, e.g., reducing harmonic distortion and voltage transients. With these measures, the 

dynamic response of the converter is faster and there is the possibility of increasing the 

switching frequency of the semiconductors, which, among other aspects, reduces the size of 

converter passive elements (inductors, transformers, and capacitors). On the other hand, since 

the number of semiconductors is higher, the complexity of the control algorithms will also be 

according to the number of levels that can be obtained in the output of the conversion stage. 

  
(a) (b) 

  
(c) (d) 

Figure 3.23. Dc-dc power converter topologies: (a) Buck-boost; (b) SEPIC; (c) Zeta; (d) Cuk. 

The possibility of obtaining more voltage levels in the output of the converter makes 

multilevel topologies considered ideal for the implementation of bipolar grids, increasingly 

disseminated in the literature and seen as one of the possible structures to be adopted in active 

buildings in the context of smart grids. As observed by the analysis of Figure 3.24, compared 

to traditional unipolar grids, based on a two-wire configuration (one voltage level), bipolar 

structures present an additional wire (three wires, two voltage levels) and lower complexity. 

Since bipolar grids present greater flexibility, its implementation aims to respond to the 

constant evolution of the types of loads and electrical appliances connected to the power grid, 

characterized by, among other aspects, presenting different voltage levels. Thus, with the 

inclusion of a new voltage level, the efficiency of the conversion stages is higher, as well as the 

controllability in conditions of a line fault. However, it is essential to control and mitigate possible 

voltage unbalances and obtain balanced currents from the point of view of the power grid. 

As mentioned, the use of multilevel topologies increases the global efficiency of solar PV 

systems. In the case of a 3-level symmetric boost converter, the voltage across the inductor, 

active semiconductors, and diodes is reduced to half. When compared to a 2-level topology, 

for a determined ripple current, the inductance can also be reduced to half, thus decreasing the 

size, cost, and weight of the inductor. In this specific topology, the third voltage level is created 

by splitting the input dc-link. Many other multilevel topologies can be considered, highlighting, 

e.g., the 3-level flying capacitor boost due to its higher efficiency [71]. 

In addition to multilevel topologies, also interleaved converters are commonly adopted in 

medium/high power scenarios. Such architectures provide greater energy efficiency since the 

ripple frequency is higher, as much as the number of arms (n) of the converter connected in 

parallel. Thus, the stress in the power semiconductors and the conduction losses are also 
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reduced since the nominal current is divided by n arms. Bearing in mind that the number of 

semiconductors is higher, it is expected that the implementation difficulty will also be so. 

However, since the ripple frequency is n times higher, the size and weight of the passive 

components of a dc-dc converter are lower. In the literature, several interleaved topologies to 

interface solar PV systems are found [70], [72]. Thus, examples of boost-type interleaved, and 

multilevel power converters are presented in (Figure 3.25(a)) and (Figure 3.25(b)). 

(a) 

 

(b) 

 

Figure 3.24. Power grid architecture comparison: (a) Traditional unipolar grids, based on a two-wire 

configuration; (b) Bipolar grids, based on a three-wire configuration. 

  
(a) (b) 

Figure 3.25. Boost Topologies: (a) Interleaved boost; (b) 3-level symmetric boost. 

On the other hand, in certain power electronics systems, dc-dc unidirectional isolated 

topologies must be employed in order to provide greater safety and, among other features, 

regulate the voltage values according to the transformer transformation ratio. In the literature, 

are commonly introduced, among others, the topologies full bridge transformer isolated buck 

converter (Figure 3.26(a)), half bridge transformer isolated buck converter (Figure 3.26(b)), 

forward converter (Figure 3.26(c)), flyback converter (Figure 3.26(d)), push-pull converter 

(Figure 3.26(e)), and phase shift full bridge converters (Figure 3.26(f)) [70]. 
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Figure 3.26. dc-dc unidirectional isolated topologies: (a) Full bridge transformer isolated buck converter; 

(b) Half bridge transformer isolated buck converter; (c) Forward converter; (d) Flyback converter; 

(e) Push-pull converter; (f) Phase shift full bridge converters. 

3.2.6 Dc-ac Power Converter Topologies 

As previously mentioned, regardless of the solar PV system configuration (microinverter, 

central inverter, etc.), it is essential to properly accomplish the interface between the modules 

(or panels) and the power grid. If, on the one hand, dc-dc power converters are used to regulate 

the power generated by the modules (MPPT), solar inverters, in turn, assume a central role in 
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energy management and efficiency. According to the application scenario, the chosen 

configuration, and the nominal power values of the system, several solar inverter topologies 

are depicted in the literature. For each one of them, different parameters must be considered, 

as is the case of galvanic isolation, leakage currents, voltage fluctuations, and grounding issues, 

however, the cost, volume, and weight are also addressed. 

In Figure 3.29, the main transformerless inverter topologies for a string configuration are 

presented, being normally employed due to their reduced cost and higher efficiency. The most 

common inverter topologies are conventional half-bridge (Figure 3.29(a)) and full-bridge (H4, 

Figure 3.29(b)), highly efficient and reliable inverter concept (HERIC, Figure 3.29(c)), H5 

(Figure 3.29(d)), and H6 architectures (Figure 3.29(e)-Figure 3.29(g)), the latter presenting 

modified versions. Conventional full-bridge is a well-known and reliable topology, however, 

improved versions are also commonly used to increase efficiency. In comparison with half-bridge 

topology, the full-bridge semiconductors do not have to support higher voltage values, the dc-link 

is not divided, and three voltage values can be obtained in Vout by employing a unipolar control. 

In solar PV systems, since half-bridge topologies demand the double of the input voltage, either a 

large number of panels connected in series or boost dc-dc conversion stage need to be considered.  

In transformerless architectures, common-mode (CM) leakage currents are considered a 

major drawback, leading to serious safety and radiance interference issues. To mitigate leakage 

currents, CM voltage (VCM) must be kept constant, which can be assured by applying a 

sinusoidal pulse width modulation (SPWM). Bipolar SPWM, although presenting good 

leakage current characteristics, provokes, on the other hand, higher switching losses and current 

ripple, as shown in Figure 3.27. Unipolar SPWM (Figure 3.28), in turn, has a smaller inductor 

current ripple, however VCM varies at switching frequency [69]. Several solutions were studied 

to kept VCM constant and reduce leakage currents, which lead to the research and development 

of new converter topologies, as is the case of HERIC [73], H5 [74], and H6-type [75]. 

  
(a) (b) 

Figure 3.27. Bipolar SPWM: (a) Carrier and sine wave signals; (b) Output voltage and current. 

  
(a) (b) 

Figure 3.28. Unipolar SPWM: (a) Carrier and sine wave signals; (b) Output voltage and current. 
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H5-type topology, as the name suggests, presents an additional semiconductor that allows 

the disconnection of the PV string from the power grid when the output voltage is at zero level, 

thus eliminating the leakage current path. HERIC topology, as it is possible to observe in Figure 

3.29(c), presents an ac bypass leg, obtained by connecting back-to-back semiconductors in 

parallel with the bridge. The semiconductors S5 and S6 are responsible to isolate the solar PV 

string from the power grid and prevent reactive power exchange between the filter’s inductors 

and dc-link capacitors during zero voltage state [73]. Thus, and as with H5-type topology, the 

leakage current path is eliminated, which increases the efficiency overall efficiency. 
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Figure 3.29. String PV inverter topologies: (a) Half-Bridge; (b) H-Bridge (H4); (c) HERIC; (d) H5; 

(e) Conventional H6D1; (f) Conventional H6D2; (g) Modified H6D2 (1); (h) Modified H6D2 (2). 

HERIC inverters, in comparison with H5 and H6-type topologies, have lower conduction 

losses, but, on the other hand, present the least efficient operation regarding VCM. H6-type 

topologies, in turn, presents the best VCM. characteristics. The conventional structure of the 

H6-type inverter includes an additional semiconductor connected to the negative point of the 
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dc-link, however two main different architectures are considered: H6D1 (Figure 3.29(e)) and 

H6D2 (Figure 3.29(f) and Figure 3.29(g)). Other structures may also be considered, as Figure 

3.29(h) shows [69]. With the inclusion of a new semiconductor, it is formed a new current path 

that allows to reduce conduction losses and, accordingly to the diode arrangements, leakage 

currents can be eliminated. 

To increase the solar PV inverters’ efficiency, several aspects may be considered, as is the 

case of the adoption of suitable control algorithms, new semiconductor technologies (SiC, 

GaN, etc.), and the use of multilevel or interleaved topologies. Comparing to two-level 

inverters, although the higher cost, weight, and volume, multilevel topologies present higher 

efficiency due to lower switching losses, reduce dv/dt stress, are ideal to improve power quality 

standards (e.g., low harmonic distortion) and dynamic stability, the electromagnetic 

interference (EMI) is more reduced, and are almost non-limited in term of levels number. 

Cascaded multilevel inverters consist of the connection in series of n dc-ac converters, being 

the output voltage of this stage, the sum of the voltage generated by each module. Thus, 2n+1 

voltage levels are generated, while, for k voltage levels, 2(k-1) semiconductors are used. In this 

regard, a 5-level cascade converter based on a full-bridge topology is presented in Figure 

3.30(a), in which Vout assumes the values of +2VCC, +VCC, 0, -VCC, and -2VCC. Notwithstanding, 

as mentioned, many other levels can be obtained with the stacking of other inverter modules. 

Contrary to cascade multilevel inverters, flying capacitor topologies presented a divided dc-link, 

meaning that the maximum voltage level of Vout is limited to +VCC/2. Thus, Figure 3.30(b) 

shows a 5-level flying capacitor inverter constituted by 8 semiconductors, as the 

abovementioned cascade topology. In comparison with other multilevel topologies, flying 

capacitor is able to regulate the voltages levels through redundant states, thus proving the 

versatility of this architecture [76]. 

  
(a) (b) 

Figure 3.30. Multilevel PV inverter topologies: (a) 5-level cascade H4; (b) 5-level flying capacitor. 

As abovementioned, designing and implementing a transformerless inverter requires 

particular attention with regard to its efficiency and leakage currents. As with HERIC, H5, and 

H6-type topologies, also neutral point clamped (NPC) architectures are considered a suitable 

solution to mitigate leakage currents by keeping VCM constant. Thus, diode neutral point 

clamped (DNPC, Figure 3.31(a)) and active neutral point clamped (ANPC, Figure 3.31(b)) 

multilevel converters are also one of the main inverter topologies employed in solar PV systems 

S1 S3

S2 S4

C1

L1

Vdc

S5 S7

S6 S8

C2Vdc

Vout

S3

S4

S5

S6

L1

C2b

C1

C2a

Vout

Vdc /4

Vdc /4

S7

S8

S1

S2

C3b

C3a

C4d

C4b

C3c

C4c

C4a

Vdc /4

Vdc /4



with string, multistring, or central inverter configuration. Depending on the voltage levels that 

can be obtained in Vout, the number of diodes and active semiconductors varies, e.g., a 3-level 

DNPC is constituted by 4 active semiconductors and 2 diodes, whereas a 5 level DNPC has 8 

active semiconductors and 6 diodes. Since each device of the DNPC topology presents different 

losses, ANPC architecture is able to mitigate such a situation with the use of suitable control 

algorithms [77], [78]. Notwithstanding, for both cases (and also for other multilevel topologies, 

e.g., flying capacitor and cascade-type inverters), SPWM and space vector modulation are widely 

used, however, the greater the number of Vout voltage levels, the greater the complexity of the 

control. 

Comparing to DNPC, ANPC and diode stacked NPC (DSNPC, Figure 3.31(c)) have 

more zero switching states that can be used to double the apparent switching frequency. The 

existence of a single zero switching state (as in DNPC) has a direct consequence on the total 

loss distribution among each device, thus decreasing its efficiency [79]. However, both for 

ANPC and DSNPC, there are active semiconductors that switch on the entire cycle, which 

limits the output power and the maximum switching frequency. To overcome these drawbacks, 

an ASNPC (Figure 3.31(d)) was proposed in [80]. This topology is derived from the DSNPC, 

having two additional active semiconductors connected antiparallel with the clamp diodes. The 

main advantage of the ASNPC is its capability of reducing in half the average switching 

frequency on the entire cycle for all the devices and making the apparent switching frequency 

twice the switching frequency. Such characteristics make ASNPC a very attractive solution for 

medium-voltage and high-power applications. 

To limit ground leakage current, positive negative NPC (PN-NPC, Figure 3.31(e)) and 

negative positive NPC (PN-NPC, Figure 3.31(f)) are also commonly considered. Besides de 

mitigation of VCM, PN-NPC topology also allows the use of lower voltage semiconductors, thus 

increasing the overall efficiency of the inverter [81]. 

Figure 3.31(g) presents a 5-level full-bridge NPC (5L-FB-NPC) topology, considered one 

of the main novelties for solar PV inverters. Compared to traditional full-bridge, as the name 

suggests, it can synthesize an output voltage waveform with 5 voltage levels, thus reducing 

VCM, harmonic distortion, electromagnetic interferences, and output current ripple [69]. Lastly, in 

Figure 3.31(h) is shown a T-type NPC, where the inner active semiconductors (S5-S8) connect 

the ac output terminal to the neutral dc input. Compared to a 3-L DNPC inverter, T-type NPC 

is less complex and presents lower total semiconductor losses, however its use is considered 

more appropriate for low/medium frequencies [82]. 

Regardless of the chosen inverter topology, the output current waveform is always 

dependent on the adopted control technique. Among the literature, several techniques are 

depicted, from those that are considered simpler (hysteresis current control and periodic 

sampling) to those that present the greatest implementation difficulty, but, at the same time, 

that provide sinusoidal waveforms with lower THD%, and with unitary power factor. Among 

the latter, predictive or proportional-integral (PI) current control techniques are commonly used 

with SPWM modulation. 

A PI control technique with SPWM modulation is considered linear, thus allowing to 

obtain a fixed switching frequency and facilitate the design of the passive filters. However, as 

the main drawback, this control technique is not as efficient in the face of sudden changes in 

the reference signal. Besides, when it is intended to synthesize different current references, the 

proportional and integral values must be adjusted. On the other hand, predictive control with 

SPWM modulation is based on the electric model of the system, in which it is calculated the 



necessary voltage (vref) to obtain the desired output current. Although the predictive control is 

also linear (thus presenting a fixed switching frequency), the response to sudden reference 

changes is faster (lower THD%) and there is no need to readjust any parameter.  

  
(a) (b) 
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(e) (f) 

 

 

(g) (h) 

Figure 3.31. NPC inverter topologies: (a) 3L-DNPC; (b) 3L-ANPC; (c) 3L-DSNPC; (d) 3L-ASNPC; 

(e) PN-NPC; (f) NP-NPC; (g) 5L-FB-DNPC; (h) T-type NPC. 

The above presented dc-ac topologies are considered suitable for string, multistring and 

central inverter configurations. However, in most of the microinverter architectures, it is 

essential to, in only one power converter unit, constantly extract the maximum available power 
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(MPPT), step-up and invert a low dc voltage produced by a solar module (20 V - 30 V) to a 

relatively high ac voltage (230 V RMS), and allow current and voltage control at the output of 

the stage. Since a microinverter is dedicated to a single module, its design must be compact 

and the use of bulky low-frequency transformers is not required, thus increasing the overall 

efficiency, flexibility and modularity. Compared to conventional string inverters, microinverter 

configurations easily allow the detection of failures and are considered more suitable for 

domestic PV systems due to its redundancy, cost, and power density (the rated power is 

between 100 W and 400 W). 

The conversion of low voltage generated by the solar PV module to a determined ac 

current must be carried out with the maximum efficiency, which can be accomplished with the 

use of single-stage and two-stage topologies [83]. Thus, microinverters are classified as: 

high-frequency dc-link in single-stage topology, high-frequency two-stage topology, and 

single-stage topology with two-stage configuration. Despite the drawbacks regarding leakage 

currents, non-isolated topologies are emerging in the literature due to their higher efficiency. 

Comparing to two-stage topologies, single-stage architectures are less expensive, 

present greater efficiency, and are more compact. As mentioned, a single-stage inverter 

combines the step-up and inverter capabilities in one power stage, which can also lead to the 

use of a lower number of components (semiconductors, etc.). On the other hand, large 

electrolytic capacitors are required to limit the voltage ripple at the terminals of the solar PV 

module. Such a scenario is also verified in two-stage topologies, in which electrolytic 

capacitors are used between the dc-dc and the dc-ac stages. These components are expensive 

and have reduced lifetime due to their exposure to high temperatures, being necessary to 

converge to other solutions, e.g., the use of ceramic and film capacitors, interleaved topologies, 

SiC and GaN-based semiconductors, etc. It is imposed that the microinverter lifetime must be 

longer than that of the solar PV module. 

Thus, in Figure 3.32, some non-isolated power converter topologies for microinverter 

configurations are presented. Among the literature, several topologies are depicted, most of 

them based on conventional boost and buck-boost architectures. Figure 3.32(a) shows a 

double-boost microinverter topology, firstly proposed in [84] by Fang et al. The use of coupled 

inductors (L1-L4) in this single-state architecture allows: (i) to generate a sinusoidal current 

waveform that depends on the duty-cycle value and also on the turn ratio of the coupled 

inductors; (ii) reduce the output voltage and input current ripple; (iii) reduce the volume and 

weight of the microinverter in high-frequency application. Moreover, the use of two-coupled 

inductor double-boost converters connected in parallel aims to allow the operation of the 

inverter is quad quadrants, which cannot be accomplished with a boost converter. As with the 

abovementioned non-isolated topologies, a SPWM can be implemented to generate a 

sinusoidal waveform. The modulation of each converter has a mismatch of 180°, maximizing 

the voltage excursion of Vout. 

Buck-boost-based architectures are also commonly used in single-stage inverter 

applications. In this regard, Figure 3.32(b) presents a two-inductor buck-boost single-stage 

inverter. Comparing to other buck-boost topologies, this architecture presents reduced 

switching losses and components, however, constraints regarding even-order harmonics on the 



dc-side, low voltage gain, and low efficiency arise. Another variation of this topology is 

proposed in [85], in which the main objective is to obtain higher gains, thus replacing the two 

inductors by switched inductors. The previous gain is improved by √2, however, the cost and 

number of components used is higher. 

In Figure 3.32(c), a two-stage microinverter based on a buck-boost topology is 

presented, also commonly known as Aalborg inverter [86]. As is the case for the vast majority 

of solar PV inverter architectures, this topology was conceived to mitigate leakage currents, 

however the number of active switches increases and there are limitations regarding dc input 

voltage range, voltage conversion ratio, and lifetime of the decoupling electrolytic capacitor. 

In turn, only one power stage works at high-frequency, while the output stage (current source 

inverter, H-bridge) works at line frequency, thus generating an output sinusoidal wave with 

low harmonic distortion. Since and inductor is “saved” due to the arrangement of the boost and 

buck stages, the conduction losses are reduced, and higher efficiency values are achieved. In 

addition to the above presented non-isolated buck-boost topologies, an extensive review of 

single-stage buck-boost inverters is presented in [87]. 

(a) 

 

(b) 

 

(c) 

 
Figure 3.32. Non-isolated power converter topologies for microinverter configurations: (a) Two-inductor 

single-stage boost; (b) Single-stage buck-boost; (c) Two-Stage Buck-boost. 
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As abovementioned, transformerless topologies present higher efficiency, improved 

compactness, and reduced cost, size, and weight compared to isolated topologies. However, 

issues regarding CM leakage currents are a major drawback, causing several disturbances 

related to safety, electromagnetic interference, grounding issues, increased THD%f, etc. Thus, 

to keep VCM constant and, consequently, reduce leakage currents, new and innovative 

transformerless topologies are depicted in the literature. Notwithstanding, the existence of 

physical isolation between the solar PV system and the power grid (high-frequency 

transformer) provides higher reliability to the system, mitigating CM disturbances, assuring 

galvanic isolation, and allowing higher boosting values in accordance with the transformation 

ratio of the high-frequency transformer. As observed in Figure 3.33, the complexity of isolated 

inverters is increased since the number of semiconductors, capacitors, etc., is higher, thus 

partially justifying its lower efficiency comparing to transformerless architectures. 

Figure 3.33 (a) shows a current-fed push-pull converter with a full-bridge inverter. Due 

to its high-boosting capability, the step-up ratio of the high-frequency transformer can be 

minimized, however, conduction losses and stress over the semiconductors are increased [88]. 

As for the current-fed push-pull converter, flyback topologies are also commonly applied in 

microinverter configurations due to its higher step-up capability and robustness. The 

conventional flyback converter followed by a full bridge inverter is presented in Figure 3.33(b). 

As is it possible to observe, a high-frequency transformer is used to provide galvanic isolation and 

increase the step-up ratio. Given the duty-cycle value (D) applied to S1 and the transformer ratio 

(N=N1/N2), the output voltage of the conventional flyback converter (VC2) is defined as follows: 

𝑉𝐶2 =
𝑁2𝐷

𝑁1(1 − 𝐷)
𝑉𝑑𝑐 (3.9) 

Nonetheless, an interleaved flyback converter followed by a full-bridge inverter is 

presented in Figure 3.33(c). Compared to the conventional flyback topology, interleaved architectures 

have more active switches and can operate in three modes: discontinuous conduction mode 

(DCM), boundary conduction mode (BCM), and continuous conduction mode (CCM). Several 

topologies are commonly used for DCM operation, in which switching, conduction, and copper 

losses are more reduced when the rated power increases. When the opposite happens, i.e., the 

rated power decreases, the core losses are minimized. However, in DCM control, the converter 

operates as a current source, thus causing higher current stress on the primary side of the 

high-frequency transformer and consequently decreasing its efficiency. To overcome these 

drawbacks, interleaved topologies with CCM control (Figure 3.33(c)) are considered robust, 

highly-efficient, and present low voltage stress, and almost null electromagnetic interference. 

Moreover, the converter operation is not affected by load changes due to the existence of two 

large magnetizing inductances (LM1 and LM2). BCM mode occurs during the transition between 

DCM and CCM. The operation in this mode aims to improve output power quality and power 

density, however switching and gate driving losses are much higher [69], [89]. 

A flyback inverter with center-tapped secondary winding is presented in Figure 3.33(d). 

This topology has a reduced cost due to the low number of components used, however, its 

efficiency is lower due to the need of applying an elevated turns ratio so that high-boosting 

capability is achieved. In turn, to improve power decoupling and global efficiency values, a 



single stage innovative topology based on three-port flyback (Figure 3.33(e)) was proposed by 

Hu et al. in 2012 [90]. One of the main objectives of this work was to extend the lifetime of the 

film capacitors, considered one of the main challenges regarding microinverter configurations. 

As mentioned, the lifetime of the microinverter must match the lifetime of the solar PV module, 

i.e., approximately 25 years, which can be compromised when the electrolytic capacitors are 

used as a power decoupling element. Moreover, the proposed decoupling circuit is also 

responsible for mitigating leakage energy, which means that additional dissipative circuits are 

not required. Consequently, the power losses are reduced and the efficiency is increased. 

(a) 

 

(b) 

 

(c) 

 

(d) 

 

(e) 

 
Figure 3.33. Isolated power converter topologies for microinverter configurations: (a) Current-fed 

push-pull inverter; (b) Conventional two-stage flyback; (c) Interleaved two-stage flyback; (d) Single-stage 

flyback with center-tapped secondary winding; (e) Single-stage three-port flyback. 

C1

S1

S2

D1

D2

Vdc

S3 S5

S4 S6

C2

L2

Vout

L1

C5

C3

C4

S2 S4

S3 S5

C2

L1

Vout

S1

C1

D1

Vdc Lm

S3 S5

S4 S5

C2

L1

Vout

S1

C1Vdc

D1

Lm1

Lm2
D2

S2

S1

C1Vdc

C2
D1

D2

S2

S3

Vout

L1

C3
D3

D4

S3

S4

Vout

L1

S2

S1

D1

D2

C2

C1Vdc



As mentioned, Figure 3.33(a), Figure 3.33(b), and Figure 3.33(c), are considered in the 

literature as two-stage inverter topologies. As the name implies, the first stage is responsible 

for extracting the maximum available power and for increasing the voltage generated by the 

solar PV module, while the second stage has the inverter function. Figure 3.34(f) and Figure 

3.34(g) are also two-stage inverter topologies, in which a full-bridge inverter is once again used 

in the second stage of the power converter. Figure 3.34(f) presents a boost half-bridge 

converter, in which, as mentioned, a low input dc voltage is boosted by a high-frequency 

transformer and inverted, in the first stage, by a half-bridge. However, the energy stored in LS 

causes high-voltage stress on the components, the reason why an integrated voltage clamp 

circuit is included to discharge the energy of LS without additional components [83]. In Figure 

3.34(g), a two-stage inverse buck current-fed dual-boost inverter is shown. This topology 

allows to achieve a higher step-up ratio and improve the conversion efficiency, however, a 

large number of components is used. As mentioned in [91], high MPPT accuracy characteristics 

can also be achieved. 

(a) 

 

(b) 

 
Figure 3.34. Isolated power converter topologies for microinverter configurations: (a) Two-stage boost half 

bridge; (b) Two-stage inverse buck current-fed dual-boost. 

4 Conclusions 

Due to the objective of reducing CO2 emissions to the atmosphere, renewable energy 

sources (RES) are gaining special preponderance in the power grid. Recent technological 

developments in this area have allowed RES to become more competitive in relation to fossil 

fuels, also reinforced by environmental commitments established worldwide. As discussed in 

section 2 of this book chapter, although several types of RES are considered in this book 

chapter, only a few of them are commercially available, with the prospect that this situation 

will change in the coming years and new renewable energy generation methods will be 

increasingly consolidated. The interface with RES must be carried out with adequate topologies 

of power converters and control algorithms. In most cases, converter costs, efficiency, and 

complexity are the variables that influence its dissemination and use, however, in the context 

of smart grids, the choice of such topologies is also influenced by the integration of more and 

more technologies in the power grid (e.g., renewables, energy storage systems and electric 

vehicles). As a fundamental requirement for smart grids, for the aforementioned examples, ac-
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dc and dc-dc converters with bidirectional power flow must be used, however, the RES 

interface is based on unidirectional ac-dc and dc-dc topologies. Depending on the values of 

power involved, isolated and non-isolated topologies are also considered. Thus, in section 3, 

dc-dc and dc-ac power converter topologies to interface RES are addressed, which constitutes 

an important contribution of this book chapter. Moreover, in the same section, offshore power 

transmission architectures are also depicted, highlighting the main features, as well as pros and 

cons. According to the advantages associated with offshore power production, it is expected to 

observe a continuous growth of offshore power production units over the next years. 
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