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Abstract

:

Nowadays, new challenges arise relating to the compensation of power quality problems, where the introduction of innovative solutions based on power electronics is of paramount importance. The evolution from conventional electrical power grids to smart grids requires the use of a large number of power electronics converters, indispensable for the integration of key technologies, such as renewable energies, electric mobility and energy storage systems, which adds importance to power quality issues. Addressing these topics, this paper presents an extensive review on power electronics technologies applied to power quality improvement, highlighting, and explaining the main phenomena associated with the occurrence of power quality problems in smart grids, their cause and effects for different activity sectors, and the main power electronics topologies for each technological solution. More specifically, the paper presents a review and classification of the main power quality problems and the respective context with the standards, a review of power quality problems related to the power production from renewables, the contextualization with solid-state transformers, electric mobility and electrical railway systems, a review of power electronics solutions to compensate the main power quality problems, as well as power electronics solutions to guarantee high levels of power quality. Relevant experimental results and exemplificative developed power electronics prototypes are also presented throughout the paper.
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1. Introduction


Aiming to modernize the traditional power systems, smart grids are emerging, supported by power electronics and digital technologies, as the next-generation of power systems with the objective of satisfying a set of relevant growing concerns, while ensuring environmentally-friendly principles. Evidently, the pathway targeting such a reality is complex and, among others, the key concerns are related to flexibility among systems, efficiency in the production and consumption, distributed generation (DG) and energy storage, reliability of power electronics, smart metering systems, power management, smart homes and cities, communication infrastructures, battery charging systems for more electric mobility, microgrids, controllable electrical appliances, and embracing all of these topics the power quality, both from the power grid and the final-user perspectives [1]. Additionally, in this context, cities are changing toward smart cities and their concepts, and concerning the evaluation of technologies, cost-benefit analysis and societal impacts are presented in [2]. Additionally, a survey about the fundamental management systems in terms of the request for advanced metering infrastructures for future grids is presented in [3]. Globally, considering that the new technologies require more and more power electronics systems, new opportunities for power management are also emerging, where the intercommunication between all of them reinforces the major role of information and communication technologies. However, the widespread use of power electronics converters leads, inevitably, to issues associated with power quality. In fact, power quality is recognized as a standout among the greatest indispensable issues for the successful implementation of smart grids, despite power quality being a well-known concern presented in the conventional power grids. This new importance of power quality is due to several factors, including the increasing use of electrical appliances, mainly in the industrial sector, and the electrical appliances with nonlinear behavior in the residential sector. The essential concerns of power quality are associated with additional costs, losses in product quality, and malfunctioning of electrical appliances, both in terms of premature fails and total failure. Consequently, power quality can represent an enormous harmful effect regarding several sectors, mainly industrial, commercial, and residential, each one presenting different requirements from a power quality perspective. Moreover, e.g., within the industrial sector, particular attributes in terms of power quality can be identified, forcing the adoption of specific solutions to mitigate power quality problems. Aligned with this perspective, the implementation of these solutions reflects additional costs. Regarding the residential sector, in principle, the conventional electrical appliances tend not to be harmfully affected due to power quality issues, i.e., they depend less on the power quality offered by the power grid during its normal operation. Nevertheless, by considering the sophisticated advances of technologies for new and emerging electrical appliances, presenting new functionalities (e.g., IoT technologies and communications), it is predictable that they can be more susceptible to power quality problems soon.



A review of power quality issues is presented in [4], including techniques used to reduce power quality disturbances, harmonization of protection approaches, and the importance of considering power quality concerns during the design stage. The assessment of new power quality indices that occurs during transient disturbances is investigated in [5], which are based on the time-frequency distribution of a transient disturbance. The importance of power quality as an educational subject is also relevant, as introduced in [6] The predictable and potential adverse consequences of power quality, due to the introduction of smart technologies, are presented in [7], including perspectives of microgrids and demand-side management. The application of a novel custom power device for real-time reactive power compensation and improvement of the power grid voltage is presented in [8]. An engagement of electromagnetic compatibility and power quality issues is presented in [9], also considering the interoperability of electrical appliances in power grids. The use of a smart electrical appliance as a contribution to reducing power quality problems is presented in [10], specifically, four-quadrant equipment dedicated to supporting ancillary services of the power grid, in addition to its major functions of voltage and frequency regulation, is investigated. An overview of control strategies dedicated to improving power quality in hybrid microgrids is introduced in [11], including different types of power quality issues and key technologies of power electronics in terms of converters. Some novel methods for investigating harmonics contextualized with forthcoming grid applications are presented in [12] with the perspective to diminish vast amounts of harmonic data.



As above-mentioned, power quality is an area that covers many topics, and, specifically, the aim and contribution of this paper are to present a comprehensive review of power electronics technologies targeting the improvement of power quality in different scenarios of application. Covered in this paper are power quality phenomena related to different electrical systems and appliances and solutions to overcome power quality problems are presented. Therefore, this paper offers an intensive review, with 367 references, covering the collection and precise description of the main technologies that require power electronics systems and the respective influence on power quality, as well as the contextualization of solutions based on power electronics systems to enhance power quality. More specifically, the main contributions of this paper are summarized as follows: (a) Review and classification of the main power quality problems and the respective context with the standards; (b) Review of power quality problems related to the power production from renewables, the contextualization with solid-state transformers, electric mobility and electrical railway systems; (c) Review of power electronics solutions to compensate the main power quality problems, as well as power electronics solutions to guarantee high levels of power quality; (d) Exemplificative experimental results of solutions to improve power quality.



The rest of the paper is organized as follows. Section 2 presents the main power quality phenomena. Section 3 presents the power quality problems related to power production from renewable energy sources (RES). Section 4 presents the contribution of the solid-state transformer (SST) for mitigating power quality issues, including all the technologies that are associated. Section 5 presents power quality problems that can occur due to the integration of electric mobility, specifically associated with on-board and off-board battery chargers (both single-phase and three-phase). Section 6 shows the power electronics solutions based on shunt and series active power filters (APF), unified power quality conditioners (UPQC), as well as uninterruptible power supplies (UPS), to compensate for power quality problems of voltage and current. Section 7 presents the power electronics solutions that can be adopted to diminish the effects of power quality deterioration caused by the electric railway systems. Section 8 presents power electronics solutions based on power factor correction (PFC) topologies and innovative variable speed drives as a contribution to mitigating power quality problems. Section 9 presents an overview of future research trends, and, finally, Section 10 presents the main conclusions.




2. Power Quality Phenomena


Power quality phenomena include several definitions, ranges, and criteria, which should be defined by equipment manufacturers, international code agencies, electric power grid operators, and consumers. The cost of poor power quality can be related to extra energy consumption and to hidden expenses such as power interruption due to false protection, data losses, and equipment damage. The total costs of poor power quality are high. The annual cost is estimated to be between USD 119–188 billion in U.S companies and EUR 150 billion in the European industry [13]. From here, the main objective of power quality norms is to regulate the quality of electrical energy, which must respond to the needs of a determined electrical system. Accordingly, various power quality definitions were suggested by different organizations. For example, the norm of electromagnetic compatibility EN61000-4-30: testing and measurement techniques—power quality measurement methods, and EN-50160 standard: voltage characteristics in public distribution systems [14]. On the other hand, non-linear loads are widely used in industries today and drain currents from the power grid with a high total harmonic distortion (THD), which causes a certain power quality deterioration. These special loads connected to the three-phase ac power grid at high-voltage (HV) or medium-voltage (MV) levels also have their own power quality norms. As an example, in the electrified railway applications, the norm of supply voltages of traction systems is EN 50163 [15].



AC power quality problems remain present in many electrical installations, such as problems of low power factor, system unbalances, transient phenomena, causing problems related to energy efficiency and connectors oversizing. All these problems represent losses, both in terms of money and energy. In addition, power quality deterioration may interrupt the execution of processes, reducing the equipment’s life span [16]. The differences between the ac power quality phenomena and the dc ones arise from the constant voltage in the dc power grid and the alternating voltage in the ac power grid. Hence, it is possible to say that dc power quality phenomena will not have the same severity and occurrence level as the ac ones. The effect of power electronic converters on the power quality of dc power grids is crucial since these power converters are indispensable for dc transmission and distributed generation systems. The next items present some of the power quality phenomena and the indices to assess the severity of a given power quality problem. Figure 1 presents waveforms of different types of power quality problems.



2.1. System Unbalance


The three-phase ac power grid is considered balanced if the three-phase voltage and current waveforms are sinusoidal and have an equal amplitude with a 120° phase shift between consecutive phases. However, if these conditions are not met, the system is called unbalanced. The main causes of system unbalance are the connection of high single-phase loads (e.g., electrified railways) to the three-phase ac power grid and transmission lines without transposition. The main effects of system unbalance are the increase in losses and temperature in electric motors [17]. In addition, the unbalance leads to creating symmetrical components, specifically, negative sequence components (NSC) and zero sequence components (ZSC). The NSC may harm the generators linked to the power grid. This is because NSC may produce negative components of current which induce a double-frequency current in the rotor parts and field windings. These double-frequency currents may cause high temperatures in a very short period. During the normal operation, it is possible for the supply voltages to vary from their effective values [18]. The standard EN-50160 defines that under normal conditions during each weekly period, 95% of the average effective values of 10 min must be in the range Un ± 10%, where Un is the nominal root mean square (RMS) value. There is a limit for NSC of 2% in respect to positive sequence components [19]. On the other hand, the three-phase currents unbalance may result in three-phase voltage unbalance. By another meaning, the NSC of currents produces NSC of voltages as well. As a result, a single-phase load is normally causing the NSC of currents, if they are not compensated, they may cause power perturbation, as well as increase the power consumption costs [20].




2.2. Voltage Sags


Voltage sags in ac power grids can be defined as a temporary decrease in the RMS supply voltage to a value between 90% and 10% of the declared value of RMS voltage for a period longer than one fundamental cycle. For voltage sags in dc power grids, the Vdc value substitutes the ac RMS value. After the voltage sag took place, the voltage should be restored in a short period of time. Based on the EN-50160 standard, a duration of voltage sag may present a time-period between 10 ms to 1 min. Voltage sags in ac power grids are events that can be caused by starting of electric motors, short circuits in neighboring facilities, and energizing of transformers. The main problems associated with voltage sags are the variation in torque and speed of the electric motors, disturbance, and interruption in the operation of sensitive equipment, such as microprocessors and protection devices. Voltage sags in the dc power grid may appear at the high-voltage dc-bus due to the fast switching of the power converters [21]. The value of voltage sag is defined as the difference between the RMS ac voltage/dc voltage obtained during the voltage sag and the nominal value of RMS ac voltage/dc voltage [22].




2.3. Voltage Fluctuations (Flickers)


It is hard to define the direct reason behind the low-frequency ac voltage fluctuations, where this issue did not get enough interest from researchers. AC voltage fluctuations can be caused by lightning, starting of large high-power motors, disconnecting of heavy loads, and arc welding machines. There are some types of ac voltage fluctuations that, due to their characteristics, can cause frequent variations in the luminous intensity of fluorescent lamps, a phenomenon usually known as flicker. The flickering in light sources has been problematic since the beginning of power distribution systems, and with the increase in installed power and industrial customers, the phenomenon of voltage flickering has grown rapidly. In addition, this power quality problem can also result in failure or incorrect operation of sensitive electronic equipment and shorten its life span. To assess this phenomenon, there are different metrics used [20]. The norm EN-50160 refers to the standards defined by the International Electrotechnical Committee (IEC) to measure this phenomenon in the public distribution system. The norm IEC 61000-3-3 refers to the limitation of voltage fluctuations in public low-voltage systems and at phase current/phase voltage equal to or less than 16 A/250 V [23]. To evaluate the severity of this phenomenon, the standards EN-50160 and IEC 61000-3-3 define short-term flicker severity, where flickers are measured over a period of ten minutes, and long-term severity is normally calculated from a sequence of twelve short-term severity measurements over two-hour intervals [20]. The flicker severity uses flicker indices from direct measurement of this phenomenon, then the values of long-term flickers are compared with the permissible flicker levels given in the aforementioned standards.



On the other hand, and regarding the dc power grids, dc voltage fluctuations may appear on the dc-bus of the dc power grids due to a large load power change and high-power consumption, e.g., dc distribution generation grids. The greater the power capacity of the dc power grid compared to the load power consumption, the greater the dc voltage fluctuations in the dc-bus will be caused. The dc voltage fluctuations are a root cause for protection equipment malfunctioning, such as dc circuit breakers, and may affect the converter control stability [24].




2.4. Transient Overvoltages and Inrush Currents


Transient overvoltage is a fast phenomenon, which can be oscillatory, or non-oscillatory, with a rise time that can be less than 1 μs up to a few ms. The magnitude of this phenomenon, as well as its energy and duration, are related to the events that originate them. The main causes of transient overvoltage are lightning strikes, the operation of fuses, energizing capacitors, etc. On the other hand, the consequences of this phenomenon may lead to damage or stoppage of sensitive equipment, flickering of lighting and screens. The effect may be a gradual, accumulative effect that may cause hardware failure in the equipment [25].



In ac power grids, inrush currents are normally caused due to energizing a transformer or an induction motor or can be due to a pre-charge circuit. On the other side, in dc power grids where power electronic converters are commonly used, power filters are usually placed at the connection point with the dc-bus. The capacitance of these power filters may draw high inrush current. General characteristics and the value of the inrush current are highly influenced by the total circuit impedance. For instance, the high filter capacitance or the insertion of a high number of batteries integrated into a dc-distributed generation system will cause a high inrush current [26].




2.5. Harmonics and Interharmonics


Voltage harmonics are multiple spectral components that have the double, third, fourth, etc., the fundamental frequency of a voltage waveform. In addition, there are other components, not integer multiples of the fundamental frequency, called inter-harmonics. Among the most critical are the 3rd order harmonic contents that have three-times the fundamental frequency value. The 3rd order harmonic contents are generated when single-phase non-linear loads are under operation (e.g., rectifiers and variable speed drives). Harmonic contents are considered as one of the main origins for power quality deterioration in industrial applications. Harmonics suppression could be carried out either by installing passive filters at the load side or by using APF that are more expensive and more effective for the purpose of harmonics cancellation [27], as demonstrated in the next sections. To measure the harmonic distortion, the THD is a metric that is used to quantify the distortion of a given voltage or current waveform. According to the standard EN-50160 under normal operating conditions, for each period of one week, 95% of the obtained average voltage values during 10 min for each harmonic voltage should not exceed the values given in Table 1. The THD (including the harmonics up to the 40th order) must not exceed 8% at MV or HV levels, and 4% at the extra-high-voltage (EHV) level [20].



As in the case of voltages, an analysis of the currents that circulate in each electrical system can also be performed, thus measuring their distortion. The measurement methods used in the case of this phenomenon are generally the same as those used for voltages. Although the standard EN-50160 does not mention limits for the current harmonics that the loads produce, there is a set of standards that limit the emission of these harmonics, such as the IEEE 519 [28] which states the harmonics distortion rules for the design of electrical systems, the IEC 61000-3-2 [29] which defines the harmonics limitation for equipment that draws phase current less than 16 A, and the IEC 61000-3-12 which describes the harmonics limitation for equipment that draws phase current more than 16 A and less than 75 A [30]. Harmonics limits according to IEEE 519 standard are presented in Table 2. For more information on harmonic limits according to IEC 61000-3-2 and IEC 61000-3-12, refer to [29,30], respectively.



Under normal operating conditions, current and voltage harmonics do not generally exceed the limits stated by the standard. However, with harmonic resonance conditions presented in the power grid, voltage and/or current harmonics can get significantly stronger. Two types of harmonic resonance may occur: 1—Series resonance appears when the circuit impedance is getting the lowest at certain frequencies, leading to excessive heating of power transmission lines and high-power losses due to current amplification; 2—Parallel resonance appears when the circuit impedance is getting the highest at certain frequencies, resulting in excessive voltage excursion and protection equipment malfunctioning. This power quality phenomenon was recently analyzed in AC electrified railways due to the distributed LC circuits along the overhead catenary line, which may result in series or parallel resonance at some frequencies. More details can be found in [32].



Interharmonics are defined as “A frequency component that is not an integer multiple of the fundamental frequency at which the power grid is operating (e.g., 50 Hz or 60 Hz) [20]. In power electronics applications, interharmonics are normally generated when there is asynchronous switching of power converters with the power system frequency. The interharmonics may pass through the dc-bus of the power converter from one ac system to another. On the other hand, when saturation occurs in transformers or induction motors, interharmonics can be introduced to the power grid and can increase during the start-up period. For instance, the traction system power supplies that experience a sudden load change may introduce interharmonics to the power grid. In addition, the arcing loads, e.g., welding machines and arc furnaces can also introduce interharmonics to the power grid. The main effects of interharmonics on the power grid are identical to those of harmonics, such as additional power losses and heating to the system, overloading of some system components, and electromagnetic interference with telecommunications signals. However, some of the effects are exceptional to interharmonics due to their non-periodic nature, such as light flicker and power-line communications. More details can be found in [33].



DC power grids do not experience harmonic currents or voltages as the ac power grids. This is theoretically true since the fundamental frequency of dc power gids is 0 Hz, and multiple frequencies of that frequency components do not exist. However, in a practical scenario, harmonics may appear in the dc power grids. For instance, in high-voltage dc power systems (HVDC), the dc bus between multiple power electronic converters ac/dc–dc/ac, may suffer from current harmonics and circulating currents due to the nonlinearity of various power electronic converters that make part of the HVDC system. These current harmonics may overload and damage the dc transmission lines and induce electromagnetic interference on equipment near the transmission lines. More details about harmonics in dc power grids can be found in [34].




2.6. Frequency Variation of the AC Supply Voltage


Frequency variation of the ac supply voltage is a phenomenon that is mainly related to the difference between energy consumption and energy production. It can influence the functioning of electric motors connected to the electrical power grid and may cause problems in transformers and other electrical equipment. In the electrical power grid where the nominal frequency value is equal to 50 Hz, according to standard EN-50160, under normal operating conditions, the average value of the fundamental frequency measured in 10 s intervals must be [20]: In the case of networks with synchronous connection to interconnected networks: from 49.5 Hz to 50.5 Hz (50 Hz ± 1%) for 99.5% of the year; In the case of networks without synchronous connection to interconnected networks: from 49 Hz to 51 Hz (50 Hz ± 2%) for 99.5% of the year.




2.7. Low Power Factor


This is a common power quality phenomenon that results in higher reactive power exchange between the loads and the three-phase ac power grid. It occurs when the sinusoidal voltage and current of a corresponding phase have different phase angles (phase shift between the voltage and the current). In the case of non-linear loads, currents are no longer sinusoidal, then the displacement power factor can be calculated using only the fundamental component of voltages and currents. The displacement power factor is normally used to estimate the reactive power amount of the electrical system. A low displacement power factor signifies a large amount of reactive power. This power is exchanged between the power grid and the loads, and it should be reduced as much as possible. It is well-known that the higher the reactive power flow, the higher the voltage drop across the power transmission lines [35]. This power quality problem can be compensated by using capacitor banks or power converters to provide reactive power, where most of the loads that originate from this problem are of the inductive type. Consequently, the power factor of an installation is the result of a phase shift between the voltage and the current consumed by the loads and reflects the relationship between the active power and the apparent power of the installation. The power factor may have a value between 0 and 1, and the higher the power factor value, the smaller the phase shift between the voltage and the current. Accordingly, the ideal condition is when the power factor is unitary in which the current is in phase with the voltage [36].





3. Power Quality Problems Related to Renewable Energy Sources


There is a common sense that in the close future RES will replace the conventional energy generation through fossil fuels, converging to a new concept of power grids supplied by DG systems. Nevertheless, there are still some bottlenecks that should be overcome, e.g., intermittent energy production. Thus, currently, there are efforts for developing several technologies involving energy storage systems (ESS), e.g., reliable power electronics devices, processing and communication systems with lower latency.



Electrical energy became an indispensable resource for modern human life. With the worldwide population increase and technological progress, it is foreseeable an intensification of electrical energy consumption. Therefore, the traditional electricity generation from fossil fuels is no longer feasible, as these resources are increasingly scarce. Furthermore, the extraction, transport, refining and use of fossil fuels cause enormous negative environmental effects, namely, air, water and soil pollution, as well as the emission of carbon dioxide and other greenhouse gases. It is estimated that 25% of the greenhouse emissions are produced by electricity generation [37]. To respond to electricity demand and minimize environmental problems, RES emerges as an alternative solution. Among those available, wind and solar energies are growing rapidly, particularly in the last few years [37]. The added value of these RES leads to an increasing investment in some regions of the world, namely in Europe, which passed the share of electricity generation based on RES from 20.1% in the year 2005 to 34.2% in the year 2015 [37]. In terms of wind power, as an example, in 2019, a total of 60.4 GW was installed, increasing the global total wind power capacity to 651 GW [38]. China and the US were responsible for more than 60% of the onshore wind power additions performed during this year, with Europe being in the lead in terms of offshore wind power, accounting for about 59% of the total offshore additions [38]. In terms of solar photovoltaics (PV), the global capacity additions in 2019 were 114.9 GW, China being the biggest contributor with 30.1 GW additions during this year, followed by the United States with 13.3 GW, and by Japan with 7.7 GW. A total of 629 GW cumulative capacity of solar PV was achieved at the end of 2019 throughout the world [39].



Despite the environmental advantages, due to its intermittent nature, the increase in the wind and solar PV installed power causes problems of stability, safety, and power quality in the power grid [40]. However, it is possible to reduce or completely mitigate the problem of intermittent production from RES using ESS. There are different ESS technologies available, and the choice for a specific application depends on several characteristics, such as the storage capacity, maximum power, response time, cycle efficiency, operating temperature, weight, volume and cost. The main indicators usually used to compare the ESS technologies are the specific energy and specific power [41]. In this context, there is a discussion in a sequence of how the combination of RES with power electronics converters and ESS, conceiving in hybrid generation systems, may lead to a feasible solution contributing to mitigate the intermittency of energy production and, furthermore, being capable of mitigating most of the power quality problems.



3.1. Hybrid PV-ESS Systems for Improving Power Quality and Grid Reliability


A hybrid PV-ESS system, such as the one illustrated in Figure 2, was considered an exemplificative case. The energy production is managed between a PV string with an ESS, represented by a battery. The grid connection of these energy sources occurs through power electronics converters. Basically, it was considered a unidirectional dc–dc converter (dc–dc 1), a bidirectional dc–dc converter (dc–dc 2) and a dc–ac converter. An auxiliary ESS element, represented by a battery, must be considered due to the inherent intermittency of such a system. Based on the hybrid PV-ESS system, it is possible to compensate for most of the power quality problems and, furthermore, improve the grid reliability [42]. Moreover, as described in [42], such a system can be operated in standalone mode, which enables providing energy to critical loads during grid-side short-circuits or even during maintenance on the power grid. Such effects can be better noted in distribution grids, particularly, in the weak ones, as in the rural grids for instance. Another possibility of using this system is for microgrids, supplying off-grid loads, or even for charging plug-in electric vehicles (EV) [43].



Specifically considering the power-quality improvements, it can be mentioned the active filtering of the distorted and unbalanced currents, power factor correction, dynamic ac-voltage regulation, and active damping. All these power quality features are better discussed in the section involving the APF.



As illustrated in Figure 2, three different possibilities were considered. When the PV string produces its maximum energy, an amount necessary for supplying (entirely) the load is transferred, and the remaining one is used for charging the battery. Attention must be paid in case of when the battery is totally charged. With no energy transfer to the battery, it flows entirely to the power grid. Therefore, the grid current decreases since the hybrid system supplies the load. Thus, the load voltage (vL) increases, consequently. Thus, depending on how much energy is produced by the hybrid system, the grid current (iG) may become in counter-phase to vL in such a way that an over voltage may occur. If the PV string is not able to produce the minimum energy necessary for supplying the load such that it is complemented through the battery. It may occur when the irradiance is below its rated value, or even due to partial shading effect for instance. With the discharging battery being slower, such a configuration may supply the load for a longer time period, which depends on the battery’s autonomy. If there is no produced energy by the PV string with the load being supplied by the battery. Consequently, the time period for supplying the load decreases.



For improving the PV system, research was carried out on different issues. One of them is focused on reducing the power losses of the power switches. It may be reached through silicon carbide (SiC) technology. For instance, in [44], a SiC (MOSFETs and diodes) three-level neutral point converter (3L-NPC) as the power converter connected with the power grid was proposed. The 3L-NPC was developed by employing wide-band gap semiconductor power devices. As described in [45], the SiC MOSFET may push up the maximum junction temperature and breakdown-voltage levels over the conventional power MOSFET based on Si technology. Another advantage is the SiC material operates at higher temperature levels for a longer time period in comparison to the traditional Si MOSFET. These features led the SiC MOSFET to work at high temperatures and at higher frequencies as well.



Another approach for improving the PV-system performance consists of removing the MPPT converter. Indeed, in [46,47], the PV string was directly connected to the dc-link of the dc-ac inverter. Basically, the amplitude of the dc-link voltage is dynamically modified, while the PV-string is not generating its maximum energy. In [48], a topology was introduced, denominated as an active NPC inverter. Such topology allows the interface of an ESS to be directly connected to the dc-link voltage, also eliminating the MPPT converter. Nevertheless, the proposed topology comprehends two power switches, including small-size passive elements, for enabling the bidirectional energy flow. Furthermore, it was assumed that the battery voltage is always lower than the dc-link voltage. The proposed topology was included in the dc-link of a 3L-NPC converter.



Regarding the ESS, it was considered a battery in this study as an example. However, one must note that hybrid PV-ESS systems may comprehend other ESS, as supercapacitors [49]. As described in [49], supercapacitors have attracted attention due to their unique features such as high-electrical stability, high power density and high charge and discharge rate. Another advantage is its durability. As indicated in [50], the number of repeatable charges and discharges cycles are, usually, up to 1,000,000. Another possibility is to consider ESS by the EV batteries connected in a vehicle-to-system configuration [51]. Such an approach may lead to several EVs being connected to the system, improving the grid reliability.



In sequence, Table 3 summarizes the overall features of conventional PV systems and hybrid PV-ESS systems relatively to power quality improvement. One may note that both configurations can compensate for all the described power-quality problems in Table 3. The (+) signal indicates the strength of mitigating each of those problems.



According to the National Renewable Energy Laboratory (NREL), nowadays most solar PV panels available in the market have an efficiency between 15% and 20% [52]. On the other hand, it is possible to find solar PV panel costs of $0.8 per watt. Thus, throughout technology advances, particularly those derived from silicon carbide materials, in the near future it is reasonable to accept the idea of solar PV panels presenting even higher efficiency and lower cost, which will make the use of PV technology for electrical energy production even more attractive.



Thus, through this brief explanation, one may note the viability to widespread the introduced system, allowing to improve the power quality issues, alleviating the power grid, particularly the weak ones. Furthermore, it converges to the new power-grid concept, known as the DG, with the generation plants located closer to the customers in an integrated and coordinated way.



An example of a multifunctional microinverter with integrated ESS for PV applications for the household sector is presented in [53]. The authors demonstrate through computer simulations and experimental results the versatility of the microinverter operating in four different modes: During the operation in mode 1, all the energy produced by the PV modules is used to feed the home loads (this mode is activated when the home loads power is greater than the PV production power). In mode 2, all the energy produced by the PV modules flows to the ESS (this mode is activated when there are no home loads working). In mode 3, part of the PV-produced power feeds the home loads and the surplus flows to the ESS (this mode is activated when the PV-produced power is greater than home loads power). In mode 4 the energy stored in the ESS is used to feed the home loads (this mode is activated during the night, where there is no PV production).




3.2. Wind Generation


To produce electricity from the wind, it is necessary a conversion system, usually known as a wind turbine. The wind passing through the blades of the wind turbine causes a rotation movement that is applied to an electric generator to produce electricity. The production of electricity by wind depends on several factors, namely the wind speed (vw), swept area of the rotor blades (A), air density (ρ), electric generator efficiency (ηe), mechanical components efficiency (ηm), and power coefficient (Cp) [54]. The maximum theoretical value of Cp, known as the Betz limit, is around 59%, but in practice, this value does not exceed 50% [55]. Equation (1) defines the available electric power from a wind turbine.


   P  a v a i l a b l e   =  η e     η m     1 2  ρ   A    v w 3     C P   



(1)







As it is possible to understand from (1), the electric power varies with the cube of the wind speed, and so, small variations on this variable imply high variations in the produced power [56]. This way the major concerning in terms of power quality relies on the intermittency of the wind that causes variations in the power available causing frequency and voltages fluctuations, voltage sags, voltage swells, flicker, or even in more severe cases, affecting the power system stability [57]. A study in quantifying the intermittency in the power sector is presented in [58]. To mitigate this phenomenon, it is possible to combine the production from wind turbines with other energy sources that can be easily and rapidly adjusted in terms of power production, such as hydroelectric plants. Hydroelectric power is the most suitable source for meeting both base-load and peak demand. It can run continuously for long periods and be throttled back or expanded relatively quickly to meet demand as it arises [59]. Other interesting solutions consist of the combination of wind power production with ESS. In [60], a study of combining wind power production and pumped hydro ESS for securing a reliable RES is presented. In [61], a new ESS connection scheme in wind generators to smooth the output power is presented. In the proposed system the ESS is connected to the dc-link of the permanent magnet synchronous generator by means of a dc–dc converter instead of being connected to the power grid by means of a three-phase ac–dc converter. The idea is to reduce the power losses in the converters.



In [62], the design and implementation of a STATCOM with ESS and a control scheme for reactive power compensation, voltage regulation and transient stability enhancement for wind turbines equipped with fixed-speed induction generators in large and interconnected power systems is presented. In [63], a coordinated control of a wind turbine and an ESS to reduce the power fluctuation when wind speed variation increases are presented. The authors propose changing the operation of the wind turbine to a de-loaded manner according to the wind speed variation and ESS capacity. In terms of micro wind turbines, it is also important that the power electronics converters used to interface the generator with the power grid work with balanced currents with low harmonic distortion. In [64], the development of the power electronics converters to interface a variable speed micro wind turbine with the power grid is presented. Figure 3 shows the converter topology, the developed prototype and the setup used in the laboratory to emulate the wind turbine. The converter is constituted by a three-phase bridge diode rectifier at the input side, followed by a boost converter to step-up the input voltage and implement the maximum power point tracking (MPPT) algorithm. The connection to the power grid is implemented by a three-phase inverter. The main objective is that the converter work with balanced and low harmonic distorted currents from the power grid side.



Figure 4 shows the experimental results obtained, in the laboratory, with the developed converter prototype. As it is possible to see, with a rotation speed of 350 rpm the converter injects almost 1 kW in the power grid, with a unitary power factor and a THD in the power grid currents inferior to 3%. By increasing the rotation speed to 477 rpm the power injected increases to almost 1650 W and the total harmonic distortion decreases to 2.2%, maintaining the unitary power factor.





4. Power Quality in Solid-State Transformers


This section introduces a review of power electronics related to the mitigation of power quality problems resulting from the collaborative integration of several systems in the context of the smart grid, such as RES, ESS, EVs and other controllable electronic loads. In addition to the associated power quality problems, the integration of these systems establishes new challenges in terms of controllability, converter topologies and control algorithms. Under the circumstances, the SST is presented as a suitable contribution to interface the RES, ESS, EVs and other ac and dc controllable electronic loads into smart grids, guaranteeing high-levels of power quality for the grid and loads side, allowing the efficient and flexible energy management as are required in the smart grid paradigm.



4.1. SST vs. Traditional Low-Frequency Transformers


In the last decades, emerging technologies and technological advances in the power electronics field made the SST one of the crucial elements for the interface with future smart grids, where the replacement of conventional transformers by SSTs is considered of great importance. Such as a conventional low-frequency transformer, the SST allows the ac–ac interface with galvanic isolation, which is guaranteed by a high-frequency transformer. The fact that the SST is made up of power electronics converters allows additional functionalities, which result in features/advantages compared to the conventional transformer. For this reason, the SST is also named in the literature as a solid-state power electronics transformer [65]. From these features can be mentioned the regulation of the output voltage independently of the input voltage (e.g., harmonic distortion, flicker, sag or swell) [66], the power quality mitigation in both primary and secondary sides, reactive power compensation [67], sinusoidal current consumption and power factor correction independently of the harmonic currents on the load’s side [68].



Unlike passive transformers, SSTs can interconnect asynchronous networks, interface dc and ac port(s), compensate and isolate disturbances from the power grid to the load, or vice versa [69]. Moreover, through advanced control algorithms, other operations can be feasible, such as the operation as a UPQC [70], the operation as an APF, or joint operation with other power systems, such as, with a STATCOM [71,72]. As it is based on power electronics converters with fully controllable semiconductors, the SST can easily and instantaneously interrupt the energy flows in case of fault events, thus discarding the conventional and slow circuit breakers [73]. Supported by these assumptions, the strengthen of robustness, flexibility and reliability in the SST applications is guaranteed. In addition to performing the same functions as the conventional transformer, the SST is able to perform auxiliary services, such as the simultaneous connection of dc and ac equipment, being able to operate with a focus on controllability and on the functionalities of smart grids, as well as contribute to improving the power quality of the power grid [74].



Regarding its physical characteristics, for the same power density, the SST represents a less bulky, lighter and more efficient solution when compared to a traditional transformer [75]. In a smart grid, efficient and flexible energy management is a task in which multiple constraints must be considered. If the monitoring of equipment is seen as fundamental, e.g., by measuring the values of voltage, current, power factor, harmonic content, it is also important that the equipment be able to communicate with each other in a bidirectional way and according to appropriate control algorithms [69]. Bearing this in mind, the application of an adequate control algorithm allows the SST to operate with a focus on energy controllability and on energy management. These ancillary services, combined with communication functions, make the SST a smart transformer [76]. Thus, in addition to being able to function as a smart power meter, the SST is able to operate dynamically, alternating between various operation modes depending on the power grid conditions [77].



Concerning the converter topologies, the SST can appear with several different configurations depending on the application for which it is intended. All of these configurations are basically categorized into single-stage, two-stage, and three-stage [78]. However, the three-stage SST topology is the most widely adopted approach since this configuration allows to reach the generality of the abovementioned features [79]. The three-stage SST topology is presented in Figure 5, which is composed of: an ac–dc converter; an isolated dc–dc converter, composed by a high-frequency transformer; and, finally, a dc–ac converter. From a smart grid perspective, the SST can assume a strategic role, allowing the integration of RES, ESS, EV, making it possible to implement the strategies of demand-side management, since the SST is designed to perform a rapid regulation according to the operation of the loads and, simultaneously, contribute to the power quality improvement.




4.2. SST for Power Quality Improvement in Electric Distribution Systems and Hybrid Grids


According to the Massachusetts Institute Technology (MIT), the SST was classified as one emergent technology that has acquired growing importance in distribution grids. In general, the conventional systems that integrate the power grid use individual power converters, often unidirectional, representing expensive and low-efficiency solutions that limit the reliable and sustainable access to electrical energy. These power electronics converters are connected to the power grid, where the conversion of voltage levels is carried out by means of conventional low-frequency transformers [80].



Concerning power quality, the SST is addressed in [81] as a solution to electrical distribution system applications, where a three-phase four-wire SST prototype is tested and validated under-voltage disturbance conditions to verify its power quality control abilities. Voltage variations caused by the heavy loads’ disconnection from the distribution systems can contribute to the malfunction of sensitive loads. To overcome this problem, the authors of [82] proposed an SST based on the three-stage topology to reduce the load consumption avoiding load disconnection. Additionally, in [83], a three-stage SST topology is approached as a solution to improve the power quality in electric distribution systems. In addition to functionalities such as voltage sag and swell compensation, as well as power factor correction, other features such as short circuit protection and the ability to operate in islanded mode are highlighted. Through the interconnection of RES and ESS, an isolated power grid can be created when the connection to the main power grid is lost.



Using a matrix converter on the secondary side of the SST, the conventional three-stage SST topology can be reduced to one conversion stage. Consequently, the number of components decreases. Nevertheless, one must note that the SST remains capable of mitigating power quality problems on the grid-side, such as voltage sags and swells, flicker effect and low power factor [84]. A three-phase multilevel converter based on a three-stage SST with three independent phase modules controlled separately is presented in [85] for smooth operation during unbalanced load conditions. In [86], an SST to switch from three-phase operation mode to two-phase operation mode is proposed, ensuring continuous power supply in two healthy phases and reducing the outage area during single-phase to ground faults, and with this, balancing the power losses reduction in the neutral conductor and voltage oscillation suppression in the dc-link during the two-phase operation mode. In [87], a parallel operation model of SSTs was proposed, not only to improve the grid reliability but also to compensate for the reactive power. According to the author of [88], the parallel combination of SSTs can effectively increase the efficiency of distribution systems. In [89], the exchange of a conventional power transformer in a multi-feeder power distribution system for an SST was studied and the SST capability to improve voltage quality in MV was explored.



Since most electrical loads, used every day, operate in dc, several studies indicate that the replacement of ac lines by dc lines may result in a significant reduction in investments due to the lower number of these transformers in distribution systems [90]. According to [91], hybrid distribution systems provide more flexibility and controllability in terms of active and reactive power flow management when compared to conventional ac distribution systems. In addition, hybrid distribution systems allow to circumvent some problems such as harmonics, unbalances, synchronization, and reactive power flows [92]. Hereupon, in [93,94,95], the SST appears as a viable solution to create hybrid grids for distribution systems. In [96], a three-phase SST applied to distribution systems was studied, where the MV ac to low-voltage (LV) dc conversion stage is realized as an input-series output parallel configuration of converter cells. Thus, the series-interleaved operation of the cascaded converter cell’s input stages allows to generate a multilevel ac voltage on the SST’s MV side, which reduces the requiring filtering effort to maintain limits on THD of the power grid currents.




4.3. SST and Renewable Energy Sources


In the last years, the complexity of the electric grid has been continuously growing with the increase in small production units for self-consumption. Many local energy consumers, encouraged by tax incentives and promotional policies, are becoming not only consumers but also electricity producers (prosumers), requiring bidirectional power flow to the power grid distribution systems. At a time when distributed power generation systems have become increasingly recurrent [97], the use of power electronics interfaces for integrating RES in electric distribution systems has gained more and more importance, supporting the interest in moving to a more robust and intelligent power grid. However, with the DG, new challenges will appear, namely, those associated with power quality problems. In the literature, several works relating to the mitigation of power quality problems in DG systems that integrate renewable energy sources can be found. Causes of power quality violations were identified, and solutions to reduce the negative impact of DG on the power quality of microgrids were proposed in [98]. In [99], a UPQC architecture is presented for applications aimed at the integration of photovoltaic modules and energy storage systems in low voltage DG, where the focus is to maximize the active energy transfer. In [100], hybrid power filters were used to improve power quality in DG systems.



The SST was identified as an innovative solution capable of providing voltage levels that are adjustable and compatible with a power grid voltage, regardless of the voltage produced by RES. For this purpose, a Dual Active Bridge (DAB) converter for the dc–dc stage of an SST was considered, according to the authors of [101], as the main key for integrating PV panels with the power grid. In [102], a modular converter based on an SST for PV power plants was detailed. In [103], an energy router based on a three-stage SST with a dual active bridge topology was proposed for designing power supply systems for non-railway consumers of the railroads, ensuring reliable integration of distributed generation plants operating with the use of RES. According to the authors, compared with a conventional transformer, the use of the energy router allows limiting short-circuit currents and reducing the consequent voltage sag value.



In wind applications, the interface between the wind generator and the power grid is guaranteed by a conventional low-frequency transformer. Face to disadvantages of this transformer (e.g., large weight and size, environmental issues regarding oil used in it, etc.) the authors of [104,105] studied the use of SSTs in wind applications, instead of conventional transformers, for reactive power compensation, power factor correction and for smooth voltage level conversion, where the different SST topologies and their work capabilities were analyzed. In [106], a scaled-down SST prototype was developed to incorporate the STATCOM and power transformer functionalities in the wind generation system architecture, being investigated some features, such as the maximizing active power transfer and voltage conversion functionalities. For this application, a modular HV, high power three-phase SST topology composed of three single-phase building blocks was presented. Each building block is composed of three single-phase SST topologies (Figure 6) connected to form a cascade multilevel converter on the HV side.




4.4. SST and Energy Storage Systems


The electrical energy production from RES and its integration in distribution systems has been growing at a dizzying pace in the last several years. In [107], a flywheel ESS was interfaced with distribution systems by an SST, with the excess wind energy stored in the flywheel and then restored during the energy-shortage periods. This combination of the flywheel ESS and SST allows for improving transient stability, increasing the bidirectional power transfer capability and provides a better response with the random variation of wind power and with power grid demand change.



In [108], the integration of a battery ESS into the SST was seen as an asset for better energy management and consequent increase in the power supply stability. Thus, the authors presented an SST topology example composed of two dc–ac modular multilevel converters (to the HV and LV sides) with half-bridge submodules, with the battery ESS being connected to the LV side. For this application, problems, and solutions under short-circuit faults in the dc-link side were discussed. In [109], the authors proposed a system composed of an SST with a bidirectional dc–dc converter and a battery to improve the reliability of the residential power supply. The combination of the SST and battery can be used to supply the power demanded by residential loads during an event of voltage sag and momentary interruptions of the power grid voltage. For this purpose, a bidirectional dc–dc converter was connected to the LV dc-link of the conventional SST topology for battery charging/discharging (Figure 7). In addition, on the secondary side, a multiport converter was used, ensuring two different ac output voltages. During the normal operation, the power grid provides electric power to the loads through the SST and the battery is charged with constant voltage. When an anomaly occurs in the main power grid side, the loads are supplied by the battery, being the dc-link voltage regulated by the converter that interfaces with the batteries.



In [110], an SST was used as an energy router that utilizes ESS e to reduce the power consumption of the power grid. The proposed solution enables a dc microgrid and uses the predictive PV and load forecasting to optimize charging/discharging of the ESS and, consequently, provide an optimal dc-link reference voltage. In [111], an energy router based on an SST was also addressed, however, for household applications. In this case, the energy router topology involves a PV power generation system, a battery interface, and a supercapacitor interface, making feasible a hybrid ESS, where a current-fed triple active bridge converter allows the isolated interface with both ESS. For the PV panels interface, a boost converter was used and connected to the dc-link of the SST from the power grid side. According to an energy management strategy, the energy from the panels can be stored in the ESS or injected into the power grid through a single-phase full bridge bidirectional converter.




4.5. SST and Electric Mobility


Concerning the new mobility paradigm, EVs are expected to operate dynamically as energy consumer systems, ESS and energy suppliers, also resulting in this area, a complex challenge to distribution systems not only in terms of energy management [112] and integration [113] but also in terms of power quality of the power grid [114], due to the different types of EVs [115]. From this point of view, several contributions and works based on SST have emerged in the literature to address some of the power quality problems resulting from the integration of EVs in the power distribution systems. In [116], an SST for a multi-port charging station infrastructure was proposed. Various issues, such as the increase in the power demand due to excessive load proportionated by the inclusion of EVs in large amounts on the power grid, as well as the high-power stress on the utility grid, were considered during the development of the proposed system. For this reason, RES is integrated on this proposed SST to relieve the power grid in excessive power stress situations. In terms of power electronics, the authors proposed a three-stage SST topology, which consists of three-phase passive rectifiers followed by a boost converter and a half-bridge inverter along with a high-frequency transformer (Figure 8). With this topology, the power factor correction can be realized by adjusting the input impedance value of the boost converter to absorb the sinusoidal current from the power grid.



In [117], an SST-based EV charging station was considered to connect EVs without affecting the power quality of the power grid. For such, and differently of the topology presented above, an active rectifier was used for the first stage of the three-stage SST topology. The active rectifier uses a modular multilevel cascaded full-bridge topology to divide the power grid HV between modules and to reduce the dv/dt problem, with some functionalities such as reactive power compensation, low current THD and bidirectional power flow. For the second stage of the SST topology, a dual active bridge was used to produce a low dc-link voltage. This converter allows the creation of a dc-link with regulated voltage to which EVs can be connected, as well as to connect power converters to integrate RES, namely, solar PV panels.



In the electric mobility field, the SST is not limited to EVs, also deserving a special interest in the railway’s area. In [118,119], the SST was identified as an emerging technology that aims to replace the traditional onboard transformer of locomotives, having acquired the name of Solid-State Traction Transformer (SSTT) and power electronic traction transformer. In addition to providing less weight and volume than a conventional system for the same power, the SSTT will be able to provide new features such as [120]: the ability to provide a regulated dc-link voltage regardless of the line voltage variations; enable the bidirectionality of energy in order to allow energy regeneration, in braking situations, for the line supply; greater reliability; contribute to the reduction of noise and vibrations; allow the capability of reconfiguration in case of failure. In addition to these functionalities, the SSTT also guarantees a better power quality, such as power factor, harmonics and transient performances and other additional resources, such as voltage sag, swell and flicker compensation, fault current limitation, multi-voltage interface and fault isolation [121]. In [122], several SST topologies applied to the locomotive traction systems were presented, as well as their advantages and disadvantages.





5. Power Quality in Electric Mobility


Throughout this section a review concerning power electronics for electric mobility concentrating on on-board and off-board EV battery charging systems and related power quality issues is presented.



The pertinent and constant interest of the scientific community in the development of innovative technologies directly related to electric mobility has been the target of strong investment in terms of vehicle electrification [123], including hybrid and fuel–cell vehicles [124]. Therefore, with the encouraging change in the transport paradigm, the main companies in the automotive sector already have commercially available several models of EVs but, since the EVs are designed to interface with the power grid for charging purposes, the impact of this new load is a matter of utmost importance.



From the power grid point of view, in addition to the unpredictability associated with the EV integration and power needs for the charging purposes, the main concern is related to the power quality. Notwithstanding the perspective of power quality, the EV can be seen as an asset for power grids, yielding a set of innovative features in terms of controllability, enriching the flexibility to assign management strategies, such as frequency regulation [125], active power operation [126], or other methods [127]. Besides the grid-to-vehicle (G2V) and vehicle-to-grid (V2G) modes, other emerging operation modes are being debated as innovative paradigms for a captivating EV incorporation into power grids [128], including an industrial perspective [129]. More specifically, with the EVs introduction in the power grids, it is essential to control the currents at the point of connection to the power grids so that they are sinusoidal and in phase with the voltages. Knowing that the economic losses resulting from these power quality problems are quite high, currently, there are rules that govern the consumption and supply of electricity [130].



As aforementioned, the impact of the EV charging on the power grid is a matter of extreme importance, where power quality problems and peak demand are directly related to the operating power of the EV battery charging and increase with the charging rate [131]. This is even more critical considering the necessary EV battery charging stations, where the impact of power quality problems cannot be neglected (mainly, the high THD value of currents, low power factor, and current unbalances), becoming a foremost concern for power companies [132].



The introduction of new EV battery charging stations in specific areas can result in the necessity of installing new power transformers aiming to support complete demand scenarios of EV battery charging, otherwise overheating issues can occur, reducing the transformer’s lifetime [133]. More specifically in terms of power transformers, in [134], a study is presented showing that the EV battery charging during the night has adverse consequences.



The influence of a high or a low penetration of EVs and the reflected effects on the power grid in terms of overloaded is investigated in [135]. However, it is important to note that not all power grids necessarily have to be remodeled, e.g., as shown in [136]. A study showing the pros and the cons of the lifetime of power distribution transformers due to the EV battery charging is presented in [137]. In the same way, in [138], the need to reinforce the power grid to support the global integration of EVs is shown, especially due to the peak load periods. Therefore, the power system components installed near the end-user are generally more affected in terms of power quality due to the EV battery charging processes [139].



Due to the influence of the EV integration, several studies indicate that the voltages will be highly affected even considering a low percentage of EVs integration and slow charging approaches. It is obvious that the THD of the current consumed by the EV battery charging systems is directly dependent on the power electronics involved in the design of the EV charger.



As demonstrated in the study presented in [140], the commercially available EVs operate with a current THD varying between 7% to 99%. Regarding the standards in terms of battery charging requirements, it must be highlighted the contribution from organizations as the Society of Automotive Engineers (SAE), IEC, Institute of Electrical and Electronics Engineers (IEEE), and Infrastructure Working Council (IWC) [141].



With the objective of minimizing the negative effects of the EV introduction, two approaches can be adopted: (i) Design charging structures in terms of power electronics converters for consuming balanced currents with low THD at the same time that operates with unitary power factor, independently of the operating power; (ii) Implement passive or APF together with the EV charging structure to eliminate, or at least mitigate, the aforementioned problems from the power grid point of view [142].



Regarding the EV battery charging systems, they can be distinguished as on-board or off-board and as conductive or non-conductive (wireless power transfer). Evidently, the structures based on wireless power transfer are more convenient from the user point of view, but from the power quality point of view, the problems are also present since a converter is necessary to interface the power grid. It is important to highlight that it is an innovative technology, which is facing new technological developments to be more advanced and competitive compared with the traditional conductive structures, as demonstrated in this overview [143], or in this review [144].



5.1. Power Electronics Topologies for EV Battery Charging Systems


The EV battery charging systems are distinguished in two groups: on-board and off-board. On-board EV chargers are more flexible in terms of operation modes since the EV can be plugged-in into different places, but the operating power is limited to a few kW. On the contrary, off-board EV chargers are confined to the place where they are installed, but the operating power is higher, reaching hundreds of kWs.



Numerous topologies of power electronics converters can be used, however, it is obvious that not all of them are the most suitable, especially about the interface with the power grid, where the aspects of power quality must be safeguarded. With the objective of preventing power quality problems, the most relevant power electronics converters ensure the operation with sinusoidal currents and with high power factor for off-board chargers [145], and independently of the topology [146]. More specifically, several topologies of power electronics converters can be considered satisfying the aforementioned requisites, including the converters based on multilevel and interleaved structures, topologies with or without galvanic isolation, as well as converters based on current-source and voltage-source configurations, e.g., an overview of topologies [147], an on-board multilevel converter [148], non-isolated topologies [149], and a comparison between current-source and voltage-source converters [150].



A broad review of the conventional and the forthcoming on-board EV chargers is introduced in [151], both considering integrated and non-integrated configurations, as well as power operation in unidirectional and bidirectional mode. A review is also presented in [152] but in the perspective of challenges and upcoming tendencies about power and industrial electronics. Specifically, for off-board fast EV chargers, an overview is introduced in [153], approaching details about the design considerations using traditional power electronics converters. An innovative structure regarding the application of on-board EV chargers is presented in [154], by using few components (four switching devices and four diodes) and guaranteeing the operation with multilevel voltages and a sinusoidal current and high-power factor.



A bridgeless interleaved structure is presented in [155], which allows the operation in bidirectional mode, but it operates with a double voltage characteristic. A three-level structure is proposed in [156], where the main advantage is the reduced number of semiconductors, specifically, it only requires a single switch to guarantee a sinusoidal current and high-power factor, but it only permits the unidirectional power operation. An innovative onboard EV charger with high-density and high-efficiency is proposed in [157], which is composed of SiC devices and by customary power converters. Additionally, based on SiC devices, a power module is projected for EV applications as shown in [158].



In the perspective of the front-end power stage, which is the main relevant power stage regarding the power quality on the power grid, several topologies can be adopted. The main unidirectional topology is based on the PFC topology as shown in Figure 9a, which operates with sinusoidal current and high-power factor. However, considering the EV operation framed with smart grids, the bidirectional power operation in G2V/V2G modes is seen as an important feature, therefore, the full-bridge converter, as shown in Figure 9b, is also the most used topology.



From the perspective of off-board EV battery charging systems, several topologies can also be considered. A common topology is the bidirectional three-phase full-bridge topology, as shown in Figure 9c. On the other hand, with the objective of reducing the maximum current in each semiconductor, interleaved structures are the most convenient option. Figure 9d shows a three-phase full-bridge interleaved topology. Table 4 presents a comparison of the main power electronics topologies applied as front-end power stage of on-board and off-board EV battery charging systems.




5.2. Onboard EV Battery Charging Systems


As previously mentioned, on-board EV battery charging systems are the most used since they are incorporated in the EVs and play a fundamental role in the point of view of power quality, considering that the EVs are randomly connected within the power grid and, for this reason, the power quality problems are also random in the perspective of the power grid. Despite this, considering the G2V and V2G modes, EVs are recognized as an asset in terms of power management. Additionally, the EV charger can also be conceived to support the improvement of power quality, such as, by compensating low power factor and harmonics currents.



This innovative challenge is further important since the costs associated with power quality problems are substantial. In a broader perspective, the EV can be controlled, wherever it is connected to the power grid, as a shunt APF, introducing a new degree of complexity. The option to control the EV for producing reactive power is investigated in [159] and [160], respectively for single-phase and three-phase chargers, however, the option to compensate harmonic currents is not contemplated in such studies. On the other hand, the possibility of controlling the EV also for producing current harmonics is investigated in [161], but only during the G2V mode. Experimental validation of controlling an EV charging in four quadrants, but without the option of compensating harmonic currents, is investigated in [162]. The possibility of using an onboard EV charger to exchange reactive power and to compensate harmonic currents is presented in a very broad way and with experimental validation in [163]. Moreover, as presented these modes can be considered either during G2V and V2G modes or independently of these modes.



In Figure 10a is presented a developed on-board EV battery charging system is presented, which has as its main feature the possibility to operate as a shunt APF for the electrical installation where the EV is plugged. Experimental validation was carried out considering the EV integrated into a smart home, therefore, the on-board EV battery charging system can operate as a shunt APF for compensating the harmonic currents and low power factor caused by the non-linear electrical appliances. Figure 10b shows experimental results in G2V mode. Figure 10c shows experimental results during the G2V mode and compensating harmonic currents of the home. Finally, is Figure 10d shows experimental results only compensating harmonic current of the home.




5.3. Off-Board EV Battery Charging Systems


Similar to the on-board EV battery charging systems, also the off-board one can be controlled to accomplish with the possibility of combining reactive and harmonic currents compensation. An example is investigated in [164], where peripheral EV equipment is a prerequisite to ensure operation in such operating modes. In [165], an EV charger capable of operating as a shunt power filter is presented, and in [166], a dedicated off-board EV charger that, in addition to the charging operation, can also be controlled to perform the compensation of harmonic currents is presented.



Despite the off-board EV chargers presenting the drawback associated with the limitation to the place where it is installed, other opportunities are identified since the off-board EV charger can produce reactive power or harmonic compensation to the electrical installation where it is installed, independently of the presence of any EV. The possibility of using an off-board EV charger to exchange reactive power with the power grid and to compensate harmonic current is presented with experimental validation in [167].



In Figure 11a, a developed off-board EV battery charging system is presented, which has as the main feature the possibility to produce reactive power for the power grid. Experimental validation was carried out. Figure 11b shows experimental results in charging mode, while Figure 11 presents experimental results during charging mode with the production of reactive power.





6. Power Electronics for Active Power Filters and Uninterruptible Power Supplies


This section presents power quality solutions based on APF and UPSs. APF are power quality compensators based on power electronics and they can be of the shunt type or series type. The shunt active power filter (ShAPF) is connected in parallel with the power grid, compensating problems in terms of currents and reactive power, whereas the series active power filter (SeAPF) is connected in series with the power grid, hence compensating power quality problems in terms of voltages. Furthermore, the association of both SeAPF and ShAPF gives rise to the UPQC, which is also studied in this section and, naturally, can compensate the same power quality problems of the SeAPF and ShAPF combined, i.e., in terms of voltages and currents. This section also presents power quality solutions based on UPSs, where three main types are considered: offline, line-interactive and online, where each of these types may compensate different levels of power quality problems.



6.1. Shunt Active Power Filters


The ShAPF is an APF whose connection is performed in parallel with the power grid and downstream the loads that create the power quality problems to be compensated. Hence, the ShAPF is a piece of equipment able to compensate power quality problems related to currents, namely harmonic currents, reactive power and, in the case of three-phase power grids, unbalanced currents. The operation principle of a ShAPF is to measure the downstream currents, i.e., the load currents, and absorb currents with a given waveform whose summation with the load currents, i.e., the total grid currents (upstream the ShAPF) would result in sinusoidal, balanced currents and in phase with the respective phase-to-neutral power grid voltages, represented in Figure 12. Hence, the ShAPF can be regarded as a current sink/source from the power grid point of view.



The principle of harmonic currents cancellation used in ShAPFs was first proposed in 1971 and was based on the principle of magnetic flux compensation in a transformer core [168]. In 1976, Gyugyi and Strycula presented the concept of a ShAPF using PWM converters, designated as active ac power filter, but its practical implementation was limited to the compensation of fundamental reactive power since this ShAPF was based on a line-commutated converter comprised by thyristors [169]. In 1984, Akagi, Kanazawa and Nabae presented a ShAPF not only capable of compensating fundamental reactive power but also harmonic currents, being comprised by a three-phase three-leg ac–dc converter based on bipolar junction transistors operating with PWM, and thus making practicable the works of Gyugyi and Strycula [170]. Since their appearance, ShAPFs have been an extensive research topic, with several topologies being proposed, based on voltage source or current source converters, for single-phase or three-phase (three-wire or four-wire) power systems and based on different ac–dc converter topologies [171]. These different classification groups are analyzed in the following subsections.



6.1.1. ShAPFs Based on Voltage Source/Current Source Converters


As happens with any ac–dc or dc–ac converter topology, a ShAPF can be based on either a voltage source converter or a current source converter, depending on the ESS used in the dc-link. Voltage source converters use capacitors in the dc-link, thus making the converter operate as a voltage source, with the dc-link having a fixed polarity voltage and the current being able to circulate in both directions (Figure 13a). On the other hand, current source converters use inductors in the dc-link, thus making the converter operate as a current source, with the dc-link having a fixed direction current and the voltage being able to take both polarities (Figure 13b). Because of this characteristic, current source converters need to be comprised of power semiconductors with a reverse voltage blocking capability, whereby switching power semiconductors can be used to replace the conventional ones used in voltage source converters (e.g., IGBT and MOSFET), or diodes can be connected in series with the conventional switching power semiconductors.



Regarding their application in ShAPFs, the performance of voltage source and current source converters is studied in [172,173] where each approach has its own benefits and drawbacks. For instance, voltage source ShAPFs present a higher switching ripple in their output currents, as well as lower efficiency when operating at light load conditions. On the other hand, current source ShAPFs need to use a heavy and bulky dc-link inductor, as well as a clamping circuit to protect the power semiconductors from overvoltages.




6.1.2. ShAPFs for Three-Phase Systems


Three-phase systems can be comprised of either three or four wires, depending on the absence or presence of the neutral wire, respectively. Accordingly, three-phase ShAPFs can be also based on three-wire or four-wire topologies, with the latter being capable of compensating neutral currents in addition to the other power quality problems previously referred to (harmonic currents, reactive power, and unbalanced currents). Although the first ShAPFs to appear in the literature were of the three-phase three-wire type, such as the topology represented in Figure 14a. Four-wire configurations have gained attention in three-phase systems due to the connection of single-phase loads in these systems [174]. Three-phase four-wire ShAPFs can be either comprised of three legs or four legs, with the former having a split dc-link [175], whose midpoint is connected to the neutral wire (Figure 14b) [176], and the latter having a common dc-link and an extra semiconductor leg [177], whose midpoint is connected to the neutral wire (Figure 14c) [178]. Although the referred publications concern voltage source topologies, current source SAPFs can also be applied to three and four-wire systems, as analyzed in [179,180].




6.1.3. ShAPFs for Single-Phase Systems


ShAPFs were originally developed for three-phase systems since power quality problems such as current harmonics and reactive power were more prominent and economically hazardous in industrial installations. However, the growing use of nonlinear loads in domestic installations gave rise to the development of single-phase ShAPFs [181]. Although most publications regarding single-phase ShAPFs consider the use of full-bridge converters, single-phase ShAPFs based on the half-bridge topology were also proposed, as can be seen in [182,183], as well as based on a two-quadrant topology [184]. Figure 15 shows the structure of single-phase ShAPFs based on half-bridge (Figure 15a) and full-bridge (Figure 15b) topologies. Similar to three-phase ShAPFs, in the literature, single-phase topologies based on current source topologies can also be found, as can be seen in [185,186]. The main drawback of these topologies is related to the lower dc-link ripple frequency in single-phase systems, which demands an even larger dc-link inductor when compared to three-phase topologies. In [187], a single-phase current source ShAPF topology that allows for the reducing of the inductance value of the dc-link inductor while maintaining a low ripple in the dc-link current is presented.




6.1.4. ShAPFs Based on Multilevel Topologies


The previously referred ShAPF topologies are based on half-bridge and full-bridge converters, which can produce only two voltage levels per converter leg. On the other hand, multilevel converters can produce three or more voltage levels per converter leg. This type of converters can be used to reduce the voltage stress in the power semiconductors, as well as to improve the waveform quality of the ac-side current, and they can be applied either to single-phase or three-phase topologies.



The first occurrence of a multilevel converter in the literature dates to 1981, namely a three-phase three-leg NPC ac–dc converter [188]. This converter is inherently a four-wire topology, since the dc-link midpoint, as well as each diode leg midpoint, is connected to the neutral, hence the converter designation. The schematic of this topology can be seen in Figure 16a. In [189], the performance of this converter operating as ShAPF in both three-wire and four-wire systems is studied, and in [190], a version of this converter with four legs instead of three is presented, with the midpoint of the fourth leg being connected to the neutral. In this topology, the dc-link is still split, but its midpoint and the diode leg midpoints are connected to each other but not connected to the neutral.



The NPC topology can be also applied to single-phase ShAPFs, with the most traditional approach being the three-level half-bridge NPC, comprised by a single semiconductor leg whose midpoint is connected to the power grid phase, and with the midpoint of the split dc-link being connected to the neutral [191]. This converter can produce three voltage levels, such as the conventional full-bridge ac–dc converter, but its power semiconductors must withstand only half the voltage for the same dc-link voltage. It should be referred that the number of levels can be increased by increasing the number of power semiconductors (both switches and diodes) and dc-link capacitors connected in series.



An alternative to the half-bridge NPC topology is the full-bridge NPC, where the converter is comprised of two semiconductor legs, whose midpoints are connected to phase and neutral [192]. Such as the three-phase four-leg NPC, the midpoints of the diode legs and of the split dc-link are connected between each other but are not connected to the neutral. This full-bridge NPC topology can produce five voltage levels, but this number can be increased in the same way as in the half-bridge NPC, i.e., by increasing the number of switches, diodes, and dc-link capacitors connected in series. On the other hand, the full-bridge NPC topology can be simplified without losing any number of voltage levels, namely by using an NPC structure in one of the legs and a simple half-bridge leg in the other. This converter is commonly designed as asymmetric NPC, being also able to produce five voltage levels, and its operation as ShAPF is proposed in [193].



Another popular family of multilevel converters is the flying capacitor topology. These topologies are similar to the NPC, mainly differing in the use of capacitors instead of diodes, as can be seen in Figure 16b. Due to this fact, the flying capacitor topologies are also termed “capacitor clamped”. The variants of the flying capacitor topology obey a similar structure as the NPC variants, with single-phase flying capacitor ShAPF being proposed in [194], based on a half-bridge configuration and, in [195], based on a full-bridge configuration. Such as NPC topologies, the half-bridge variant produces three voltage levels, while the full-bridge variant produces five voltage levels. However, the full-bridge flying capacitor topology does not need a split dc-link, conversely to its NPC counterpart. Regarding three-phase systems, in [196], a ShAPF based on a three-leg flying capacitor topology is presented, and in [197], a similar structure but with four legs instead of three is presented. Non-conventional multilevel converters based on the NPC and flying capacitor topologies applied to ShAPF are proposed in [198,199].



The third family of classical multilevel converters is the cascaded multilevel topology. This topology is based on the series connection of conventional full-bridge converters, in which the number of voltage levels can be increased with the number of converter cells. Conversely to the NPC and flying capacitor topologies, the cascaded multilevel topology uses isolated dc sources and, due to its constitution, it is also termed as cascaded H-bridge topology. Similar to the multilevel topologies previously shown, the original version of the cascaded multilevel topology was applied to a three-phase converter. In [200], a three-phase five-level cascaded multilevel ShAPF is presented, in which each phase is comprised of two full-bridge converter cells, and in [201] an eleven-level structure, in which each phase is comprised of five full-bridge converter cells is presented. Regarding single-phase ShAPF based on the cascaded multilevel topology, in [202,203], five-level and nine-level topologies are presented, respectively.




6.1.5. Hybrid ShAPF


ShAPF can also be employed in conjunction with passive filters to reduce its power rating. This combination gave rise to the concept of hybrid APF, in which the passive filters are tuned for compensating the most prominent current harmonic orders (e.g., 5th and 7th), whereby the ShAPF only needs to compensate higher-order harmonic currents. Hybrid ShAPF can be either parallel hybrid or series hybrid, depending on the connection between the active and the passive filters. The series connection, as represented in Figure 17a, allows reducing the voltage rating of the ShAPF, namely the dc-link voltage, while the parallel connection, represented in Figure 17b, allows reducing the current rating of the ShAPF.



In the literature, the series connection is the most used in hybrid ShAPF, as supported by [204,205]. The referred publications concern three-phase three-wire systems; however, in the literature, the application of hybrid ShAPF to three-phase four-wire systems can also be found, such as in [206,207], and single-phase systems, such as [208,209]. In [210], a concept termed “smart impedance” applied to hybrid ShAPF that discards the tuning of the passive filters is proposed, where the tuning is performed electronically, i.e., by the ShAPF, being able to behave as a different equivalent impedance for each harmonic frequency. In [211], the parallel operation of hybrid ShAPF, both sharing the same dc-link and operating with different switching frequencies is proposed. Moreover, hybrid ShAPF can also be used to damp harmonic resonances in power systems, as proposed in [212].



Table 5 compares the functionalities of the different types of shunt active power filters (ShAPF) referred to in this section.





6.2. Series Active Power Filters


Series APF (SeAPF) work as voltage sources connected in series with the electrical power grid and they can compensate for some problems related to the voltages, namely harmonics, notches, sags, swells, and flicker [213]. Three-phase SeAPF can also compensate voltage unbalances [214] or even the reactive power [215]. The SeAPF acts identically to a controlled voltage source, producing a voltage that is added to the power grid voltage to obtain the desired load voltage. For example, to compensate voltage harmonics, the SeAPF produces a voltage in phase opposition to the harmonic content of the power grid voltage, making the resulting load voltage sinusoidal [216]. Although there are other topologies, a SeAPF is usually made up of a voltage source inverter (VSI) with a capacitor in the dc-link [217] and is connected in series with the electrical power grid throughout coupling transformers [218]. Figure 18 shows a simplified schematic of a three-phase SeAPF based on a VSI converter.



If the dc-link of the converter contains energy sources, the compensation capabilities of the SeAPF are extended, allowing the compensation of steady-state power grid undervoltages or overvoltages [219]. A possible solution to extend the compensation capabilities of the SeAPF is the use of bidirectional converters, connected in a back-to-back disposition to maintain the dc-link voltage regulated [220]. Figure 19 presents the simplified schematic SeAPF with extended compensation capabilities.



The main advantage of this more advanced topology resides in the possibility of exchanging energy with the power grid throughout the bidirectional ac–dc converter that feeds the SeAPF dc-link, allowing the compensation of steady-state power grid undervoltages or overvoltages. For example, to compensate for an undervoltage, and neglect other possible power quality problems, the SeAPF produces a voltage with the same frequency and phase angle of the power grid voltage to obtain a load voltage with nominal amplitude. In this case, the SeAPF injects energy into the power grid to compensate for the undervoltage (the active power produced by the SeAPF can be determined by the average value of the product of the SeAPF voltage by the load current). In this way, and neglecting the losses, the bidirectional ac–dc converter needs to absorb the same amount of active power as produced by the SeAPF to maintain the dc-link voltage regulated. That is, the energy injected by the SeAPF is absorbed by the bidirectional ac–dc converter, making the system neutral in terms of active power exchanged with the power grid. However, despite its advantages, this enhanced topology requires an additional power converter, increasing the cost of the SeAPF.



6.2.1. Hybrid Series Active Power Filters


The capability of the SeAPF in compensating power quality problems related to the power grid voltages, making the load voltages sinusoidal and balanced, is very interesting, but, even so, the spread of this equipment in real applications has not been substantial. The combination of the SeAPF with shunt passive filters presents a set of advantages that makes the SeAPF more appellative. This configuration is usually referred to in the literature as Hybrid Series APF (HySeAPF) [221].



Figure 20 presents the simplified schematic of a three-phase hybrid series APF. The combination of the SeAPF with passive filters connected from the load side presents a set of advantages to the hybrid configuration when compared to the two solutions implemented in an isolated way. The passive filters work well when submitted to sinusoidal voltages, but their effectivity can be severely affected by the voltage harmonics, resulting in higher currents flowing through the filter elements, causing the passive filters to overload and even causing resonances between the filter and the power grid [222]. With the HySeAPF configuration, as the SeAPF connects between the power grid and the passive filters, it can dampen or prevent possible resonance problems [223]. On the other hand, the passive filters compensate the harmonic currents and the power factor, making the currents circulating through the SeAPF more sinusoidal and with reduced amplitude. In this way, the Volt-Ampere rating of the HySeAPF power converter is reduced when compared with the conventional SeAPF. Another advantage of the HySeAPF topology is the reduction of harmonic currents circulating through the coupling transformer that causes additional losses and stress to these components [224].




6.2.2. Transformerless Series Active Power Filters


The SeAPF connected in series with the electric grid through transformers may have its performance compromised. Such an aspect occurs since transformers are not designed to deal with distorted voltages and currents. To overcome the problems of the low-frequency transformers used in the conventional topology of SeAPFs, some topologies referred to as Transformerless Series APF (TlSeAPF) were investigated and proposed in the literature [225]. In [226], a TlSeAPF constituted by three independent H-bridge with a voltage source at the dc-link is presented. Figure 21 presents the experimental results achieved with the TlSeAPF prototype in a laboratory environment. As it is possible to see, despite the power grid voltages being distorted, the load voltages are sinusoidal, evidencing the capability of the TlSeAPF to compensate for the harmonics present in the power grid voltages.



With respect to single-phase topologies of TlSeAPF, in [227], a topology and control algorithm to a single-phase SeAPF that connects in series with the power grid without coupling transformers is proposed. This topology also avoids the use of an external power supply by applying an algorithm to efficiently regulate the voltage in the dc-link capacitor (Figure 22).



Despite the poor recognition in industrial applications of the SeAPF in relation to other solutions to compensate for power quality problems, this equipment has some interesting characteristics, especially in its hybrid version, when combined with passive filters, and so, it is important to continue the investigation, development, and dissemination of this type of power quality conditioner. Table 6 presents a comparison of the compensation characteristics of the main SeAPF.





6.3. Unified Power Quality Conditioner


The UPQC results from a combination of the SeAPF and the ShAPF sharing the same dc-link. This integration allows a better performance of both APF operating in a complementary way [228]. When the UPQC was conceived, the ShAPF was considered as a current-controlled voltage source, producing the compensating current (iF), with the SeAPF as a voltage-controlled voltage source, producing the compensating voltage (vF). The main idea is the ShAPF compensating the distorted and unbalanced components of the load current, iL, including power-factor compensation and dc-link voltage regulation. On the other hand, the SeAPF is responsible for compensating the distorted and unbalanced components of the load voltage. The SeAPF also provides active damping [229] and compensates transient voltage oscillations (voltage sags/swells). As an illustration, Figure 23 shows the idea of both active filters compensating harmonic components from the load current (iL) and the grid voltage (vS). Moreover, to the UPQC topology, it is common to reference the ShAPF as the shunt converter and the SeAPF as the series converter.



A simplified diagram of the UPQC is presented in Figure 24, where the SeAPF is located upstream of the ShAPF. The compensating voltage of the SeAPF, vFx for x = a, b, c, is determined by control algorithms presenting iSx and vSx as inputs. To the ShAPF, the compensating current (iFx) is calculated based on the load current (iLx) and the dc-link voltage (vDC). It is important to comment that the fundamental components of vFx and iFx are synchronized with the fundamental positive-sequence component of vSx. It can be carried out through a phase-locked loop (PLL) [230], whose output signals are used in the control algorithms of both converters. Furthermore, it is usual for the modulation techniques of both active filters to include iFx and vFx in their feedback loops.



It can also be noted the presence of power transformers connecting SeAPF with the power grid since they provide galvanic isolation and allow to reduce the dc-link voltage. Nevertheless, it is important to keep in mind that conventional transformers were not designed to deal with high-frequency voltages and currents. Thus, small passive filters, indicated in Figure 24 as ZSx and ZPx, are used to mitigate the flow of these high-frequency components.



Another drawback of using power transformers is their voltage drop. This aspect is more evident in the load voltage (vLx), whose amplitude is decreased due to the voltage drop on the series transformer. There are some alternatives to overcome it. One of them is including vLx as an input of the series-converter controller, with the SeAPF being entirely responsible for keeping vLx regulated. In a first view, it should not be a problem since it is similar to compensating transient voltage oscillations. Nevertheless, such a strategy presents some limitations. To compensate for transient voltage oscillations, the series converter is forced to produce a fundamental voltage in phase with iSx, resulting in an energy flow from the series converter to the power grid. Consequently, the dc-link voltage decreases, with the ShAPF being forced to produce a fundamental component for keeping the dc-link voltage regulated. The production of such a current increases iSx and, consequently, the voltage drop in the series transformer also increases.



This circulating power between the series and shunt APF is one of the main UPQC constraints for compensating transient voltage oscillations. An alternative to mitigate it is considering the capability of both APF to produce reactive power, in a coordinated way, for compensating transient voltage oscillations. This coordination is necessary since both APF produce the controlled reactive power based on the same variable, which is the amplitude of the load voltage [231].



Figure 25 shows the compensation characteristics of a three-phase four-wire UPQC in steady-state operation [232]. As is possible to see in Figure 25a the source voltages, vSx for x = A, B, C, N, present a deformation well visible near the maximum and minimum values and the load currents, iLx, are highly distorted and unbalanced resulting in a high neutral current, not only due to the load unbalancing but also to the zero sequence harmonics in the phase currents. As visible in Figure 25b the UPQC makes the load voltages, vLx, sinusoidal and the power grid currents, iSx, sinusoidal, balanced and in phase with voltages. The current in the neutral conductor is practically eliminated by the UPQC.



In the literature, one may note some modifications to the UPQC topology. For example, a UPQC topology integrated with shunt passive filters, where the ShAPF is located upstream of the SeAPF, was introduced in [233]. Through such a combination the SeAPF provides active damping to improve the performance of the shunt passive filters, and the ShAPF is responsible to keep the dc-link voltage regulated. Another approach is the one introduced in [234], known as the iUPQC (inverted UPQC), where the series converter acts as a current-controlled voltage source and the shunt converter as a voltage-controlled voltage source.



Although the compensation results are similar to those obtained with the conventional UPQC, the control algorithms are different, which may confer some advantages of the iUPQC over the UPQC. In the iUPQC topology, the shunt converter is controlled to produce a balanced three-phase voltage system with desired amplitude to feed the loads. The series converter is controlled to transfer the active power required to feed the loads from the power grid through sinusoidal currents in phase with the voltages. This strategy allows to feed the loads with constant amplitude balanced sinusoidal voltages and obtain balanced sinusoidal currents from the power grid side as in the conventional UPQC [235]. However, as the reference voltages to the shunt converter are sinusoidal and remain invariant, the response to transient events such as voltage sags and swells is better, because the converter reference remains unchanged during these transients. The series converter also always works with sinusoidal references and needs to increase or decrease the amplitude to maintain the active power required by the loads and keep the dc-link voltage regulated [236]. Furthermore, in LV applications, the shunt converter can be connected to the power grid without coupling transformers, and the series transformers are used with a current-controlled converter attenuating inherent problems at the transformers when submitted to high-frequency voltages and currents [237].



Furthermore, there are other approaches to eliminate the series and shunt transformers. One of the proposals consisted of three single-phase UPQCs in a three-phase circuit, enabling the elimination of the series power transformer [238]. Nevertheless, the shunt transformers remained in the circuit. This proposal is limited since it is possible to compensate for unbalanced voltages or currents [239]. To overcome this problem, a topology consisting of a single-phase full-bridge series converter linked to a three-phase shunt converter was proposed in [240]. However, one may note that the proposed topology in [240] connected with a three-phase four-wire circuit was composed of 36 power switches.



Another possibility to overcome the low frequency series and shunt power transformers is recurring to high frequency isolated bidirectional converters to connect the series and shunt converters dc-links, enabling the energy transfer between both converters as required to the UPQC operation [241]. The isolated bidirectional converters can be implemented using high-frequency transformers, which allows for reducing the size, weight, and cost of equipment. As the series and shunt converters of the UPQC connect to the power grid without transformers it is also expected a better performance of the UPQC in compensating the power quality problems and a higher efficiency since the non-linearity and losses of the low-frequency transformers are removed from the system [242]. The increase in the efficiency is most noticeable when the circulating power between the series and shunt converters is small, leading to low power loss in the isolated bidirectional dc–dc converters [243].



Since in the conventional UPQC the series converter is controlled as a controlled voltage source and the shunt converter is controlled as a current source, it can be advantageous to use a hybrid UPQC topology [244], composed by a voltage source inverter in the series converter and current source inverter in the shunt converter. To allow the energy exchange between the series and shunt converter is used a high-frequency isolated bidirectional current-source to voltage-source converters. The main advantages of the hybrid UPQC became from the easiness of control of the series and shunt power converters, allowing the open-loop voltage control of the series converter and open-loop current control of the shunt converter leading to high bandwidth and inherently stable architecture conferring to the UPQC superior performance compensation characteristics. A slightly different version of the UPQC is presented in [245], named as transformerless universal power quality conditioner (TlUnPQC). The TlUnPQC comprises of shunt and series APF without a common dc-link, which reduces the compensation capabilities when compared to the UPQC.



Instead of the UPQC being considered for distribution power grids, based on LV levels, there are some proposals for its use in MV levels, with the conventional three-phase full-bridge converter replaced by multilevel converters. Due to the UPQC being based on a back-to-back topology, the internal dc-link voltages of both multilevel converters can be easily regulated considering their redundancy states to produce the controlled voltages and currents [246]. Table 7 presents a comparison of the compensation characteristics of the main SeAPF.




6.4. Uninterruptible Power Supply


A UPS is a power electronics-based equipment whose function is to assure a continuous power supply to a specific load or set of loads. There are several types of UPS regarding the connection to the power grid and to the loads, but, in general terms, a UPS is a piece of equipment able to compensate for power outages. Additionally, some UPS are also able to compensate for power quality problems such as voltage sags, voltage swells, overvoltages, undervoltages, flicker, harmonic voltages, and, in the case of three-phase power grids, unbalanced voltages [247]. Depending on the type of UPS, some of them can also compensate for the same power quality problems that a ShAPF, a SeAPF or a UPQC can compensate for [248].



Regarding their physical constitution, UPS can be classified as static, rotary or hybrid. While static UPS are based on power electronics converters, rotary (or dynamic) UPS are based on rotating elements, such as electrical machines and/or flywheels. Naturally, hybrid UPS contain elements of both static and rotary types [249]. However, since the scope of this paper is related to power electronics, only static UPS are presented in this review. Independently of the UPS type regarding its physical constitution, ESS are indispensable, which are mostly based on batteries.



UPSs can also be classified according to their connection to the power grid and to the loads. This classification is related to the protection level and functionalities that a given UPS is capable of [249]. In this sense, UPS can be classified as offline, line-interactive or online [250]. Each of these types, as well as their functionalities and protection level offered to the loads, are described in detail afterward.



6.4.1. Offline Uninterruptible Power Supply


The offline UPS is the simplest UPS type, also termed as line-preferred UPS or passive standby UPS. In this approach, the UPS is connected in parallel to the power grid, as well as the loads, i.e., the loads are fed directly from the power grid, hence the line-preferred designation. Thus, the offline UPS does not provide voltage conditioning to the loads, being classified as “voltage and frequency dependent” by the IEC 62040-3 standard [251]. A static switch is placed upstream of the UPS so that in case of a power outage (backup mode) the loads can be disconnected from the upstream power grid, being supplied with the power delivered by the UPS.



An offline UPS is typically comprised of two power converters, namely an ac–dc converter to charge the batteries from the power grid and a dc–ac converter to supply the loads, as shown in Figure 26. Both converters share the same dc-link, in which the batteries are connected. In this structure, the ac–dc converter only operates in normal mode, while the dc–ac converter only operates in backup mode. Alternatively, an offline UPS can be comprised by an ac–dc converter, interfacing the power grid with a dc-link, and a dc–dc converter, interfacing the same dc-link with the batteries, with both converters being bidirectional. In normal mode, the ac–dc converter provides power to the dc-link, so that the dc–dc converter can control the battery charging. In backup mode, the dc–dc converter discharges the batteries, providing power to the dc-link, so that the ac–dc converter operates as a dc–ac converter to supply the loads.



Independently of its topology, an offline UPS has the disadvantage of not allowing a seamless transition from normal mode to backup mode, which is mostly due to the power outage detection time and the inertia of the mechanical transfer switch.



Research efforts concerning offline UPS are not properly recent in the literature. For instance, in [252] an offline UPS with zero transfer time using integrated magnetics, i.e., using a three-port transformer to interface the power grid, the UPS output and the loads were proposed. Besides the null transfer time, this proposal also provides short-circuit protection.



In [253], an offline UPS based on a bidirectional cycloconverter using a high-frequency transformer is proposed. During normal mode, the cycloconverter is controlled to charge the batteries, i.e., with the power flowing from the power grid to the batteries, while in backup mode it is used to regulate the voltage supplied to the loads. In [254], an offline UPS using only five fully-controlled power semiconductors with their respective antiparallel diodes, which include both the inverter and battery charger is proposed.



An offline UPS based on a high-frequency transformer and a bidirectional dc–dc converter is proposed in [255], in which the dc–dc converter is a blend of the dual active bridge and dual half-bridge converters, i.e., one side of the converter is comprised by a full-bridge topology and the other by a half-bridge topology.




6.4.2. Line-Interactive Uninterruptible Power Supply


The line-interactive UPS combines some characteristics of offline and online UPS. This type of UPS can provide voltage regulation to the loads during normal operation of the power grid; hence it is classified by the IEC 62040-3 standard as “voltage independent” [251]. Similar to the offline UPS, the line-interactive UPS contains a static switch placed upstream so that, in case of a power outage (backup mode) the loads can be disconnected from the upstream power grid, being supplied with the power delivered by the UPS.



One common type of line-interactive UPS was proposed in 1994, presenting a similar constitution to that of an offline UPS except for an extra inductor connected in series between the upstream power grid and the point of common coupling for the UPS and the loads [256], as it can be seen in Figure 27. To perform voltage regulation to the loads, the ac–dc converter produces or consumes reactive power in case of undervoltage or overvoltage, respectively, with the inductor withstanding the voltage difference between the power grid and the loads. Additionally, active power can be also drawn from the power grid to charge the batteries. In backup mode, this UPS behaves similarly to an offline UPS, with the static switch being opened to disconnect the UPS and the loads from the upstream power grid and the bidirectional ac–dc converter operating as a dc–ac converter, using the energy stored in the batteries to feed the loads with sinusoidal voltage.



A type of line-interactive UPS that is capable of compensating power quality problems both in terms of voltage and current is the delta conversion line-interactive UPS (Figure 28). This type of UPS was proposed in 1996 and its power grid interface is comprised of two bidirectional ac–dc power converters instead of only one [257]. One of the converters is connected in parallel to the power grid, also called the main converter, while the other is connected in series with the power grid (generally via low-frequency transformers), being called delta converter, with both converters sharing the same dc-link. Due to its constitution, this type of UPS is also termed as series-parallel line-interactive UPS.



As it can be seen, its constitution is very similar to that of a UPQC, whereby this UPS is capable of compensating power quality problems in terms of voltage (sags, swells, undervoltages, overvoltages, notches, harmonics) and in terms of current (power factor, harmonics, unbalances), in addition to its primordial function of compensating power outages. Moreover, the series (or delta) converter does not need to be rated for the same power as the parallel (or main) converter, being typically rated for 20% of the UPS output power [257]. In this UPS, the parallel converter controls the voltage supplied to the loads, while the series converter guarantees a sinusoidal power grid current, simultaneously controlling the battery charging and providing or absorbing the voltage difference between the power grid and the loads in case of undervoltage or overvoltage, respectively.



Another advantage of this UPS is that it allows a seamless transition from normal to backup mode since the parallel converter is continuously regulating the voltage of the loads. Therefore, the delta conversion line-interactive UPS has similar features to those of an online UPS without suffering from the same lack of efficiency since the full load power does not flow through both power converters. However, as the loads are not completely disconnected from the power grid, this type of UPS is not capable of frequency regulation, as happens with any line-interactive UPS, being classified by “voltage independent” by the IEC 62040-3 standard [251].



In [258], a single-phase delta conversion UPS based on push–pull converters, with galvanic isolation being accomplished both in the series and parallel converters, allowing to use a low voltage battery and thus reducing the cost of the overall system is proposed. In [259], a single-phase line-interactive UPS with a similar structure to that of an offline UPS, i.e., comprising a rectifier and battery charger and bidirectional dc–dc and dc–ac converters for interfacing the power grid and the loads is proposed. Although the authors define the proposed UPS as offline, it is capable of voltage regulation, therefore having the performance of a line-interactive UPS.



In [260], the application of a line-interactive UPS for three-phase microgrids, being able to operate both in grid-connected and islanded modes is presented, and in [261], a single-phase line-interactive UPS whose main ESS is based on fuel cells, using a bidirectional isolated three-port dc–dc converter to interface both fuel cells and ultracapacitors with the dc-link of the grid interfacing dc–ac converter is presented. A delta conversion UPS for three-phase four-wire systems, based on three-phase four-leg ac–dc converters, is presented in [262].



Regarding transformerless topologies, in [263], a single-phase line-interactive UPS, using a bidirectional switch operating at line frequency in order to mitigate the ground leakage current is presented, and in [264], a single-phase delta conversion UPS, neither using transformers nor a dedicated dc–dc converter to perform battery charging is proposed.




6.4.3. Online Uninterruptible Power Supply


The online UPS is the UPS type that offers the highest protection level to the loads. This type is also termed as double-conversion UPS or inverter-preferred UPS since it is connected in series between the power grid and the loads. Consequently, the UPS always supplies the loads, independently of the operation mode being normal or backup. This is an advantage in the way that allows a seamless transition from normal mode to backup mode, i.e., when a power outage occurs, the load voltages do not suffer any change or transition, since the voltage is being already produced by the UPS. Besides, the online UPS provides voltage conditioning to the loads, since it can regulate the amplitude, frequency, and phase angle of the produced voltage. Thus, online UPSs are classified as “voltage and frequency independent” by the IEC 62040-3 standard [251].



An online UPS is constituted by at least two power converters, namely an ac–dc converter to interface the upstream power grid and a dc–ac converter to interface the downstream loads, as depicted in Figure 29. Both converters share the same dc-link, in which the batteries are connected. Alternatively, a bidirectional dc–dc converter can be placed between the dc-link and the batteries to control the battery charging or discharging. Furthermore, there is also a static switch that is normally open, either in normal and backup modes and is only used for maintenance purposes of the UPS. Despite its functional advantages, the online UPS suffers from lower efficiency than the mentioned types, since both the ac–dc and dc–ac converters operate continuously, regardless of the operation mode being normal or backup, and both need to handle the full operating power in each instance.



In [265], a single-phase transformerless online UPS using a low voltage battery (24 V), which is based on a bridgeless boost PFC converter, a nonconventional bidirectional dc–dc converter using a coupled inductor and a full-bridge dc–ac converter is proposed. Concerning online UPS using alternative ESS, such a system based on fuel cells is presented in [266], and a system based on the combination of batteries and ultracapacitors is reported in [267]. Besides ESS, RES can also be applied to UPS systems, being proposed in [268], an online UPS with a PV solar module endowed with a maximum power point tracking converter (a boost dc–dc converter), connected to the dc-link of the ac–dc and dc–ac converters that comprise the UPS.



In [269], an online UPS capable of providing emergency power to two types of loads, namely voltage-frequency independent loads and voltage-frequency dependent loads is proposed. In [270], an online UPS for three-phase four-wire systems, being used a three-phase four-leg dc–ac converter is presented. Regarding multilevel converter topologies applied to online UPS, in [271], a cascaded structure of boost dc–dc converters interfacing the dc-link of a full-bridge dc–ac converter for single-phase systems, being able to produce seven voltage levels is presented; however, two step-down grid-frequency transformers are needed to supply the inputs of the boost dc–dc converters.



An online UPS for three-phase four-wire systems is proposed in [272] using an NPC topology both for the front-end ac–dc and back-end dc–ac converters, with the batteries being connected in the dc-link of both converters. A similar system is proposed in [273] but with an additional dc–dc converter to interface the batteries with the dc-link, namely a bidirectional three-level buck-boost dc–dc converter. A family of three-phase online UPS with galvanic isolation being achieved with high-frequency transformers is presented in [274], and the parallel operation of dc–ac converters in online UPS is studied in several publications, such as in [275], while in [276], a dc-link protection scheme for parallel-connected online UPSs is presented and in [277] a regeneration protection scheme due to unequal power distribution among parallel-connected online UPSs is presented. Table 8 summarizes the functionalities of each UPS type referred to in this section.






7. Power Quality in Railway Systems


These days, most of the high-speed electrified railways are operating by using an ac power supply, which offers better performance under long-distance power transmission. However, as the importance of railway transportation mode is increasing due to more passengers and higher mobility requirements, flexible and efficient railway systems are always under demand [278]. In Europe, ac traction power systems are mainly categorized according to the voltage and frequency parameters (15 kV, 16.7 Hz) or (1 × 25 kV or 2 × 25 kV, 50 Hz). In all cases, railway operators have always a total interest to run the electrified trains at the lowest cost possible. In this context, power quality improvement at the three-phase ac power grid has drawn more attention in the last decades, especially after the strong evolution in the power electronics converters and the semiconductors industry [18]. Electrified railways may suffer from abrupt changes in active and reactive powers. In addition, the rapid evolution in the use of variable-speed drives rises the generation of harmonic contents. Subsequently, several solutions based on power electronics converters were presented to improve power quality in the electrified railway, e.g., the flexible ac transmission systems (FACTS).



It is worthy to mention, power quality improvement in the single-phase electric traction grid was not under attention by researchers since the electrical traction load has a poor power quality by nature [19]. Consequently, most of the power quality studies in ac railway electrification only consider the power quality improvement of the three-phase ac power grid. The common power quality problems in high-speed electrified railway systems are: three-phase current imbalance, harmonic voltages, harmonic currents, reactive power and voltage fluctuations. Taking into account the existing opportunities in the railway industry, not only in the development process of the electric train itself but also in the power quality improvement of electrified railways, there will be a strong investment in technological development for electrified railway systems [19]. Therefore, this item grants an overview of the FACTS devices that can be employed to improve power quality in electrified railway systems, targeting to reduce the operating costs of the electrified trains and to increase the power capacity of the electric traction grid. Table 9 summarizes review papers in the literature that address power quality improvement in railway systems using power electronics technologies.



7.1. Static VAr Compensator (SVC)


The principal functionality of a static VAr compensator (SVC) is the ability to dynamically adjust reactive power, overcoming voltage unbalance between phases, and solving the problem of poor power factors. The SVC measures the actual voltage at the overhead catenary line, determines the difference to a voltage reference value and provides reactive power independence of the voltage difference. Normally, SVC consists of a thyristor-controlled reactor (TCR), passive filter circuit, and thyristor-switched capacitor (TSC). TCR provides an inductive reactive power, while TSC provides a capacitive reactive power without generating extra harmonics in the transmission lines [279]. Moreover, the TSC topology is useful to reduce the total SVC losses, where the TSC results in reducing the overall SVC size. On the other hand, the TCR generates transients and harmonic currents at firing angles above 90°. Therefore, these harmonics need to be filtered by using a tuned passive filter circuit [281]. In electrified railway applications and since the train is a huge non-linear load, the number of TSC units must be higher than the number of TCR branches. On the other side, and to avoid the undesirable transient response of the TSC when it has back-to-back thyristor, a small inductance should be connected in series with each capacitor to reduce the high rate of current [288]. Figure 30 presents the SVC in 1ac or 2ac electrical traction systems.



Siemens Energy offers an SVC PLUS voltage-source converter technology based on the modular multilevel converter (MMC). The new design guarantees a high degree of scalability and reliability, taking advantage of the MMC features. A large number of series-connected submodules in the MMC gives the flexibility and the quick response to synthesize an ideal waveform for the purpose of power quality improvement. Hence, no passive filter circuit is required. The new SVC PLUS offers a direct connection to the load busbar without a step-down transformer [289].



Consequently, SVC devices are well known as an economical solution for power quality improvement. The SVC structure involves several reactive components, which can have controlled impedance by thyristor switching devices. In addition, the SVC dynamic performance is satisfactory in more flexible power systems (e.g., near giant power plants) which can be technically sufficient and economically effective. It can be a good alternative to the conventional mechanically switched reactors and capacitors [281]. However, it has a poor dynamic performance when a huge non-linear load (e.g., electric train) is under operation, and the system occupies a large physical area compared to other FACTS devices [282].




7.2. Static Synchronous Compensator (STATCOM)


STATCOM can be branded as an evolution of the SVC that combines fully commutated switches instead of thyristors [279]. The basic principle of the STATCOM is to connect a three-phase voltage-source converter with the three-phase ac power grid through inductors, as shown in Figure 31. Specific traction transformers (e.g., V/V, Scott and LeBlanc connections) can mitigate the current imbalance problem but only to some extent or in specific operating conditions (when the load sections are equally loaded) [290]. However, if the traction substation is equipped with a STATCOM device, which is capable of completely compensating all the reactive power of the traction substation and balancing the three-phase currents, only active power is drawn from the three-phase ac power grid with a unitary power factor. By another meaning, a STATCOM device can be dynamically controlled to regulate the phase-angle and the amplitude of the ac side currents. This is possible by managing a certain amount of active and reactive power. Accordingly, this device can follow the fast-dynamic changes of traction loads [291].



Since the STATCOM is connected in parallel at the primary side of the traction transformer (V/V, Scott, etc.), it cannot regulate the catenary voltage and is not sized for that purpose. Additionally, and due to the parallel connection of STATCOM, the eventual malfunctioning does not perturb the substation operation. In such a case, the STATCOM is simply disconnected, and the compensation does not occur [292]. On the other hand, the STATCOM device has constant nominal power and good overloading capability. However, if the traction substation is supplying a power above the nominal one, an incomplete compensation mode may occur [290]. Normally, a STATCOM device consists of one or more three-phase converters, the output inductor, and the dc-link capacitor. In the case of more than one three-phase power converters, they generally operate in parallel to achieve a higher redundancy, sharing the power and improving the ac current ripples. The capacitance of the dc-link is dimensioned to obtain small voltage ripples without distorting the output waveforms. On the other hand, the inductance of the output inductor should be enough to limit the harmonic currents generated by the converter switching [293]. STATCOM based on MMC is a viable solution for the power range in electrified railway applications due to the high-power capability, modularity, redundancy and good fault tolerance of the MMC [294].



A STATCOM device, combining full-commutated switches (IGBT), has been branded by ABB as an SVC Light. According to the manufacturer, SVC Light is equipped with extreme requirements on fast response due to pulse width modulation (PWM) controlled power switches, getting switching frequencies up to 2 kHz. The high-speed train in France (in French: train à grande vitesse) TGV is an example where the SVC light is installed to ensure good power quality [295].




7.3. Static Frequency Converter


The main task of the static frequency converter (SFC) is the coupling between the three-phase ac power grid and the single-phase traction power grid, converting the three-phase ac voltage to a single-phase voltage and vice versa. In addition, the catenary voltage and frequency should be independent of the three-phase ac voltage on the primary side [283]. The SFC’s original application in the European railway sector was the replacement of the rotary converters to obtain 16.7 Hz in central Europe (Germany and Austria). Consequently, the SFC enables a frequency and voltage control (in phase and magnitude) of the overhead catenary line, where power can be transmitted in both directions [284]. The active power is usually supplied from the three-phase ac power grid into the single-phase traction power grid, dominated by the power consumption of the traction loads. On the other hand, regenerative braking energy of the trains can be transmitted back into the three-phase ac power grid [285]. Figure 32 shows the SFC system in electrified railways applications.



SFC is normally connected to all three-phases of the power grid and operates with a symmetrical load dissimilar to a transformer (V/V or Scott), which can only be connected to two-phases and therefore produces an unbalanced load condition. The symmetrical energy consumption allows improved power quality of the three-phase ac power grid, without NSCs of currents, lower harmonics distortion, and a minor possibility of creating transient phenomena, such as voltage fluctuation and frequency variation. Moreover, in a conventional traction substation with a transformer, the reactive power must be supplied by the three-phase ac power grid. However, the SFC can provide the reactive power necessary to the passive equipment in the traction system (transformers, inductors, etc.). Therefore, the SFC maintains a unitary power factor from the three-phase ac power grid [296] Due to the dc-link between the SFC back-to-back converters, the harmonic contents produced by the traction loads cannot influence the power quality of the three-phase ac power grid [297]. It is worthy to mention that, one of the main SFC advantages is the reduction of neutral sections along the catenary line, enabling an operation without neutral sections in the traction substation where the SFC is installed. However, between the traction substations themselves, neutral sections are still necessary for security reasons. On the other side, the main disadvantage of the SFC is the limited overloading capability since all the power of traction loads should be transmitted by the SFC (not only a portion of the power as in the STATCOM and the SVC), then the SFC can provide a limited short-circuit current compared to a conventional transformer substation [283]. The reduced short-circuit current brings the importance of fast protection against overvoltages and short circuit currents to protect the SFC. In addition, the use of an SFC based on conventional two-level back-to-back converters results in a lower switching frequency of the SFC, then, a higher number of harmonics may affect the power quality of the three-phase ac power grid. In this case, passive power filters are necessary to compensate for the harmonic current contents produced due to the low switching frequency of the SFC switching devices. This entails extra costs of the SFC. However, the SFC can be based on MMC, which provides additional redundancy and higher equivalent switching frequency [298].




7.4. Rail Power Conditioner


This item presents a rail power conditioner system (RPC) that is normally installed at the single-phase traction power grid for power quality improvement. Contrary to the STATCOM device that is normally installed at the three-phase ac power grid, the RPC is normally connected at the single-phase traction power grid through step-down coupling transformers, as shown in Figure 33. The RPC consists of two back-to-back converters that can be full-bridge converters with eight power switches [298], or as a single three-phase converter with six power switches [299], or as half-bridge converters with only four power switches [300]. The RPC system can compensate for harmonics and reactive power. It also shifts half of the active power difference between the load sections. This amount of active power is transferred by the RPC from the load section with a higher loading power to the one with a lower loading power [301]. The reactive power is only exchanged between the RPC and the locomotives and no reactive power is exchanged with the three-phase ac power grid. Consequently, the unitary power factor can be obtained at the three-phase ac power grid [302]. In this solution, the harmonics are compensated at the catenary line and the transformers work with sinusoidal currents.



Since the load power is mainly provided by the three-phase ac power grid through a V/V or a Scott power transformer, unlike the SFC, the RPC cannot perform a frequency conversion but, on the other hand, the load sections can be overloaded as an advantage of the RPC partial contribution in the load power delivery [303]. If the power cannot be exchanged between the load sections due to the substation equipment configuration, the RPC operates in SVC mode. For instance, if the catenary line voltage at the same substation corresponds to one line-to-line voltage, the RPC in this case operates as an SVC to compensate only reactive power [304]. The explanation in [286] shows different operation modes for the RPC. This makes the RPC a flexible solution to be applied in electrified railways. The converter can operate in RPC mode, reactive power compensation mode (SVC mode), catenary voltage regulator mode and as an interface converter mode between two-substations in the double-side feeding.



The first implemented application of a 60 kV 20 MVA RPC for the Tohoku Shinkansen railway in Japan was in 2004 [305]. The system, at that time, was based on multilevel converters and a Scott power transformer. Another completed project was in March 2009, where gate-commutated thyristors were installed in four substations of the Tokaido Shinkansen in Japan: the Shimizu substation, Shin-Kikugawa substation, Shin-Biwajima substation, and Ritto substation. More details about that project can be found in [306]. Photos of RPC devices in the Shin-Numakunai substation, besides some technical aspects, can be found in [307]. Due to the MMC advantages, RPC topologies based on MMC are nowadays the ones under interest by researchers. For instance, the two step-down coupling power transformers can be avoided [308]. It is important to know that when using a V/V power transformer, the RPC with six power switches (based on a three-phase converter) has the same power ratings as the full-bridge back-to-back converter with eight power switches. The previous explanation is only true in V/V traction systems. It is noteworthy to mention that using a hybrid RPC system significantly reduces the RPC power ratings. The hybrid RPC is based on the combination between active power filters and passive components, such as, capacitors and inductors. Additionally, it is possible to use a modular RPC system based on parallel-connected RPCs. In this way, the compensation current injected by the modular RPC system is divided between several parallel-connected RPCs [287]. For more details, a comprehensive review of the RPC and its operation modes are presented in [286].



On the other hand, it is possible that only one phase is directly connected to the traction power grid, as shown in Figure 34 This new topology is called Co-phase RPC (Co-RPC). The main advantage of using this new topology over the conventional RPC system is the lower number of neutral sections required along the overhead catenary line. In this case, and as was the case of SFC, it is possible to remove the neutral sections in the same traction substation but the ones between the traction substations should remain for safety and security reasons. Consequently, using the Co-RPC allows for reducing the total number of neutral sections by half. This permits to reach a higher train speed since trains may lose power and velocity when they pass through the neutral sections [309]. Accordingly, the Co-RPC system is more appropriate for supplying the high-speed railway than other FACTS devices. The first co-phase RPC was used in China, namely, in the Meishan traction substation in 2010 [310].




7.5. Comparison between FACTS Devices for Power Quality Improvement in Electrified Railway Applications


In summary, the SVC is a well-known technology, but it requires very large passive components due to the low switching frequency of the power switching devices. STATCOM is normally installed at the three-phase ac power grid and should sustain a high blocking voltage, increasing the size and the total costs of this solution. The SFC is the most effective technique when a frequency conversion is needed (from 50 Hz to 16.7 Hz). It also offers the best performance in terms of power quality improvement in electrified railways. However, the total cost of this technology is higher than the other FACTS since it should handle all the active power of the loads. The RPC is a very well-known technology in the East of Asia. It is the correct option when three-phase to two-phase transformers are used to interface between the three-phase ac power grid and the traction power grid (e.g., V/V transformer, Scott transformer, etc.). Unlike the STATCOM, RPC is normally installed at the two-phases of the traction power grid (MV level). This allows the RPC to operate in different modes, such as the SVC mode, catenary voltage regulator mode, and as an interface converter for active power transmission between two traction substations [305]. The RPC power ratings can be higher than the STATCOM at the same conditions since the RPC does not only compensate reactive power and harmonics but partially supply active power directly to the load. Hence, the Co-RPC is a new technology that helps to reduce the RPC power ratings and reduce the number of neutral sections along the overhead catenary line. In that regard, Table 10 presents a comparison between the FACTS devices for power quality improvement in electrified railway applications.





8. Power Quality in Electrical Appliances


The electrical power grid is, as a rule, the energy source that powers most of the electrical appliances, making the ac–dc conversion present in a wide variety of applications, such as switch-mode power supplies, battery charging systems, adjustable speed drives, electronic ballasts, and other domestic appliances [311]. Conventionally, this power conversion stage is developed using diodes and/or thyristors to provide the unidirectional or bidirectional power flow in a controlled or uncontrolled manner. The most used ac–dc topology is the diode full-bridge rectifier, identified in the literature as a Graetz bridge [312]. This is due to its simplicity of construction and the low cost of the used semiconductors, as well as the fact that it is a rectifier without the need to be controlled. However, the diode full-bridge rectifiers consume currents with a high THD, causing voltage waveform distortion and, consequently, a low power factor on the power grid side. Besides, the IEC 61000-3-2 standard imposes strict requirements for harmonic contents in the input current of the power electronics converters [29].



To mitigate the power quality problems associated with the use of line commutated rectifiers, passive and hybrid power filters [313], active power filters [314], multi-pulse rectifiers [315], and hybrid multi-pulse rectifiers [316], were used. Nevertheless, the emergence of fully controllable semiconductors has enabled the implementation of several power electronics solutions in the power quality field, which allow responding to these problems. Examples of this are the SeAPF and ShAPF (Section 6.1 and Section 6.2), and the UPQC (Section 6.3), which introduce, into the system, compensation currents and/or voltages previously calculated to mitigate power quality problems. Another solution made possible by the evolution of power electronics to reduce harmonic distortion is the use of improved power quality converters [317], which include PFC converters [318].



The PFC converters integrate fully controllable power semiconductors, which allow changing actively the input current waveform to reduce its harmonic distortion and, thus, contribute to the power factor improvement [319]. The conventional PFC converter topologies are composed of a diode full-bridge rectifier followed by a dc–dc converter (Figure 35a), which can take on different configurations, such as boost, buck, buck-boost, etc., [312]. However, the PFC converter topologies are not limited to just these configurations, being found several studies in the literature that present bridgeless PFC converters [320]. The totem-pole bridgeless PFC converter is the most representative one [321], is presented in [322,323], where the emerging of semiconductors, such as GaN devices, are the key element in this topology. The GaN characteristics, such as low on-resistance, fast switching speed, and, especially, the zero reverse recovery loss, turn possible the totem-pole topology with over 99% conversion efficiency. Other single-phase PFC converter topologies were reviewed in [324,325].



A review of single-phase PFC converters is presented in [319], and in [326] three-phase PFC rectifier topologies are derived from known single-phase PFC rectifier systems and passive three-phase diode rectifiers. Additionally, [327] presents a comparative evaluation of the selected boost-type and buck-type PFC rectifier systems. PFC converters can be further classified into two fundamental categories: unidirectional and bidirectional topologies. The VIENNA rectifier is an example of unidirectional PFCs converters and can be found in [328]. The bidirectional PFC converters are also named active front-end converters and active rectifiers because, in addition to allowing sinusoidal currents and keeping the power factor close to the unit, they also allow power regeneration to the power grid, i.e., they can operate as rectifier or inverter [329]. Additionally, due to this reason, they are named PWM regenerative rectifiers [330]. These converters are presented in a wide variety of applications, e.g., for power quality mitigation in distributed networks [331], variable speed drives [332], charging stations [333], EV battery chargers with V2G and vehicle-to-home (V2H) modes [334], UPSs [335], and other applications whose bidirectional power flow is the main requirement. Below, power electronics converter topologies used in different common electrical appliances, in order to improve power quality, are presented.



8.1. Motor Drives


Motor drives are equipment based on power electronics, used to control the rotation speed and the torque of the electric machines. Motor drives can be found in several industrial applications (e.g., pumps, fans, conveyor belts), as well as in domestic appliances (e.g., washing machines, fans, air conditioning) for different machine types (e.g., PMSM drives [336], induction motor drives [337], and BLDC drives [338]).



Based on motor types, the motor drives can be classified into two main categories [339]: ac drives and dc drives. For ac electric machine applications, several works can be found in the literature where the application of active front-end converters in adjustable speed drives (ASDs) (Figure 36), also known as variable speed drives (VSDs), are considered of great importance, not only from the point of view of the power quality on the power grid side [340] but mainly due to the fact that they can operate in four quadrants, making it possible to regenerate the kinetic energy of the electric machine during braking situations [341]. However, as they are fully controlled, they allow the delivery of regulated voltage, via the dc-link, to the inverter [342].



In [343], the authors presented two topologies of ASDs based on an active front-end to fed switched-reluctance motor drives with regenerative braking capability to the power grid. One of the presented topologies has an active front-end to ensure a regulated dc-voltage to the motor drive without neglecting the power quality problems upstream of the ASD, while the other presented topology makes use of a conventional ASD with diode full-bridge converter with an active front-end connected in parallel on the dc-link, which aims to operate as a ShAPF and allow energy regeneration to the power grid. Despite active front-end advantages, according to the authors of [344], its cost is the main drawback to the proliferation of these converters in the ASD market. From this point of view, methods based on electronic inductors to replace traditional passive filters are potential solutions to improve the current THD and the power factor regardless of the load profile [345]. In [346], a dc–dc converter based on a half-dc-bus-voltage rated power converter topology was inserted, between the rectifier stage and the inverter stage of a conventional ASD (i.e., a motor drive system with a diode full-bridge rectifier), to control the rectifier current to be constant, which allows for reducing the THD of the rectifier input current.



Regarding the dc motor drive systems, in [347], a PFC in bridgeless configuration feeds a brushless dc motor drive, which is proposed for low-power household appliances. In this application, the motor drive is powered by a PFC-built bridgeless Landsman converter. Other topologies of bridgeless PFC converters for brushless DC motors based on the PFC bridgeless isolated cuk converter and on the PFC bridgeless buck-boost converter can be seen, respectively, in [348,349].



Most PFC converters are non-isolated [350] and operate in continuous current mode, as is the case of the flyback converter proposed in [351]. Based on this statement, the authors of [352] propose a motor drive for a brushless DC motor ceiling fan powered by an inverter connected to a PFC converter with galvanic isolation capability. The motor drive interfaces with the power grid through a diode full-bridge converter followed by a single switch boost-Luo PFC converter, which results from the combination of the Boost and Luo converters. As main benefits, the authors highlight the reduced number of the power converters used, the better power quality and low cost when compared with solutions with two-stage converters, the isolated input and output and low electromagnetic interference.




8.2. Electric Lighting


In the last several years, technological developments in the electric lighting field have been gaining notoriety, providing equipment with longer service life, greater efficiency and that are more environmentally friendly, as is the case of the light-emitting diode (LED) technology. In view of these advantages and since providing a fast response and a wide color gamut, the LEDs are replacing conventional lamps (e.g., fluorescent lamps and incandescent lamps) [353].



Due to the strict requirements imposed that limit the introduction of harmonic content in the power grid, the application of solutions, in LED drivers, to increase the power factor is necessary. Thus, single-stage LED drivers with high power factor capability and more efficiency were studied lately. Solutions based on ZETA [354], SEPIC [355] and Flyback [356] PFC topologies, are the most suitable converters. In [355], the authors proposed a modified SEPIC LED driver (Figure 37a) that allows the lower voltage stress operation, enabling the use of lower voltage rated semiconductors compared to other buck-boost derived topologies, keeping an equivalent performance when compared with the conventional boost topology. In [357], a single-stage flyback PFC converter is proposed for flicker elimination. Additionally, in [358], a PFC topology based on the flyback converter is presented. This proposed configuration allows for driving multistring led through the synchronous buck converters, which are connected downstream of a flyback converter which is powered by a 300 W bridgeless boost PFC converter, designed based on the discontinuous inductor current mode (Figure 37b). Conventionally, after a bridge converter, a PFC converter is needed, for what the use of the bridgeless boost PFC converter allows to improve the efficiency since the diode bridge converter is avoided. Other bridgeless PFC converter topologies for LED drivers application based on the CLCL resonant converter and on the LLC resonant converter can be seen, respectively, in [359,360].



Electrolytic capacitors of high capacitance and high-power density are commonly used in LED drivers. However, face to other components the electrolytic capacitors are bulky and present a low lifetime, limiting the power density and the lifetime of LED drivers. For these reasons, more and more converter topologies without electrolytic capacitors have appeared in the literature, such as [361] for flicker-free ac–dc LED driver applications and [362] for ripple cancelation in high-power LED drivers. In [363], an electrolytic capacitor-less LED driver topology with PFC capability is presented and shown in Figure 37c. In this topology, the front-end inductor and the driver inductor are purposefully coupled, causing the transfer of some power directly to the LED load without being processed twice. This allows a lower value of the dc-link capacitor (C2) and higher efficiency of the solution. Other electrolytic capacitor-less LED driver topologies with PFC capability based on the bidirectional buck/boost converter and on the forward flyback converter can be seen, respectively, in [364,365].





9. Future Research


This section presents information about future research trends regarding power electronics technologies, used for different applications addressed in this paper, such as renewable energy sources, solid-state transformers, electric mobility, railway systems, active power filters and UPS, as well as their relation to power quality aspects.



With respect to renewable energies, wind and solar, a very large growth is expected, namely in photovoltaic technology. In terms of power electronics for renewable energy interfaces, future research trends related to the increase in efficiency, the integration of local energy storage and the improvement of power grid support functionalities [366].



The technology associated with solid-state transformers (SST) has been studied for many years, but it is not yet mature enough to be widely used, considering its exigency in terms of design, control and hardware. Despite its advantages in terms of controllability and the auxiliary services it can offer, the SST is, nowadays, a significantly less efficient solution when compared to a conventional low-frequency transformer, and more expensive too, due to the use of electronic devices [96]. In part, the efficiency problem results from the power losses of the conventional power semiconductors devices used (MOSFETs, IGBTs). New power semiconductor technologies, such as SiC (Silicon Carbide) and GaN (Gallium Nitride), will make it possible to overcome the efficiency problem through lower switching losses and increased operating frequency [367]. In addition, SST is less robust and is incompatible with the widely used infrastructures of the electrical power distribution systems.



Although the SST technology is not yet fully matured, in future electrical power systems, which are becoming increasingly decentralized, the use of renewable energy sources will require better management of the energy flow between sources and loads [368]. The ability to function as an energy router and to allow the operation of auxiliary services, already identified in Section 4 of this paper, underlying the importance of SST in future smart grids, in applications that seek to address improved energy management mechanisms and the mitigation of power quality problems.



In terms of future research for EV battery charging systems, the focus is aligned with the increasing of the charging power (on-board, but more specifically for off-board chargers that can reach hundreds of kW), without neglecting power quality issues of the electrical power grid, as well as new topologies of power converters (including multilevel and interleaved topologies) with new technologies of switching devices (such as SiC and GaN).



Regarding power electronics technologies for power quality compensation, as are the cases of the shunt active power filter (ShAPF) and the series active power filter (SeAPF), they were investigated and developed due to the widespread utilization of nonlinear loads in the electrical power systems, which gave rise to power quality problems, such as harmonic currents (which, in turn, led to harmonic voltages), current unbalance, and high values of neutral current (mainly caused by zero-sequence harmonics). Future trends suggest that, in the future, the loads will be mainly electronic, and will include power factor correction (PFC) circuits, which make the consumed currents almost sinusoidal and in phase with the voltages, solving the power quality problems associated with current harmonics and reactive power. In this sense, the utilization of ShAPF is expected to be less important, since, in theory, there will be fewer power quality problems related to power factor compensation. In terms of voltage, the SeAPF is also likely to become less important in the future due to the expected growth in the utilization of the SST, which guarantees voltage regulation to the loads connected to the power system. Consequently, if the ShAPF and the SeAPF will lose importance in the future, probably the UPQC will also suffer the same fate. Moreover, if the SST is combined with ESS, it can incorporate UPS functionalities, and therefore, in the future, the need to use dedicated UPS can also be reduced.



Regarding power quality in electrified railways, current research on electric railway supply systems is taking advantage of the modern multilevel power converters in terms of scalability and modularity, or using new power switching devices with Silicon Carbide (SiC) technology that allows the converter to operate at lower losses and higher power capability [369]. Future research direction is focusing on the static frequency converter (SFC) based on modular multilevel converters (MMC). This system can provide better power quality improvement at the three-phase power grid, due to the combination of MMC advantages (higher equivalent switching frequency and better redundancy) and SFC advantages (balanced three-phase currents and unitary power factor). It is worthy to mention that multilevel converters can be integrated with any of the solutions presented in Section 7 of this paper, (“Power Quality in Railway Systems”), and this can be considered as a quantum leap for the electric railway power converters industry. However, the high cost of MMC and SiC power devices are still a basic weak point for implementing that type of solution, which has led to remain it as a theoretical concept for the time being [286]. An example of a reduced-scale laboratory prototype of a rail power conditioner (RPC) based on MMC can be found in [370].



The solutions presented in Section 7 have not only a superb performance with regard to power quality but also a great potential to be integrated with future smart grids networks and renewable energy resources [280]. This is an important topic to be considered as a future research direction of power converters for electric railway supply systems. For instance, the integration between railway power supply systems and ESS is essential for better utilization of energy, thereby enabling the recovery of regenerative braking energy from electric locomotives.




10. Conclusions


Smart grids are increasingly demanding the use of power electronics converters for the integration of key technologies, such as renewable energy sources (RES), energy storage systems (ESS), electric mobility and railway systems. Consequently, power quality is gaining a new preponderance, both in terms of the development of innovative power electronics solutions to preserve power quality and in terms of improved solutions to compensate for power quality problems. In this context, this paper presented an extensive review of power electronics technologies applied to power quality improvement.



The main power quality phenomena were presented considering different activity sectors. Regarding RES, it was demonstrated that the combination of power electronics converters and ESS, in a hybrid configuration, may lead to a feasible solution to mitigate the problems related to the intermittent energy production, also providing the capability to extract maximum energy from the RES. Furthermore, it is also important to comment on the capability of power electronics converters for compensating for power quality problems through several ways, which is a necessary condition to have a reliable power grid.



Regarding the utilization of power transformers in a smart grid context, it is recognized that conventional transformers are fundamental elements of power grids, however, as concerns about power quality increase, solid-state transformers (SST) appear as a promising solution for mitigating the problems adjacent to conventional transformers. The fact that the SST is based on power electronics converters, makes it a versatile element, being able to be applied in several application areas, appearing as an adequate contribution to interface RES, ESS and electric mobility, which makes it an essential element in the future paradigm of smart grids, guaranteeing high-levels of power quality both for the power grid and load sides.



Concerning electric mobility, in the paper a comprehensive review of power electronics topologies was presented, both for on-board and off-board EV charging systems, with a specific focus on the power converter used to interface with the power grid, since this converter is responsible for ensuring the operation with high levels of power quality. The importance of power electronics to guarantee electric mobility integration into smart grids through innovative operations modes was demonstrated. Specifically, an example of an on-board EV charger and an example of an off-board EV charger were presented, and, for both cases, key experimental results regarding innovative operation modes, aligned with the perspective of preserving the power quality on the power grid side were included.



Regarding power electronics equipment for compensating power quality problems, the main solutions were analyzed in this paper, namely, the shunt active power filter (ShAPF), which compensates power quality problems related to currents, the series active power filter (SeAPF), which compensates power quality problems related to voltages, and the unified power quality conditioner (UPQC), which is a combination of the ShAPF and SeAPF, and hence, compensate power quality problems related both to currents and voltages. Furthermore, the uninterruptible power supply (UPS) was also presented in this paper, consisting of equipment capable of compensating the utmost power quality problem, which is the interruption of the power supply. Moreover, depending on its type, the UPS is also able of performing the same compensation features that can be ensured by the SeAPF, the ShAPF, or even the UPQC.



Taking into consideration the present opportunities in the railway sector, several power electronics converters were highlighted, including their advantages, disadvantages, and future opportunities. These power electronics converters are becoming fundamental devices to overcome the power quality deterioration in electrified railway systems, and they can be installed at the three-phase high-voltage power grid or at the medium-voltage traction power grid, bringing flexibility and higher reliability to the three-phase power grid.



Concerning electrical appliances connected to the power grid, the importance of designing systems to operate with the sinusoidal current was analyzed. However, many appliances have power electronics converters that draw a non-linear current waveform, resulting in increased harmonic levels in the power grid. To reduce the harmful effects caused by the introduction of non-linear electrical appliances into the power grid, improved power quality converters were presented for different application areas, such as motor drive systems and electric lighting systems.



Taking into account the trend of using new technologies integrated into smart grids, the importance of power electronics to improve power quality was outlined throughout this paper.
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Figure 1. Different types of power quality problems. 
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Figure 2. Simplified electrical scheme of a hybrid PV-ESS system. 
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Figure 3. Power electronics converter for micro wind turbine: (a) Converter topology; (b) Developed prototype; (c) Laboratory setup to emulate the wind turbine, composed by a squirrel cage induction motor and a permanent magnet synchronous generator. 
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Figure 4. Experimental results of the micro wind turbine converter for two different wind speed scenarios: (a) Power grid currents for a rotation speed of 350 rpm; (b) Power grid currents for a rotation speed of 477 rpm; (c) Harmonic spectrum of the power grid currents for a rotation speed of 350 rpm; (d) Harmonic spectrum of the power grid currents for a rotation speed of 477 rpm; (e) Active power, apparent power, reactive power and power factor for a rotation speed of 350 rpm; (f) Active power, apparent power, reactive power and power factor for a rotation speed of 477 rpm. 
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Figure 5. Block diagram of the single-phase three-stage SST topology. 
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Figure 6. Single-phase building block of a three-phase SST topology for wind generation system applications. 
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Figure 7. SST applied to energy storage system (ESS). 
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Figure 8. SST for multi-port charging station infrastructure. 
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Figure 9. Main power electronics topologies applied as front-end power stage of on-board and off-board EV battery charging systems: (a) PFC; (b) Single-phase full-bridge; (c) Three-phase full-bridge; (d) Three-phase full-bridge interleaved. 
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Figure 10. Developed on-board EV battery charging system operating as shunt APF: (a) Example of a laboratory prototype; (b) Experimental results during G2V mode (vg: 100 V/div/ig: 10 A/div|5 ms/div); (c) Experimental results during G2V mode and compensating harmonic currents of the home (vg: 100 V/div/ih: 5 A/div/iev: 5 A/div/iea: 10 A/div|5 ms/div); (d) Experimental results only compensating harmonic currents of the home (vg: 100 V/div/ih: 5 A/div/iev: 5 A/div/iea: 10 A/div|5 ms/div). 
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Figure 11. Developed off-board EV battery charging system producing reactive power: (a) Example of a laboratory prototype; (b) Experimental results during EV battery charging (vga, vgb, vgc: 50 V/div/iga, igb, igc: 10 A/div|5 ms/div); (c) Experimental results during EV battery charging and producing reactive power (vga, vgb, vgc: 50 V/div/iga, igb, igc: 10 A/div|5 ms/div). 
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Figure 12. Operation principle of a shunt active power filter (ShAPF). 
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Figure 13. Basic structure of a ShAPF based on a: (a) Voltage source converter; (b) Current source converter. 
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Figure 14. Three-phase ShAPFs using ac–dc converters based on: (a) Three-wire three-leg; (b) Four-wire three-leg; (c) Four-wire four-leg. 
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Figure 15. Single-phase ShAPFs using ac–dc converters based on: (a) Half-bridge topology; (b) Full-bridge topology. 
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Figure 16. Three-phase ShAPF using multilevel ac–dc converters based on: (a) NPC; (b) Flying capacitor. 
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Figure 17. Basic structures of hybrid ShAPF using: (a) Series connection; (b) Parallel connection. 






Figure 17. Basic structures of hybrid ShAPF using: (a) Series connection; (b) Parallel connection.



[image: Energies 14 08585 g017]







[image: Energies 14 08585 g018 550] 





Figure 18. Simplified schematic of a three-phase SeAPF based on a voltage source inverter. 
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Figure 19. Simplified schematic of a three-phase back-to-back power converter to extend the compensation capabilities of the SeAPF. 
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Figure 20. Simplified schematic of a three-phase hybrid series active power filter (HySeAPF). 
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Figure 21. Experimental results with a three-phase transformerless series APF (TlSeAPF): (a) Power grid voltages (vSa, vSb, and vSc); (b) Load voltages (vLa, vLb, and vLc) and series APF voltages (vFa, vFb, and vFc); (c) Harmonic spectrum of the power grid voltages; (d) Harmonic spectrum of the load voltages. 






Figure 21. Experimental results with a three-phase transformerless series APF (TlSeAPF): (a) Power grid voltages (vSa, vSb, and vSc); (b) Load voltages (vLa, vLb, and vLc) and series APF voltages (vFa, vFb, and vFc); (c) Harmonic spectrum of the power grid voltages; (d) Harmonic spectrum of the load voltages.



[image: Energies 14 08585 g021a][image: Energies 14 08585 g021b]







[image: Energies 14 08585 g022 550] 





Figure 22. Simplified schematic of a transformerless single-phase series APF (TlSeAPF). 
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Figure 23. Basic principle of both active filters compensating harmonic components. 
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Figure 24. Simplified diagram of the UPQC. 
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Figure 25. Experimental results of a three-phase four-wire UPQC in steady-state operation: (a) Power grid voltages, vSx, and load currents, iLx; (b) Load voltages, vLx, and power grid currents, iSx. 
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Figure 26. Basic structure of an offline UPS. 
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Figure 27. Basic structure of the line-interactive UPS with series inductor. 
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Figure 28. Basic structure of the delta conversion line-interactive UPS. 
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Figure 29. Basic structure of an online UPS. 
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Figure 30. Static VAr Compensator (SVC) in electrified railways. A, B, C refer to the three-phase voltages. 
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Figure 31. Static Synchronous Compensator (STATCOM) in electrified railways. 
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Figure 32. Static Frequency Converter (SFC) in electrified railways. 
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Figure 33. Rail Power Conditioner (RPC) in electrified railways. A, B, C refer to the three-phase voltages. 
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Figure 34. Co-phase Rail Power Conditioner (Co-RPC) in electrified railways. A, B, C refer to the three-phase voltages. 
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Figure 35. Typical PFC converter topologies: (a) Conventional boost PFC converter; (b) GaN totem-pole bridgeless PFC converter; (c) Vienna rectifier; (d) Active front-end. 
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Figure 36. Adjustable speed drive (ASD) with active front-end rectifier. 
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Figure 37. LED driver based on: (a) Modified SEPIC converter topology; (b) Flyback converter powered by a PFC bridgeless boost converter; (c) Electrolytic capacitor-less LED driver with coupled inductor based on a PFC boost converter cascaded with a buck converter. 
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Table 1. Voltage harmonics at the point of common coupling expressed as a percentage of the nominal voltage amplitude Vc (1 kV ≤ MV ≤ 36 kV, 36 kV ≤ HV ≤ 150 kV, 150 kV ≤ EHV ≤ 400 kV) [20].
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Odd Harmonics

	
Even Harmonics




	
Not Multiples of 3

	
Multiples of 3




	
Harmonic Order

	
Related Voltage %

	
Harmonic Order

	
Related Voltage %

	
Harmonic Order

	
Related Voltage %




	
MV

	
HV

	
EHV

	
MV

	
HV

	
EHV

	
MV

	
HV

	
EHV






	
5

	
6

	
5

	
3

	
3

	
5 *

	
3 *

	
1

	
2

	
2

	
1.9

	
1.5




	
7

	
5

	
4

	
2

	
9

	
1.5

	
1.3

	
1

	
4

	
1

	
1

	
1




	
11

	
3.5

	
3

	
1.5

	
15

	
0.5

	
0.5

	
0.3

	
6

	
0.5

	
0.5

	
0.5




	
13

	
3

	
2.5

	
1.5

	
21

	
0.5

	
0.5

	
0.2

	
8

	
0.5

	
0.5

	
0.4




	
17

	
2

	
− **

	
1

	
>21

	
−

	

	
0.2

	
10

	
0.5

	
0.5

	
0.4




	
19

	
1.5

	
− **

	
1

	

	
12

	
0.5

	
0.5

	
0.2




	
23

	
1.5

	
− **

	
0.7

	
>12

	
0.5

	
0.5

	
0.2




	
25

	
1.5

	
− **

	
0.7

	








* According to the grid conception, this value of the 3rd order harmonic can be much lower. ** These harmonic orders should be in consideration according to the EN-50160 European norm. Note 1: Harmonic values higher than 25 orders are not indicated in the table due to their small amplitude. Note 2: THD in percentage, calculated in accordance with EN-50160, should not exceed 4% at the EHV.
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Table 2. Current distortion limits for general distribution systems (120 V Through 69 kV) according to the IEEE 519 standard [31].
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	Isc/IL
	3 ≤ h ≤ 11
	11 ≤ h ≤ 17
	17 ≤ h ≤ 23
	23 ≤ h ≤ 35





	Isc/IL < 20
	4%
	2%
	1.5%
	0.6%



	20 < Isc/IL < 50
	7%
	3.5%
	2.5%
	1%



	50 < Isc/IL < 100
	10%
	4.5%
	4%
	1.5%



	100 < Isc/IL < 1000
	12%
	5.5%
	5%
	2%



	Isc/IL > 1000
	15%
	7%
	6%
	2.5%







ISC = maximum short circuit current at the point of common coupling. IL = maximum demand load current (fundamental frequency component) at the point of common coupling. Note 1: Even harmonics are limited to 25% of the odd harmonic limits above. Note 2: Current distortions that result in a dc offset, e.g., half-wave rectifiers, are not allowed.
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Table 3. Comparison of the overall features of conventional PV systems and hybrid PV-ESS system relatively to power quality improvement.
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	Conventional PV-System
	Hybrid PV-ESS System





	Harmonic Currents Compensation
	+ + +
	+ + +



	Reactive Power Compensation
	+ + +
	+ + +



	Unbalanced Currents Compensation
	+ + +
	+ + +



	Neutral Current Compensation
	+ + +
	+ + +



	Voltage Sags Compensation
	+ +
	+ + +



	Voltage Swells Compensation
	+
	+



	Undervoltage Compensation
	+ +
	+ + +
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Table 4. Comparison of the main power electronics topologies applied as front-end power stage of on-board and off-board EV battery charging systems.
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	Unitary Power Factor
	Power Quality

Functionalities
	Bidirectional
	Slow Charging
	Fast Charging





	Power Factor Correction
	Yes
	No
	No
	Yes
	No



	Single-phase full-bridge
	Yes
	Yes
	Yes
	Yes
	No



	Three-phase full-bridge
	Yes
	Yes
	Yes
	No
	Yes



	Three-phase full-bridge interleaved
	Yes
	Yes
	Yes
	No
	Yes
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Table 5. Comparison between the different types of ShAPF.
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	Single-Phase
	Three-Phase Three-Wire
	Three-Phase Four-Wire
	Hybrid





	Harmonic Currents Compensation
	Yes
	Yes
	Yes
	Yes



	Reactive Power Compensation
	Yes
	Yes
	Yes
	Yes



	Unbalanced Currents Compensation
	-
	Yes
	Yes
	Yes (three-phase)



	Neutral Current Compensation
	-
	No
	Yes
	Yes (three-phase four-wire)



	Resonance Damping
	No
	No
	No
	Can be possible
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Table 6. Comparisons between SeAPF devices for power quality improvement.
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	SeAPF
	Back-to-Back SeAPF
	HySeAPF
	TlSeAPF





	Voltage Harmonics Compensation
	+ + +
	+ + +
	+ + +
	+ + + +



	Voltage Sags Compensation
	+ +
	+ + +
	+ +
	+ +



	Voltage Swells Compensation
	+ +
	+ + +
	+ +
	+ +



	Voltage Unbalance Compensation
	+ +
	+ + +
	+ + +
	+



	Overvoltage Compensation
	-
	+ + +
	-
	-



	Under voltage Compensation
	-
	+ + +
	-
	-



	Current Harmonics Compensation
	-
	-
	+ +
	-



	Estimated Costs
	+ +
	+ + + +
	+ + +
	+
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Table 7. Comparisons between UPQC devices for power quality improvement.
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	UPQC
	UPQC without Series Transformers
	iUPQC
	TlUnPQC





	Voltage Harmonics Compensation
	+ + +
	+ + ++
	+ + +
	+ + +



	Voltage Sags Compensation
	+ + +
	+ + + +
	+ + +
	+ +



	Voltage Swells Compensation
	+ + +
	+ + + +
	+ + +
	+ +



	Voltage Unbalance Compensation
	+ + +
	+ + + +
	+ + +
	+ +



	Overvoltage Compensation
	+ + +
	+ + + +
	+ + +
	-



	Under voltage Compensation
	+ + +
	+ + + +
	+ + +
	-



	Current Harmonics Compensation
	+ + + +
	+ + +
	+ + + +
	+ + + +



	Current Unbalance Compensation
	+ + + +
	-
	+ + + +
	+ + + +



	Reactive Power Compensation
	+ + + +
	+ + +
	+ + + +
	+ + + +



	Estimated Costs
	+ + +
	+ + + +
	+ + +
	+ + +
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Table 8. Comparison between the different types of UPSs.
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	Offline
	Line-Interactive (First Proposal)
	Line-Interactive (Delta Conversion)
	Online





	Harmonic Currents Compensation
	Yes
	Yes
	Yes
	Yes



	Reactive Power Compensation
	Yes
	Yes
	Yes
	Yes



	Voltage Regulation
	No
	Yes (poor)
	Yes
	Yes



	Frequency Regulation
	No
	No
	No
	Yes



	Seamless Transition
	No
	No
	Yes
	Yes
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Table 9. Review papers in the literature for power quality improvement in railway systems using power electronics technologies.
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	[278]
	Opportunities and Challenges of Power Electronics Systems in Future Railway Electrification



	[279]
	Electrical railway power supply systems: Current situation and future trends. International Journal of Electrical Power and Energy Systems



	[280]
	Power Quality Phenomena in Electric Railway Power Supply Systems: An Exhaustive Framework and Classification



	[281]
	Railway Traction Power Supply from the State of the Art to Future Trends



	[282]
	Power Quality Phenomena in Electrified Railways: Conventional and New Trends in Power Quality Improvement toward Public Power Systems



	[283]
	Application of Power Electronics in Improving Power Quality and Supply Efficiency of AC Traction Networks



	[284]
	Future of Electric Railways: Advanced Electrification Systems with Static Converters for AC Railways



	[285]
	Use of converters for feeding of AC railways for all frequencies



	[286]
	Topologies and Operation Modes of Rail Power Conditioners in AC Traction Grids: Review and Comprehensive Comparison



	[287]
	Analysis and Comparison of Modular Railway Power Conditioner for High-Speed Railway Traction System
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Table 10. Comparisons between FACTS devices for power quality improvement in electrified railway applications.
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	SVC
	STATCOM
	SFC
	RPC





	Harmonics Compensation
	+
	+ + +
	+ + +
	+ + +



	NSC Compensation
	+ +
	+ + +
	+ + +
	+ + +



	Power Factor Correction
	+ +
	+ + +
	+ + +
	+ + +



	Reactive power compensation
	Yes
	Yes
	No need
	Yes



	Active power supply 1
	No
	No
	Yes (fully)
	Yes (partially)



	Frequency Conversion
	No
	No
	Yes
	No



	Passive Filter size
	+ + +
	+ +
	+
	+ +



	Power Ratings 2
	+ +
	+ + +
	+ + + +
	+ + +



	Neutral Section 3
	Yes
	Yes
	No
	Yes 4



	Overloading Capability
	Yes
	Yes
	No
	Yes



	Dynamic Response
	Poor
	Good
	Good
	Good



	Estimated Costs
	+
	+ +
	+ + + +
	+ + +







1 Active power supplied directly from the converter to the traction loads. 2 Power ratings of the converter per unit load. 3 Only neutral sections in the same traction substation (in front of the traction substation), but not between two traction substations. 4 The neutral section can be omitted by using Co-RPC.
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