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    PREFACE




  




  

    Due to the continuous resources’ reduction and cost increase of conventional fossil fuel along with the global trend to decrease the greenhouse effect, clean energy production from renewable sources has been given a global great concern. Among renewable energy sources, wind energy conversion systems have received a worldwide notable attention. It is expected that more than 10% of the global electricity demand will to be generated by wind energy conversion systems by the year 2020. During their early implementation stage, wind turbines were to be disconnected during abnormal and fault conditions within the electricity grid it is connected to. Owing to the fact that current wind installations supply a significant portion of the load demand, disconnecting windfarms may lead to business interruption and discontinuity of power supply to the end user. As such, transmission line operators have developed strict grid codes that wind turbine generator must meet to maintain its connection to support the grid during various fault conditions. To comply with these codes, flexible AC transmission systems have been widely used with current wind energy conversion systems to modulate reactive and/or active power at the point of common coupling of the wind turbine generator and the grid.




    This book presents the applications of various flexible ac transmission system devices to wind energy conversion systems. Devices such as unified power flow controllers, superconducting magnetic energy storage and static synchronous compensator are covered in this book. Topologies, control systems along with case studies of the aforementioned devices are presented and discussed.




    This book will be useful for postgraduate research students, upper-division electrical engineering students and practicing engineers.
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      Abstract




      Flexible AC transmission system (FACTS) is a technology that consists of a variety of power electronic devices which was developed with the aim of controlling both power and voltage at certain locations of the electricity grids during disturbances, improving the existing transmission line capacity and providing a controllable power flow for a selected transmission direction. This chapter provides a general overview for variable FACTS devices, concepts and topologies. It also provides brief information about various wind energy conversion systems.
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      Introduction




      The increase in human population in the last few decades has been associated with concerns as to the corresponding rise in demand for life-supporting resources such as water, food and electrical power [1]. As for electrical power, the unparalleled industrial and technology advances are other factors that call for increasing demand in electrical consumption [2]. Globally, the power generation sector is facing significant challenges to meet the increasing demand for power. To date, conventional energy sources including oil, gas and coal are the world’s main sources of energy. Unfortunately, these fossil fuel resources are associated with emissions that can severely harm the environment, with the symptoms being as air pollution, climate change, oil spills and acid rain [3]. Interest in harnessing the benefits of renewable energy has been increasing steadily due to its advantages, which include sustainability, environmental friendly nature and affordable cost. Solar, geothermal and wind resources are among the most promising renewable energy alternatives [4, 5].




      As a natural energy source, the radiation delivered by the sun is a promising renewable energy source of electrical power [6]. Nowadays, solar energy is one of the favourable energy alternatives. Photovoltaic (PV) technology is used for converting solar energy to electrical energy [7]. Globally, PV installation has contributed to about 177 GW of electrical power in 2014, and it is expected to deliver more than 1% of the total global electricity demand by the end of 2017




      [8]. The geothermal power has the advantage of using fewer infrastructure elements for electrical power generation when compared with other energy sources such as coal or nuclear power [9]. In 2015, the world’s installed capacity of geothermal power reached 12.635 MW, and this is expected to reach about 21.441 MW by 2020 [10]. Since the early stages of using natural energy resources, wind power has been considered as a main renewable energy source. And nowadays, there is a rapid increase in the utilization of wind energy [11], which has led to significant advancement in wind energy technology, including wind turbine design and sizing, and integration of wind turbines with existing electricity grids.


    




    

      Wind Energy System




      Wind energy has become one of the most popular renewable energy sources worldwide. In 2014, there was an additional of 51,473 MW of new wind power capacity that was brought into service [12]. Fig. (1.1) illustrates the top 10 installed wind power capacity worldwide during the period from January to December 2014. The diagram shows that China has the highest installed wind power capacity with 23,196 MW generation, followed by Germany at 5,279 MW and USA at 4,279 MW [12].
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Fig. (1.1))


      Distribution of the top 10 installed wind capacity in 2014.



      Figure (1.2) shows the magnitude of the globally installed wind- capacity between 1996 and 2014. It can be seen from Fig. (2.2) that the capacity increased from 197,943 MW 369,597 MW over this period.
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Fig. (1.2))


      Global production of wind power between 1996 and 2014.



      The installed wind power capacity in Australia reached 3,806 MW by the end of 2014, and the installed wind power capacity in the year 2014 was 13% less than that installed in 2013 [12]. Despite the decrease in the newly installed capacity in 2014, the wind energy market is leading Australia towards its goal of using renewable energy to supply 20% of the power requirements by the year 2020 [12].


    




    

      Wind Turbine




      Wind turbines capacity ranges from a few kilowatts for standalone units for houses to several megawatts in a wind farm. Small wind turbines are usually rated below 300kW and have the capability to be combined with other energy sources as generation system at farms and houses to support the need for electrical power. However, the integration of small wind turbine with existing grids is difficult and costly [13]. The wind turbine size and rating have been increasing gradually since 1980 as shown in Fig. (1.3); increasing the size of the wind turbine rotor increases the amount of energy harvested by the wind turbine. In the early stage of wind turbine manufacturing, wind turbine power rating started with 50 kW and a size of 15 m rotor radius but nowadays wind turbines are designed to produce up to 7.5 MW with up to 126 m rotor diameter. A higher rating of 10 MW and associated 160 m rotor diameter is available nowadays as well [13].


    




    

      Wind Energy Conversion Systems




      Both fixed speed and variable speed generator can be used in wind energy conversion systems (WECS). In the early stages of the design of (WECS), wind turbines used to function at fixed speeds. Nowadays, with the new concept of generators and power electronics, variable speed wind turbines dominate the wind turbine market. Fig. (1.4) illustrates different configurations of wind energy conversion systems. A review of the two types of fixed and variable speed systems is given below.
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Fig. (1.3))


      Evolution of wind turbine size.
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Fig. (1.4))


      Different Configurations of WECS.



      

        Fixed Speed Wind Turbine




        A fixed speed wind turbine (Fig. 1.5) comprises a generator that is directly coupled to the power network and connected to the wind turbine through low-speed shaft, gearbox and high-speed shaft [14].
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Fig. (1.5))


        Fixed speed WECS configuration.



        Fixed speed WECS has the advantages of being simple, inexpensive in addition to the fact that it does not call for a power electronic interface. However, fixed speed wind turbines suffer from the limitation of controlling the power quality, uncontrollable reactive power compensation and high mechanical stress on the shaft sections [14]. The oldest wind energy conversion system topology employed a fixed speed generator (e.g. synchronous generator) that is coupled directly to the AC network, including mechanical dampers in the drive train. Modern fixed speed wind energy conversion systems use induction generators [15]. Fig. (1.6) shows a conceptual scheme of the first fixed speed wind energy conversion system.
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Fig. (1.6))


        Typical configuration of the first generation of WECS.

      




      

        Variable Speed Wind Turbine




        Technology advancement has driven the wind turbine operation from being of fixed speed mode to variable speed. A variable speed wind turbine consists of a generator driven by a power converter, which facilitates the variable speed operation mode and aids in improving the WECS dynamic performance [14]. Owing to its variable speed mode, more power can be captured, enhanced power quality can be achieved and reduced mechanical stress on the drive train can be accomplished by wind power generators [14-16]. Comparison between the fixed speed wind turbine and variable speed wind turbine is summarized in Table 1.1.




        

          Table 1.1 Comparison of fixed and variable speed-based WECS.




          

            

              

                	



                	Variable Speed Wind Turbine



                	Fixed Speed Wind Turbine

              


            



            

              

                	Advantages



                	-Maximized captured power


                -Simple pitch control


                -Reduced mechanical stress


                -Provides dynamic compensation for torque and power pulsation


                -Improved power quality


                -Reduced acoustic noise



                	-Low cost


                -Simple structure


                -Low maintenance

              




              

                	Disadvantages



                	-High cost


                -Complex control system



                	-High mechanical stress


                -High power fluctuations to the grid


                -Relatively low energy conversion

              


            

          




        


      




      

        Partly Variable Speed Wind Turbine




        Partly variable speed wind turbines (Fig. 1.7) or the so-called type B wind turbines operate in a limited variable speed mode. In this concept, the generator is directly coupled to the AC network and the generator rotor is connected to a variable resistance to control the generator speed. Depending on the variable resistance size, the slip can be increased by up to 10% that allows operation at a partly variable speed in the super synchronous range (i.e. up to 10% above the rated speed). The Danish manufacturer, Vestas, used this design feature in limited variable speed wind turbines since the mid1990’s [14, 15].
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Fig. (1.7))


        Typical configuration of partly variable speed WECS.

      




      

        Full Converter Variable Speed Wind Turbine




        A full converter variable speed wind turbine that based on a multi-pole synchronous generator is shown in Fig. (1.8). In this type, the generator is coupled to the AC network through a full-scale converter station that facilitates the variable speed operation of the wind turbine. The converter station is a combination of grid side converter and generator side converter connected back to back via a dc link. The generator’s electrical frequency changes with the change in the wind speed, whereas the power network frequency remains unaffected [14].
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Fig. (1.8))


        Typical configuration of full converter variable speed WECS.

      




      

        Doubly Fed Induction Generator Wind Turbine




        Typical configuration of a doubly fed induction generator (DFIG) wind turbine is shown in Fig. (1.9). Among the variable speed wind turbine generators, DFIG is the most popular technology currently dominating the market of wind turbines, because of its superior advantages over other wind turbine technologies [17]. In this concept, the stator circuit is coupled directly with the power network through a coupling transformer while a back-to-back partial-scale voltage source converter (VSC) connects to the rotor circuit to the grid via the coupling transformer. The VSC facilitates a decoupled control of the generator’s active and reactive power [15].
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Fig. (1.9))


        Typical configuration of Doubly Fed Induction Generators WECS.



        In this configuration, the power can be supplied to the grid through both the stator and the rotor, while the rotor can also absorb power in some operational modes that are determined by the generator speed. The produced power is supplied to the existing grid from the rotor via the VSC during the super-synchronous operational mode. On the other hand, the rotor absorbs power from the network through the converter station during the sub-synchronous operational mode as can be seen in Fig. (1.10).
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Fig. (1.10))


        Super-synchronous and sub-synchronous operational modes.

      




      

        Impact of Wind Energy Integration into Electricity Grid




        The integration of wind energy into electricity grid has been given more concern in recent years due to the significant increase in wind power generation level [18]. The high penetration of WECS into electricity grid leads to technical and power quality issues that need more consideration by the system operators [18]. Some of these issues include:




        

          Power Variation




          Significant change in the power may occur because of the changing nature of the wind gust or the WECS tower shadow effects. Switching operation can also lead to power variation phenomena [19].


        




        

          Harmonics




          The use of power electronic converter stations to interface wind turbine generator with the grid results in distorted voltage and current waveforms [20].


        




        

          Voltage Fluctuation




          Voltage variation at the point of common coupling (PCC) connecting wind turbine generator with the grid may take place due to the intermittent nature of wind and if an adequate control scheme to regulate the voltage level is not adopted. Other causes for voltage variation include significant load changing and fault conditions [21].


        




        

          Flickers




          Flickers may arise because of a rapid and continuous change in the wind generated power [20].


        


      




      

        Fault Ride through and Grid Codes




        Due to the significant increase in wind turbine generators (WTGs) and the global trend to establish reliable smart grids, the transmission system operators (TSOs) require connection of WTGs with existing grids to provide power support during maintenance and fault circumstances of the latter. Accordingly, grid codes have been established in many countries to comply with these new requirements. There are many international codes related to the fault ride through (FRT) capability of WTGs [22-26]. The low voltage ride through (LVRT) grid codes for UK, Spain, Denmark, Germany, Australia, China and the US are shown in Fig. (1.11) as examples.
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Fig. (1.11))


        Nominated countries low voltage ride-through grid (LVRT) codes.



        The allowed voltage sag at the PCC of the United States grid code is 0 pu, which lasts for a duration of 0.15s from the occurrence of the fault after which the LVRT profile increases linearly during the following 1.5s to 0.9 pu at which the voltage level is maintained [22].




        The minimum acceptable voltages sag at the PCC for the Spanish grid code at the instant of fault occurrence is 0.5 pu, which lasts for 0.15s after which it increases to 0.6 pu and lasts for 0.1s. The LVRT profile then ramps to 0.8 pu during the next 0.75s and remains at this level for 3s [22]. The Australian grid code requires WTG to withstand a PCC voltage level of 0 pu for 3s then LVRT increases to 0.8 pu [26]. WTGs are to be disconnected from the grid in case of voltage levels at the PCC fall outside the area bounded by the LVRT margins of the grid codes.




        Fig. (1.12) shows the technical requirements for the high voltage ride through (HVRT) capability of wind turbine generators in some countries. The allowed voltage swell at the PCC of the US grid code is 1.2 pu, which lasts for a duration of 1s from the fault occurrence. After that, the HVRT profile decreases by 0.05 pu every 1s during the following 3s, after which the voltage at the PCC has to be maintained within a safety margin of 0.05 pu from the nominal value [22].
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Fig. (1.12))


        Nominated countries High voltage ride-through grid codes.



        

          Table 1.2 Some parameters for Grid codes in some countries [23, 25, 26].




          

            

              

                	Country



                	LVRT



                	HVRT

              




              

                	During Fault



                	Fault Clearance



                	During Swell

              




              

                	Vmin (pu)



                	Tmax (s)



                	Vmin (pu)



                	Tmax (s)



                	Vmax (pu)



                	Tmax (s)

              


            



            

              

                	Denmark



                	0.25



                	0.1



                	0.75



                	0.5



                	NA



                	NA

              




              

                	Sweden



                	0.25



                	0.25



                	0.9



                	0.25



                	NA



                	NA

              




              

                	Germany



                	0



                	0.15



                	0.9



                	1.5



                	1.2



                	0.1

              




              

                	Spain



                	0



                	0.15



                	0.85



                	1



                	0.3



                	0.25

              




              

                	USA



                	0



                	0.15



                	0.9



                	1



                	1.2



                	1

              




              

                	Australia



                	0



                	0.45



                	0.8



                	0.45



                	1.3



                	0.98

              




              

                	China



                	0.2



                	0.625



                	0.9



                	3



                	NA



                	NA
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