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In order to sustain the overall competitiveness of the wind power industry, unrelenting focus is required on working toward the advancement of enabling technologies and research studies that are associated with wind farm systems. First, wind farm technologies that include various turbine generator systems coupled with different power transmission configurations have enormous impact in determining the quality of wind power production. In addition, modern wind farms are expected to implement robust power control algorithms to meet more advanced requirements of electricity generation. Accordingly, this study explores the statuses of wind energy harvesting technologies and wind farm control strategies by discussing their recent and future impact on transforming the wind power industry. Doubly fed induction generator (DFIG)-based wind energy harvesting technology is well-matured and has exhibited an excellent track-record in past and recent experiences, but its capability of being further scalable for large-scale power production is limited as it is largely incompatible with high-voltage power transmission networks. On the other hand, permanent magnet synchronous generator (PMSG)-based technology is making significant advancements to attain the maximum possible efficiency level in greatly facilitating larger scale power generation, although the construction of bulky and costly power transmission systems is required. In this regard, future technological advances in the wind farm industry are expected to reasonably optimize the design and cost of high-voltage power transmission systems. Similarly, an increasing number of research studies are introducing a number of power optimization-based control models to create an ideal integration of the aforementioned wind farm technologies so as to ultimately enhance the reliability of electricity production by maintaining the systems’ safety. Yet, additional work is still expected to be undertaken in the future for a more extended evaluation of the performances of many different control models under a similar environment.
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1 INTRODUCTION
As a part of ensuring successful improvements in global cumulative installations of wind power as shown in Figure 1, various systems of wind power technologies were proposed, developed, and used by researchers, manufacturers, and wind farm industries as the solutions for enhancing the extraction and transportation of onshore and offshore wind energy. In this regard, generator technologies and wind farm transmission systems have a considerable cumulative effect on onshore and offshore power production. More interestingly, wind generators and power transmission systems provide researchers and engineers with the options required for the significant achievement of wind power generation objectives, including a reduction in energy costs and maximization in wind power production. Consequently, the scale and cost of wind power production largely rely on the efficiencies, reliabilities, and configurations of the generators and power transmission systems (Cheng and Zhu, 2014; Biswas et al., 2021). In the case of generator systems, two main technologies are well-proven to be the leading candidates for onshore and offshore wind power applications: a partial-scale converter-based doubly fed induction generator (DFIG) system is widely popular for its better compatibility with onshore power generation (Mwaniki et al., 2017a), whereas a full-scale converter-based permanent magnet synchronous generator (PMSG)-based system is regarded as an attractive solution for offshore and multi-mega-scale wind power generation (Mohan and Vittal, 2018). Moreover, compared to the partial-scale converter DFIG-based wind farm, the reactive power capability of a full-scale converter PMSG-based wind farm can be significantly extended, and the grid-side converter in each configuration unit can provide the required reactive power locally. Regardless of its higher cost, full-scale converter-based wind energy conversion technology nowadays receives increasing recognition because of its superior performing efficiency and reliability, particularly in offshore wind farm applications (Chaithanya et al., 2019; Yaramasu and Wu, 2016).
[image: Figure 1]FIGURE 1 | Global onshore and offshore wind power installation trends (in GW) from 2012 to 2021 (I. Renewable Energy Agency, 2022).
Two options of electric power transmission systems can be implemented in interconnecting power generation systems (electric generators and power electronics converters) with wind farm substations, which are high-voltage alternating current (HVAC) and high-voltage direct current (HVDC). The HVAC transmission option is efficient and economical for the wind power industries for which the power substations can be built closer to the power-generating points. More specifically, when the distances between power-generating points and substations can be limited to shorter ranges (usually less than 50 km), the HVAC system shows excellent power transmission capability and economic benefits compared with the HVDC system for both onshore and offshore power applications (Wei et al., 2017). Nevertheless, substations are usually commissioned at points very far away from power-generating sites, particularly in the case of multi-mega-scale offshore wind power generation. Under this situation (for longer transmission lines and multi-scale offshore power generation), the HVAC option is not compatible with the power transmission application. The reason is that HVAC transmission cables are inherently characterized by a large capacitance per length, and thus, in addition to electrical current delivery, power transmission via extended cables of HVAC could also cause generation of capacitive currents. These capacitive currents are regularly rippling, and this significantly affects the transmission capability of electrical currents, and hence, the quality of power production. Consequently, excessive reactive power is required for the HVAC extended power transmission cables. This reactive power requirement can be met by making use of reactive shunt compensation; however, this results in the addition of extra expenses related to capital and operating costs (Machado et al., 2015).
Unlike HVAC-based configuration, the HVDC system is the standard solution in terms of power transmission capability and cost-effectiveness for applications of offshore wind farms that are commissioned far away (usually greater than 140 km) from power load centers. Moreover, the operation of HVDC-based power transmission configurations can be effectively scalable and no reactive power compensators are required at longer ranges. Different configurations of AC and DC power converter-connected HVDC transmission systems can be used for offshore wind farm applications (Kalair et al., 2016; Ryndzionek and Sienkiewicz, 2020). Currently, modular multilevel voltage source converter (MM VSC)-connected HVDC in AC parallel configuration, with 864 MW capacity, a voltage of [image: image], and transmission cable length 160 km, is in operation (Li et al., 2021). Additional MM converter models with varying capacities, voltages, and cable lengths are also under construction for applications in the near future. Another AC converter topology that makes a parallel connection with an HVDC system is a cascaded rectifier. Cascaded rectifier-based HVDC configuration was reported to increase energy conversion efficiency by 20% and reduce power system complexity by 65% (Blaabjerg and Ma, 2017).
Furthermore, DC-based converter-HVDC parallel-connected transmission networks including three-level neutral point clamped (3L NPC) HVDC; DC converter-HVDC series connected transmission networks, such as solid-state transformer (SST)-HVDC; and pulse width modulator current source converter (PWM CSC)-HVDC were presented as potential alternatives for high-power transmission applications in recent literature reports. The DC-HVDC/3L NPC-HVDC design in parallel connection was proposed to simplify the complexity of the configuration of offshore power transmission substations by offering the benefit of cost. Series DC-connected designs (SST-HVDC and PWM CSC-HVDC) are also expected to further reduce the costs of bulky offshore wind power transmission substations (Yaramasu and Wu, 2016; Wei et al., 2017; Ryndzionek and Sienkiewicz, 2020; Peng et al., 2021).
On the other hand, research advances have achieved promising milestones in introducing potential strategies that could be practically implemented to enhance the operation of wind farms for maximizing and securing wind power production. These strategies mainly involve the application of optimization-based algorithms for wind farm control. In this context, wind farm control provides a cooperative strategy for the design and operation of the wind power plants, and it is a crucial development to alleviate the losses resulting from the turbine-to-turbine interaction within the plant. Many recent research works have revealed the improvement in wind farm performances, particularly in terms of power production, by using different optimization-based algorithms and models. In this work, the research results from implementing optimization-based wind farm control strategies that use feedforward, model-based closed-loop, and model-free closed-loop algorithms have been presented. For example, under the feedforward control approach, gradient-based optimization algorithms that include sequential quadratic programming, steepest descent, and conjugate gradient and heuristic algorithms that include genetic algorithm, particle swarm optimization (PSO) (Dursun et al., 2021), and artificial bee colony were implemented by using different optimization and evaluation models to increase wind farm power production, and varying results were reported.
With the model-based closed-loop approach, a model predictive optimization strategy was implemented by different researchers including Fontanella et al. (2021), and the output power of wind farms was claimed to increase with varying levels; the implementation of data-driven optimization methods, such as Bayesian optimization, knowledge-assisted deep deterministic policy gradient algorithm, and support vector machine (SVM) algorithm, also supported the achievability of increments in wind farm power productions. Furthermore, based on the model-free closed-loop approach, different optimization algorithms including simultaneous perturbation stochastic algorithm and nested extremum-seeking controller (NESC) were shown to have capabilities of maximizing wind farms’ output power. The model-based closed-loop approach is generally popular because it would help develop robust wind farm control designs with reduced complexity, cost, etc., in comparison to the other control strategies (Jain et al., 2021).
According to recent research trends, the increase in wind farms’ power production could be generally achieved by the implementation of different optimization-based algorithms along with various design optimization and evaluation models. The amount of increase in power production differs depending on various factors, which include the type of optimization algorithm that could be implemented, wind farm input control parameter that could be optimized, and models that could be used for optimization and evaluation. On the other hand, evaluating the performances of multiple wind farm optimization strategies under a single model environment is challenging; this could affect the acceptance of research reports and their practical implementation on real-world wind farms. In response to this challenge, the benchmark named FarmConners was recently introduced, and a project was also launched, aiming to determine the practical effect of wind farm control on loads of power systems. In its most recent report, the National Renewable Energy Laboratory (NREL) (Engaging Autopilot, 2021) revealed that it tested the practical implementation of the study model analyzed by Martínez-Tossas (2021), through the Composites Manufacturing Education and Technology (CoMET) facility, and validated that the ultimate objective of this study (to reduce the turbines’ cost) can be applied to real-world wind operation. Yet, more advanced works are still underway on the practical achievements of further wind farm control objectives that include design optimization, power reliability enhancement, and cost reduction.
Finally, more extended discussions of this work are organized under the sections to follow. Accordingly, Section 2 presents the two most popular wind turbine generator technologies (DFIG and PMSG systems); Section 3 explores technological trends in high-power transmission systems; Section 4 provides summaries of previous studies on different strategies of optimization-based wind farm control models; Section 5 presents brief assessments on the recent and future prospects of wind power systems control; and Section 6 summarizes the impact of relevant technologies and research studies on wind power production.
2 POPULAR GENERATOR TECHNOLOGIES FOR WIND ENERGY HARVESTING
The most common device components used for energy conversion from wind to electrical power in a modern wind energy conversion system comprise a rotor with turbine blades, optionally a gearbox (it can be removed in gearless technologies), an electric generator, a power electronic converter, and a transformer, as shown in Figure 2. Designs of wind energy conversion systems can be classified into various notions on the basis of the type of generator, speed regulation capability, and strategy by which the aerodynamic power is restricted. In these notions of wind energy conversion systems, the power electronics plays entirely special roles and contributes to power ratings of the system with varying capacities. Two main wind energy harvesting technologies are widely adopted in modern wind energy industries. In the past decade, the DFIG technology designed with partial-scale power electronic converters was a prime choice in wind energy industries; however, the PMSG topology developed with a full-scale power electronic converter is recently receiving prominence due to the fact that it involves full power-regulation capability.
[image: Figure 2]FIGURE 2 | Energy conversion levels in a modern wind energy conversion system.
2.1 Doubly fed induction generator-based turbine technologies
The DFIG (its configuration is shown in Figure 3) is the most recognized technology yet, and it has been installed widely since 2000. This wind energy harvesting technology uses both multiple- and single-gearbox systems; but the system with multiple gearboxes had widely gained acceptance until recent years, while single-gearbox technology is currently reported to have outstanding features in several research studies. The stator windings in a DFIG are directly tied to the grid by means of a transformer, and the rotor windings are tied to the power grid via a power electronic converter with approximately 30% power rating of the generator (Cheng and Zhu, 2014; Desalegn et al., 11912). In this technology, the frequency and the current in the rotor of the generator can be smoothly regulated by the power electronic converter, and hence, the rotational speed of rotor blades can be adjusted in an acceptable range to increase energy harvesting and minimize the mechanical stress. The comparatively lower rating of the power converter makes this technology preferable in terms of cost. Yet, the major limitations of this technology are the application of slip rings with poor reliability and inadequate power regulation capability with regard to grid or generator power fluctuations. This technology has a globally dominant share in onshore wind power generation, and it is less suitable for offshore wind power application.
[image: Figure 3]FIGURE 3 | Topology of DFIG-based wind energy conversion technology.
Due to the fact that the power rating capacity for the power electronics converter in DFIG-based wind energy conversion technology is comparatively small, the two-stage voltage source converter (VSC) topology is widely recognized in this technology. Conventionally, two-stage VSCs are developed with a back-to-back design along with a common direct current (DC) link. A special feature of this back-to-back design is that it can help to implement complete power regulation under system operation. Moreover, this design has comparatively low structure complexity with a low component number, and this contributes to excellent efficiency and reduced cost of the DFIG-based system.
2.2 Permanent magnet synchronous generator-based turbine technologies
PMSG-based wind energy conversion technology (Figure 4) is another interesting system, and it is highly recognized in the most recently installed wind farm industries. By developing a full-scale power electronics converter and transformer to couple the power grid and the stator windings of the machine, the energy harvested by this wind energy conversion system can be entirely handled (Le et al., 12023). In comparison to the DFIG-based wind energy conversion design, the most important features that can be recognized are the absence of slip rings, uncomplicated or even unneeded gearbox, enhanced power and speed regulation on the broader scale, and superior grid compensation efficiency. However, increased stress and high cost of power electronics devices and increased power loss in the converter phase are the major disadvantages (Yaramasu et al., 2017). This design is usually not preferable in recently installed onshore wind energy conversion systems. On the other hand, PMSG-based wind power technology has been reported in multiple recent studies as a highly attractive candidate for recent and future offshore wind power applications because its converter device can be scalable to large-scale MW power.
[image: Figure 4]FIGURE 4 | Topology of PMSG-based wind energy conversion technology.
Since the power electronics converter in the PMSG-based wind energy harvesting technology needs to embrace the full power harvested at large-scale megawatts, the two-stage VSC topology may be prone to maximum loss at this power scale. In addition, the cabling in the instance of low-voltage scales below 1 kV with increased current is a design limitation. In order to get along with increasing power rating, various multi-cell converter configurations have been developed for different synchronous generator technology-based systems. The multi-cell converter topology generally has the benefits of standard and robust low-voltage converter technologies. For instance, multi-cell two-stage VSC in parallel connection is the state-of-the-art option for PMSG-based wind energy-harvesting technologies exceeding 3 MW (Yaramasu and Wu, 2016). The advanced configurations of power electronics converters for offshore wind farm applications are presented in Section 3.
2.3 Comparison of performances of DFIG- and PMSG-based wind energy-harvesting technologies
The performances of DFIG- and PMSG-based wind electric power generation systems are qualitatively summarized and compared in Table 1. Based on their design types of mechanical and electrical system alignments, different configurations of DFIG- and PMSG-based wind power technologies have been introduced to wind farms for harnessing onshore and offshore wind power. In some cases, the nature of the alignments between mechanical and electrical devices can serve to generally characterize these technologies as geared and direct-drive systems. For example, DFIG-based wind turbines are generally geared technologies as they may depend on either three-stage gearbox or single-stage gearbox design systems, while PMSG-based wind turbines can depend on either single-stage gearbox design or they are direct-drive (gearless) technologies. However, the recent state-of-the-art wind power plants generally rely on gearbox-based technologies, such as three-stage gearbox-based DFIG, single-stage gearbox-based DFIG, and single-stage gearbox-based PMSG. Direct-drive PMSG technology has recently been undergoing research and technological advancements, and reports have claimed its promising development for the application of offshore wind multi-mega scale power generation.
TABLE 1 | Comparison of DFIG- and PMSG-based wind energy harvesting technologies.
[image: Table 1]Table 1 provides comparative summaries pertinent to the performances and operation characteristics of DFIG- and PMSG-based wind power systems based on multiple requirements. These summaries are designed such that the listed requirements for comparisons generally apply to all configurations of DFIG-based systems (three-stage and single-stage gearbox technologies) and PMSG-based systems (single-stage gearbox and direct-drive technologies). In consideration of the cost of the system as one of the requirements for the comparisons, an average of the costs of two configurations (three-stage and single-stage gearbox) of DFIG technologies is compared with an average of the costs of two configurations (single-stage and direct-drive) of PMSG technologies. As shown in Table 1, DFIG-based systems are desirable for their lower general cost than PMSG-based systems, while PMSG-based systems are generally attractive solutions due to their suitability for multi-scale offshore wind power application.
The operational characteristics of DFIG- and PMSG-based wind power systems can be quantitatively evaluated based on research findings. Most research works were focused on the studies of DFIG- and PMG-based systems’ reliabilities, active and reactive power performances, etc. Here, the capability of power generation reliability for both generator systems is analyzed and compared based on the reports that were presented in the research works. In addition, active and reactive power performances and energy harvesting ranges of these two generator-based systems are considered for comparative discussion.
The junction temperature of power devices that correspond to DFIG- and PMSG-based systems of a 2-MW rated power capacity is shown in Figures 5A, B comparatively. For these two generator-based wind energy-harvesting technologies, the power devices’ thermal cycling is demonstrated within 0.2 s. According to Figure 5A, the performance of a partial-scale power converter in the DFIG-based system could deteriorate due to its thermal cycle that is characterized by a larger amplitude than the performance of a full-scale power converter in the PMSG-based system, whose thermal cycles are characterized by a smaller amplitude as shown in Figure 5B. This indicates that the reliability performance of the power device in a DFIG-based system could be severely affected due to a larger amplitude, which is associated with the system’s thermal characteristics. Consequently, advanced modeling and testing approaches should be proposed in helping adjust the reliability by establishing the power devices’ thermal behavior more effectively based on the wind power converter’s mission profile (Blaabjerg and Ma, 2017). A robust strategy has been presented by Ma et al. (2015), which resembles lenses with varying focal lengths used in photography. The wind power converter’s loading analysis and modeling are partitioned subject to some given time constants and various modeling methods and tools.
[image: Figure 5]FIGURE 5 | Junction temperature of power devices with generator systems of a 2-MW wind power converter: (A) DFIG system’s rotor side converter and (B) PMSG system’s machine side converter (Blaabjerg and Ma, 2017).
Furthermore, Figures 6A, B show active power control performances for DFIG- and PMSG-based marine current wind energy-harvesting systems under the variable speed control strategy. As shown in Figure 6A, the major advantage of the DFIG-based marine current system is its capability to supply fixed voltage and frequency within the range of [image: image] speed change with respect to normal synchronous speed. An additional option for the range of speed variation (30%–50%) can also possibly be used. A minimum power rating of the rotor converter is directly associated with the range of 30% speed variation. Similarly, in Figure 6B, the active power control of the PMSG-based marine current system also indicates good power-tracking performance. In both systems, the differences between the estimated and simulated power are negligible. These negligible differences primarily result from the implementation of variable speed control rather than a direct power control.
[image: Figure 6]FIGURE 6 | Active power performances of (A) DFIG-based wind energy harvesting technology and (B) PMSG-based wind energy harvesting technology (Benelghali et al., 2010).
As noted, the comparison of DFIG- and PMSG-based wind energy-harvesting systems is qualitatively shown in Table 1 by considering their annual power production capability as one of the criteria. Herein, Figures 7A, B show the annual energy-harvesting performances of DFIG- and PMSG-based marine current turbine technologies for the given ranges of tidal velocities, based on the research findings by Benelghali et al. (2010). Accordingly, Figure 7A represents the annual energy harvested by a DFIG-based marine current wind power system; the annual harvested energy corresponding to different tidal velocities, with DFIG technology, is calculated to be around 1,530 MWh/year according to the study. On the other hand, by the application of a PMSG-based marine current wind power system (Figure 7B), the cumulative generated power under the similar ranges of tidal velocities is reported to be about 1,916 MWh/year by the same study. As noticed, there is nearly a 25% difference in the power produced over a year between these two power systems, and this difference can be further extended when using a larger turbine system. The DFIG-based power system is characterized by its restricted speeds, and this is the reason for the reduction in its annual power production compared to the full-scale PMSG-based system. Meanwhile, according to a study by Fischereit et al. (2015), the relationship between tidal currents and wind speed was quantified such that the wind speed over a marine was observed to increase or decrease by around 0.2 m/s depending on the direction of the tidal flow with respect to wind direction.
[image: Figure 7]FIGURE 7 | Comparison of energy ranges harvested by (A) DFIG-based system and (B) PMSG-based system (Benelghali et al., 2010).
3 HIGH-POWER TRANSMISSION SYSTEMS FOR WIND FARMS: TECHNOLOGICAL ADVANCES
Under this section, the general comparison of power transmission systems of wind farms that are based on HVAC and HVDC technologies is shown in Table 2 based on capital expenditure. Parallel AC-connected HVAC, parallel AC-connected HVDC, parallel DC-connected HVDC, and series DC-connected HVDC transmission configurations are also comparatively shown in Table 3 based on main energy criteria, which include the operational condition of the system, cost of the system, and system’s capability for power scalability. Moreover, different HVDC-based state-of-the-art and more advanced technologies for the transmissions of offshore wind farms are shown in Table 4 on the basis of important requirements: the technology’s energy conversion quality, range of applications for recent offshore wind power generation, and the possibility of the development for future offshore wind power application.
TABLE 2 | Comparison of HVAC and HVDC in terms of their capital costs (Li et al., 2021).
[image: Table 2]TABLE 3 | Comparison of different configurations of HVAC and HVDC converter systems.
[image: Table 3]TABLE 4 | Comparison of different converter–HVDC networks for offshore power transmission applications.
[image: Table 4]3.1 Applications of HVAC and HVDC in wind farms
The general structure of offshore wind farm transmission with the application of HVDC and HVAC systems that include the components, such as power converter, transformer, offshore substation, and onshore substation, is shown in Figure 8. Here, the main focus is to evaluate the economic efficiencies of HVAC- and HVDC-based transmission systems by comparing the capital expenditures required for their respective components in commissioning offshore wind farms. Accordingly, the outlines of capital costs for the electrical components of HVAC and HVDC systems are shown in Table 2 based on the most recent study by Li et al. (2021). According to this study, the required capital expenditures are mainly allotted to cover the costs of transformers, onshore GIS switchgear, offshore substations, cable trench, shunt reactors, and submarine cable in the case of the HVAC system. In the case of the HVDC system, the capital expenditures are divided among the costs of cable trench, HVDC cable, onshore inverter, offshore rectifier, transformers, and additional offshore facilities. Based on the outlines of these costs for the components of HVAC and HVDC systems, it can be deduced that at a bigger power capacity and extended transmission line, HVDC presents more attractive cost benefits.
[image: Figure 8]FIGURE 8 | General scheme of an offshore wind farm.
The HVAC system produces a huge amount of capacitive current that corresponds to the length of the transmission line. Here, the real power transmission capability may be determined with specified and reactive currents of a specific HVAC cable. With 50 Hz HVAC, the highest transmission length is around 140 km without compensation for reactive power. The HVDC system is characterized by considerable capability of power transmission compared to the HVAC system, particularly over an extended distance.
Moreover, the HVDC system offers additional advantages without being limited to cost and transmission capability by outperforming the HVAC system over an extended distance; for the vast offshore wind farm power transmission, the HVDC system also demonstrates lower transmission losses and its cables are commercially available (for larger voltages, HVAC cables are not available), and therefore, the HVDC system helps control excessive load as its power can be inherently adjusted. In general, HVDC is a more desirable solution than HVAC in the transmission of multi-mega-scale offshore wind power that is commissioned far away from the shore.
3.2 Advanced configurations of HVAC and HVDC for wind farms
Different configurations of HVAC and HVDC systems are given in Table 3 based on various factors, which include operational condition, overall cost, and capability of the system’s configuration. The configurations include parallel AC-connected HVAC system, parallel AC-connected HVDC system, parallel DC-connected HVDC system, and series DC-connected HVDC system. Parallel AC-connected HVAC system-based configuration is characterized by its low complexity under the condition that the transmission distance between offshore and onshore sites is not long and is economically efficient under the same condition. However, this configuration shows serious disadvantages when the distance between offshore power and onshore substations is extended.
Parallel AC-connected HVDC configuration, which is based on the modular multilevel converter (MMC) topology, is the state-of-the-art solution to offshore wind farms with larger power capacity and longer transmission lines. However, the main disadvantage of this configuration is the high overall cost of power conversion components and the requirement of a bulk offshore substation. On the other hand, this configuration is characterized by its high capability of power scalability, and MMC topology with a power capacity of 864 MW, voltage of [image: image], and cable length 160/45 km is currently in operation. In addition, MMC topology with a power capacity of 900 MW, voltage of [image: image], and cable length of 45/45 km is under construction for offshore wind farm commercial application by 2023; MMC topology with 900 MW, [image: image], and 100/30 km is under development for application by 2024 (Li et al., 2021).
Furthermore, parallel and series DC-connected HVDC configurations are designed to have reduced size and weight, and are recently under development for commercial use in offshore wind farms. The disadvantages that are being posed with the applications of other AC-connected HVDC configurations could be eliminated by DC-connected HVDC configurations. The discussions for different power converter–HVDC networks for offshore wind power transmission are given in Table 4 based on the criteria mainly related to energy conversion quality and range of applications in recent wind farms and possibility for future developments. The power converter–HVDC networks that are considered for discussions here include line-commutated current source converter (LC CSC)-based parallel medium voltage-alternating current (MVAC)-connected HVDC, two-level voltage source converter (2L-VSC)-based parallel MVAC-connected HVDC, multi-modular voltage source converter (MM VSC)-based parallel MVAC-connected HVDC, cascaded rectifier (diode)-based parallel MVAC-connected HVDC, three-level neutral point clamped (3L-NPC)-based parallel MVDC-connected HVDC, solid-state transformer (SST)-based series medium voltage direct current (MVDC)-connected HVDC, and pulse width modulator current source converter (PWM CSC)-based series MVDC-connected HVDC. Each of these HVDC-based power transmission networks is discussed in the following paragraph.
The application of LC CSC-based parallel MVAC connection with HVDC has shown well-proven performance in onshore wind power generation for about the last five decades. Nevertheless, this LC CSC-based network is inapplicable for offshore wind power, because it is incompatible with huge-scale power generation. On the other hand, the application of 2L back-to-back (BTB) VSC topology that is based on parallel MVAC connection with an HVDC system has been dominating over the onshore wind farm, and is less suitable for offshore wind farm due to its compatibility issue with multi-scale wind power generation. Modular multilevel (MM) VSC, based on parallel MVAC connection with an HVDC system, has been applied to offshore wind power transmission with various power capacity, voltage, and cable length levels. Currently, MM VSC is under further development for further improvement so that it would help ensure power maximization from offshore wind farms. At a wind power scale of 200 MW, cascaded rectifier (diode)-based parallel MVAC connection with HVDC was implemented, and it improved power production by 20% and reduced weight by 60% against traditional 2L-VSC-based parallel connection with HVDC according to study assessment by Blaabjerg and Ma (2017).
Furthermore, various offshore wind power transmission networks that are based on different converter technologies have been proposed in studies to enhance wind power conversion. For example, a three-level (3L) NPC-HVDC parallel MVDC-connected power transmission network has been developed in literature reports in response to the limitations posed while using a power transmission network that is based on the parallel MVAC-connected 2L VSC-HVDC. Series MVDC-connected transmission networks can also be implemented with a (3L) NPC converter (Peng et al., 2021). A series MVDC-connected (3L) NPC-HVDC system can be configured to have a relatively uncomplicated structure, higher power density, and lower cost than a parallel DC-connected system. In addition, SST- and PWM CSC-based series MVDC-connected HVDC configurations are undergoing promising development with attractive features, such as lower costs and weight than parallel MVAC and MVDC-connected networks such as 2L VSC-HVDC, MM VSC-HVDC, and (3L) NPC-HVDC (Wei et al., 2017). Further discussions on this section are given in Tables 3, 4.
4 OPTIMIZATION-BASED WIND FARM CONTROL MODELS: RESEARCH PERSPECTIVES
Wind farms with larger capacities are required to perform under grid integration in order to ensure more reliable and efficient ways of generating wind power, which include reduced energy losses, maximized power production, lowered energy costs, enhanced power quality, and minimized loads on power systems as the ultimate objectives. Multiple recent studies have indicated that implementing control to individual wind turbines is not an effective strategy to achieve these objectives due to the fact that this strategy is unable to emphasize the complicated aerodynamic interactions across different turbines. Consequently, the strategy for wind farm control design has been aimed at enhancing controllers, which regulate and oversee the performance of a group of wind turbines from a supervisory level as shown in Figure 9 with a hierarchical method. The wind farm controller operates as the supervisory control system and comprises control levels that supervise production of power, system operation and maintenance, and power system services. The supervisory control system uses power grid requirement, energy costs, and turbine condition inputs to deliver the reference inputs to all turbines so that the desired operation can be ultimately met by the wind farm. The hierarchical control structure (Figure 9) enables robust and efficient control of turbines and wind farms by handling the turbines’ power output and affecting the power transfer in the electrical devices so as to achieve the aforementioned objectives.
[image: Figure 9]FIGURE 9 | Scheme of the model-based closed-loop wind farm control approach.
The purpose of the discussion under this particular section is to assess the recent research results that have been reported in claiming to achieve the improvements in wind turbines/wind farm performances as per the aforementioned objectives by using different control approaches. In the research practices, two types of universal control approaches are usually proposed for the implementation of the required control objectives. A number of control strategies that rely on non-optimization- and optimization-based approaches are introduced by different researchers in aiming to achieve various wind farm control objectives, such as power maximization, power system load reduction, and grid services provision. In the most recent works, the optimization-based approach, which encompasses standard feedforward, model-based closed-loop, and model-free closed-loop control strategies has been consistently underlined to show outstanding performances compared with the non-optimization-based approach that uses conventional feedback control and feedforward control strategies. Therefore, this study summarizes research findings that have been recently reported in the efforts to realize some wind farm control objectives (primarily power gain/maximization) based on standard feedforward, model-based closed-loop, and model-free closed-loop control algorithms with the implementation of different wind farm optimization strategies and optimization and evaluation models while considering various input parameters, such as yaw angle, blade pitch angle, tip–speed ratio, and axial induction factor. Summaries of the studies are given in Sections 4.1–4.3 and Tables 5–7.
TABLE 5 | Performances of feedforward control strategies with different optimization and evaluation models.
[image: Table 5]4.1 Standard feedforward control
The research studies on wind farm optimization using the concepts of standard feedforward control are summarized in Table 5. This approach uses different control algorithms, optimization strategies, input parameters, and wind farm design optimization and evaluation models in enhancing wind farm performances so as to achieve the desired wind farm control objectives. Accordingly, the gradient-based control algorithms with different optimization strategies, such as sequential quadratic programming, steepest descent, and conjugate gradient, were proposed (Table 5) to maximize wind farm power production by adjusting wind turbines’ yaw angles and induction factors. For instance, Annoni et al. (2018) used sequential quadratic programing by implementing the Gaussian wake concept as both the optimization and evaluation model in increasing power production by adjusting the wind turbine’s yaw angle. Under this framework, power production was claimed to increase by 17% compared with the greedy control algorithm. On the other hand, Thomas et al. (2017), with a similar strategy (sequential quadratic programming), used the Jensen–Park model to optimize the yaw angle and layout of the wind farm, and power production was reported to increase up to 24% compared with the greedy control algorithm. Moreover, steepest descent- and conjugate gradient-based optimizations were proposed by Park and Law (2017) and Thøgersen et al. (2017) to adjust the axial induction factor and yaw angle (in the case of the steepest descent strategy) and the yaw angle (in the case of the conjugate gradient strategy) of wind farms, and the results indicated that the power production could be maximized by 7% and 7.5%, respectively.
As shown in Table 5, further standard feedforward optimization strategies that are based on heuristic algorithms (genetic algorithm, particle swarm optimization, and artificial bee colony) and game theory optimization were proposed by different researchers for optimizing various input parameters of wind farms. For instance, a genetic algorithm was proposed by Serrano González et al. (2015) to optimize wind turbines’ tip–speed ratio and blade pitch angle based on the Jensen–Park evaluation model, and it resulted in 1.5% increase in power production. The genetic algorithm was also used by Wang et al. (2018), aimed at maximizing power production by adjusting the axial induction factor and layout of the wind power system based on the Jensen–Park optimization and evaluation model, and it ended up increasing wind power production by 1%–2%. Another powerful heuristic algorithm-based standard feedforward strategy includes particle swarm optimization, which has been widely proposed in recent research works to achieve various wind farm control objectives. In Table 5, the results of several studies that implemented the particle swarm algorithm in optimizing wind farm performance are given. Accordingly, in Behnood et al. (2014), the tip–speed ratio and blade pitch angle were adjusted for a wind farm of 16 turbines based on the Jensen–Park model, and approximation of the power coefficient (as a function of the turbines’ tip–speed ratio and blade pitch angle) and 10.6% increase in power production were reported. The study results that were presented by Bo et al. (2016), Hou et al. (2016), and Gionfra et al. (2019) also indicated the robustness of particle swarm optimization in helping to maximize wind farm output power. In addition, the heuristic algorithm-based wind farm optimization strategy, artificial bee colony, was proposed to adjust the tip–speed ratio and yaw angle of wind turbines based on the Jensen–Park model and FLORIS for design optimization and evaluation in Abbes and Allagui (2016) and Quick et al. (2017) and output power increment of 4%–6% and 3% were, respectively, reported to be achieved.
The algorithmic game theory-based wind farm optimization strategy can be implemented to minimize load fluctuations of power systems in addition to maximizing output power by facilitating the adjustments of the yaw angle and axial induction factor. By using this strategy along with different wind farm performance optimization and evaluation models, some research works were introduced by researchers. Accordingly, in Gebraad et al. (2016), the yaw angle was optimized by using the FLORIS model, whereas output power performance was evaluated by using both SOWFA and FLORIS models, and the wind farm power production was reported to be improved by 1% with FLORIS and SOWFA optimization and evaluation models, and by 13% when the FLORIS platform was used as both the optimization and evaluation model. In addition, in van Dijk et al. (2021), the FLORIS model was used as both a single platform and in combination with the CC-Blade model for optimizing wind turbines’ yaw angle and evaluating wind farm output performance, where power production was reported to be maximized by 3.7% wind and a single model (FLORIS) and load fluctuation of power systems decreased by 18.7% with combined modes (FLORIS + CC-Blade). More work was also introduced in Herp et al. (2015), where the axial induction factor was optimized with the Jensen–Park model under different settings and resulted in 1.4%–5.4% increase in wind farm power production.
Additional works that are based on standard feedforward control strategies involving different algorithms and optimization and evaluation models for the design and performance of wind farms are given in Table 5 as extended summary from Table 5. A dynamic programming strategy was proposed by Rotea (2014) to optimize axial induction of a wind farm by applying the actuator disk model as the design optimization and evaluation standard. The result of this study shows that the power production was maximized by around 5% and wind farm load fluctuation was reduced up to 38% compared to the greedy algorithm strategy. In addition, a dynamic programming optimization strategy was implemented by Santhanagopalan et al. (2018) and Dar et al. (2016) by adjusting the tip–speed ratio through the RANS model and the yaw angle and axial induction factor through the enhanced Jensen–Park model to achieve output power increment by 0.8% and 4.5%–26.5%, respectively.
Additional standard feedforward optimization strategies that are based on different wind farm control objectives and with various wind farm design optimization and evaluation models were also presented in many research works, and the summaries of some of their parts are given in Table 5. Accordingly, the Nelden–Mead simplex algorithm was implemented with the simplified Ainslie model for optimization and evaluation power reference of wind farms in Kim et al. (2017), and the results showed an increase in the output power by 2.4% and reduction in the load fluctuation at upstream wind by 16.7%. According to a study presented in Bossanyi (2018), the generator torque, blade pitch angle, and yaw angle were adjusted and evaluated in aiming at minimizing the overall power losses and power system stress, and power production was saved by 2%. In addition, the research works based on field test optimization were discussed by Fleming et al. (2019) and Fleming et al. (2020) claiming a power gain of 2% and minimization of wake losses by 6.6%, respectively, by using FLORIS as the optimization model in adjusting the yaw angle. In addition, some studies that are specific to floating offshore wind farms were conducted based on blade pitch angle adjustments, and the results of these studies are given in the last row of Table 5. For instance, in the study by Kheirabadi and Nagamune (2019), the FLORIS benchmark was used as the optimization and evaluation model for maximizing power production by adjusting the floating offshore wind farm blade pitch angle under different settings, and 16%–54% increase in output power was reported. In addition, the adjustment of floating offshore wind farms under different design optimization and evaluation benchmarks: deep neural learning optimization model and LSTM evaluation model by Sierra-Garcia and Santos (2021) and the Jensen–Park optimization model and FarmFlow evaluation model by Rodrigues et al. (2015) were implemented; power production growth of 7%–21% and 4.4% were, respectively, reported.
4.2 Model-based closed-loop control
Under this control approach, the research works that are based on model predictive optimization and data-driven optimization strategies are summarized in Table 6. Accordingly, a model predictive optimization algorithm was implemented by Heer et al. (2014), using the Jensen–Park platform as the optimization model and the SimWindFarm platform as evaluation in aiming to increase wind farm power production with adjustments of the blade pitch angle and tip–speed ratio. Under these two adjustments, the output power showed an increment of 0.4%–1.4%. On the other hand, the axial induction factor was adjusted in the study by Vali et al. (2016), making use of another wind farm performance optimization and evaluation platform (WFSim) based on the model predictive optimization strategy to achieve a power production growth of 3.8%. Furthermore, with the implementation of the model predictive optimization strategy through the application of the WFSim model for optimizing the axial induction factor and evaluating wind farm output power performance, additional works were presented by Vali et al. (2017) and Vali et al. (2019), reporting an improvement in power production by 2%–8% and 4%, respectively. On the other hand, larger increments of power production were reported to be achieved while using the SP-wind benchmark as the optimization and evaluation model for adjusting thrust coefficients (Goit and Meyers, 2015; Munters and Meyers, 2016; Munters and Meyers, 2017), and thrust coefficients and yaw angle rates (Munters and Meyers, 2018a; Munters and Meyers, 2018b) of wind farms under different control settings.
TABLE 6 | Performances of model-based closed-loop control strategies with different optimization and evaluation models.
[image: Table 6]Different wind farm performance optimization and evaluation models (FLORIS and SOWFA, deep neural learning model using LES and CNN + LSTM, and DB-PC and extended Kalman filter model) were used to adjust the yaw angle (Doekemeijer et al., 2019a), tip–speed ratio and blade pitch angle (Yin and Zhao, 2021), and rotor rotational speed and axial induction factor (Abdelrahem et al., 1596); output power growths of 7%–11%, up to 38%, and 20%, respectively, were claimed to be achieved. On the other hand, various data-driven model-based optimization strategies (Bayesian ascent, Bayesian optimization, etc.) were implemented by researchers such as Park and Law (2016), Zhao et al. (2020), and Yin et al. (2020) by making use of different wind farm optimization models (Gaussian regression model, FLORIS, deep reinforcement learning, and support vector machine, respectively), and evaluation models (wind tunnel, SOWFA, WFSim, and FLORIS, respectively) in adjusting input parameters (yaw angle and blade pitch angle, yaw angle, axial induction factor, and yaw angle, respectively) to determine the levels of increments in the resulted power productions and reliability improvement. Accordingly, output power growths were reported to be achieved by 30.4%–33.2%, 4.4%, and 10%, and reliability was enhanced by 1.7%, respectively.
4.3 Model-free closed-loop control
As shown in Table 7, model-free closed-loop control algorithm-based wind farm optimization strategies, which include multiple resolution-based simultaneous perturbation stochastic algorithm, game theory, gradient descent, and nested extremum controller, were implemented in optimizing wind turbines’ input parameters, such as axial induction factors and generator torque gains in order to evaluate the possible outcomes in generated power. Axial induction factors were optimized under different settings [simultaneous perturbation stochastic algorithm (Ahmad et al., 2014), game theory (Marden et al., 2013), and gradient descent (Gebraad et al., 2013)], and the outcomes were evaluated with the same model (Jensen–Park), and different levels of increments (32%, up to 25%, and 1%) in the output power were reported to be achieved. On the other hand, generator torque gains and yaw angle were adjusted by implementing the same optimization strategy (nested extremum-seeking controller) and using different evaluation models [SimWindFarm (Yang et al., 2015), UTD-WF (Ciri et al., 2016); Ciri et al., 2017), and wind tunnel (Campagnolo et al., 2016)]; varying levels of increase (1.3%, 10%/7.8%, and 15%) in the power production were claimed to be achieved.
TABLE 7 | Performances of model-free closed-loop control strategies with evaluation models.
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Standardizing the effect of wind farm optimization strategies on loads of wind power plants would be highly helpful in applying the results of the research studies for their practical implementation in real-world wind farm industries. This is because the optimization of wind farm performance through research studies is modeled and evaluated by using different strategies (as the summaries of multiple studies in Table 5–7 indicate), and this still raises challenges in evaluating the performances of different optimization models under a unified environment. As a result, the technological approach for collaborated wind farm control is presently under advancement in multiple research institutions and industries. In particular, the FarmConners environment was introduced recently for the purpose of producing datasets as the basis for the evaluation of different control models in aiming to alleviate the barriers for wind farm control acceptance (Göcmen et al., 2020). In addition, the project was started by FarmConners to eliminate the challenges associated with the commercial application of wind farm control by collaborating a genuine assessment of the state-of-the-art of wind farm control in the FarmConners environment. Thus, a reliable evaluation of the efficiency of wind farm control models should be conducted so as to accurately determine the performance of wind farm controllers. Correspondingly, in order to maximize the acceptance of the wind farm control models and, ultimately, the FarmConners environment, FarmConners presents an extensive validation framework for wind farm control-oriented flow and load models, at which high-fidelity simulation generates (imitative dataset), wind tunnel experiments, and the field data from a fully operating wind farm in natural environmental conditions are drawn together (as shown in Figure 10).
[image: Figure 10]FIGURE 10 | Data texture of the FarmConners environment.
Regardless of this technological progress by FarmConners, and even though recent studies demonstrated through simulations that the power production by wind farms can be maximized with collaborative control strategies, the practical confirmation on a real-world wind farm is still lacking. For instance, it raises the question of whether axial induction control can effectively result in increasing the wind farm’s annual power generation. Even for the more promising approach in simulation, wake-steering wind farm control, its direct practical applicability for a real-world wind farm has not been implemented yet. The considerable measurement noise and unpredictability is a challenge in wake-steering control, making it hard to evaluate the outcomes of measurement campaigns. Because of the unpredictability in models such as wind direction and aerodynamics, collaborative control strategies can become counterproductive over a number of periods, and this may not lead to enhancing the annual power output. However, even if these control concepts are unable to maximize the production of power, they may still be effective in reducing wind farms loads.
In general, wake steering is assumed to be a favorable control strategy for wind farm optimization. Yet, it is not fully convincing whether wake steering can practically be effective in helping to minimize the cost of energy. Turbines are not oriented to being yawed into the wind all the time. These will result in the addition of dynamic fatigue on various components of the turbines, which could result in increased costs for maintenance. Reports by several simulation studies demonstrated that the fatigue load on the blade and drive-train can be significantly improved. However, more advanced studies supported with extended experiments are required to accurately determine the effects of the wake-steering control strategy on the lifespan of the components of the turbines. If this control strategy proves to be effective, it could probably even help redesign various components of wind power systems (Andersson et al., 2021). On the other hand, the most recently published report by the National Renewable Energy Laboratory (NREL) has revealed that it has practically validated that the wake-steering wind farm control, which was based on the study model in Martínez-Tossas (2021), can be implemented to minimize the costs of wind turbines.
Many related studies were carried out to explore these problems and they came up with various indications. The study by Howland et al. (2019) proposed a wake-steering approach based on yaw misalignment that deflects wakes away from downstream turbines in order to maximize wind farm power production. The evaluation of this approach was conducted with site-specific analytic gradient ascent by using historical operational data; power increases of 7%–13% for wind speeds near the site average and 28%–47% for low wind speeds were observed. This study also reported that the wake steering minimized the power production variability of the wind farm by up to 72%. This work finally indicated that even though the wake-steering results demonstrated the potential to enhance the efficiency and predictability of power production, the resulting gains in annual power production were insignificant at the wind farm. Another study that focused on wind turbines under yawed conditions is a work by Rahimi et al. (2018), which claimed to present a significantly improved engineering model for the prediction of the loads in yawed flow based on the skewed wake effect. This work put particular emphasis on the contribution of the root vorticity to the azimuthal variation of induced velocity for the prediction of fatigue loads and determining the yawing moment; the new model was derived from computational fluid dynamics of three multi-megawatt wind turbines (each rated 5 MW) and two 10-MW turbines. Simulations were conducted by means of an actuator line model, whereas the proposed model was evaluated based on results from a free vortex wake code and actuator line model simulations for all wind turbines and different yaw angles. The results of this study finally indicated that the proposed model significantly improved the estimation of the azimuthal variation of the axial induction factor, and also considerably improved the prediction of the resulting variation in blade loads.
Furthermore, a dynamic wind farm wake modeling approach that was based on a bilateral convolutional neural network and high-fidelity LES data was proposed by Li et al. (2022); another approach that relied on a point vortex transportation model for yawed wind turbine wakes was introduced by Zong and Porté-Agel (2020). The former (Li et al., 2022) used a novel deep learning method, named the bilateral convolutional neural network (BiCNN), for accurate modeling of dynamic wind farm wakes based on flow field data generated by high-fidelity simulations; its discussion indicated that the developed machine learning-based wake model would capture the spatial variations of the dynamic wakes closely as high-fidelity wake models and would run as fast as low-fidelity static wake models. In addition, this model was shown to outperform high-fidelity numerical models that would be used for the same scenario. On the other hand, the latter (Zong and Porté-Agel, 2020) performed stereo particle imaging velocimetry measurements at multiple stream-wise locations behind a yawed wind turbine in order to study the formation mechanisms of the counter-rotating vortex pair; the results of this study showed that the counter-rotating vortex pair formed behind a yawed wind turbine would originate from the complex interactions between the hub vortex and stream-wise components of the blade tip vortices, which was observed to be essentially different from a yawed drag disk case where the hub vortex would be absent. Furthermore, the model by this study was considered to be the first model that would be capable of accurately simulating the wake deformation behind a yawed wind turbine.
As it has been generally indicated, the popular collaborative wind farm control approaches are based on optimization, which involves model-based closed-loop control, etc. In order to implement a model-based optimizer in a closed-loop, a state estimator needs to be used. However, the utilization of a state estimator will reduce the capability of the optimization approach in some way compared to the non-optimization-based noise-free full state feedback strategy. Recently, a very limited number of studies have been conducted by proposing the enhanced state estimators in optimizing input parameters of wind farms for enabling the provision of grid services.
6 CONCLUSION
This work presents a comprehensive review on the wind energy engineering approaches by incorporating research and technological issues in order to reflect the recent and future advances, challenges, and opportunities in wind power industry development. Wind power research and technological advancements have greatly contributed to the progress achieved by the wind power industry so far, and the future fate of this industry will also largely rely on the potential of wind power-related studies and technologies. Evidently, the energy-related policies and projections would be directed based on the status of ongoing research studies and technological innovations in the given energy field, which can also be a usual trend in the case of wind power installation. Based on this fundamental premise, advanced research studies and technological progresses that could potentially impact the recent and future onshore and offshore wind power developments have been discussed in this study in line with the directions (zero-emission goals) set by the United Nations Convention on Climate Change (UNCCC).
Numerous wind energy system-related recent research studies are largely inclined toward the technological developments of offshore wind power due to the reason that offshore power conversion technologies can be further scalable for high-power generation applications. Many HVDC-power transmission system-based converters are currently undergoing promising developments with various designs to achieve the weight reduction, cost optimization, and further enhancement of power conversion efficiency of offshore systems in the future. In general, based on the recent advances in the power transmission technologies, the future of the wind power industry seems be more dependent on the offshore wind farms than those onshore.
Moreover, the current advancements in automation-based research projects indicated a very promising future about the objective implementation of some optimization theories on real-world farms. Challenges with wind farm control modeling and evaluation tools were generally projected to be addressed toward the realization of fundamental wind farm optimization objectives. One of the objectives (wind turbines’ cost minimization) has already been reported to be practically validated based on the results of the recently proposed research model. These recent developments and more enhanced works that may be subsequently conducted by researchers and engineers on the wind farm optimal control are of great importance, which could partly contribute to enabling the wind power industry to see grand transition in the not-too-distant future.
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Parallel AC-connected HVAC system (Wei
etal, 2017)

The complexity of this configuration can
be significantly simplified when the
offshore power transmission substation
and onshore distribution substation are
closely situated. Thus, the application of
parallel AC-connected HVAC power
transmission system is desirable for the
wind farm, where the distance between the
sites of offshore power transmission and
onshore power distribution is shorter

Parallel AC-connected HVDC system
(Rodriguez and Rouzbehi, 2017; Hoffmann
etal., 2019; Li et al, 2020; Nouri et al, 2020)

“This configuration is well-proven for
application in the wind farms, where the
offshore and onshore connection points
are generally situated far away from each
other (greater than 80 km). This system
has been designed for wind farms with
large-scale power-generating capability
and is currently in operation

Parallel DC- connected HVDC system (Shi
etal, 2016)

‘This configuration has recently been a
focus of research studies for practical
development for offshore wind farm
application

Series DC-connected HVDC system (Haibo
et al,, 2016), (Almeida et al., 2021)

Current and voltage source converter-
based series DC-linked HVDC networks
have been proposed in the most recent
studies for practical application in offshore
wind power generation

Cost of the system

Economically the most feasible
configuration method when the
transmission line connecting offshore and
onshore substations is limited to below
50 km

‘The most visible challenges associated
with this configuration include
considerable investment and operation
expenditures, particularly when it comes
o highly vast and expensive offshore
substation that necessitates
accommodating electrical power systems
and devices: step-up transformers, power
converters, batteries, etc.

‘The geometry of a parallel DC-connected
HVDC system is simplified to have
reduced size and weight compared to
parallel AC-connected HVDC., This makes
a parallel DC-connected HVDC system
less costly than a parallel AC-connected
HVDC

The elimination of the vast and expensive
offshore substation can be significantly
achieved with series DC-connected HVDC
system

Capability of power scalability

In the cases of long transmission lines
between offshore and substations, the
submarines AC cables generate
increasing level of currents as a result of
its increasing amount of capacitance.
Consequently, the capability of the cables
to transport active current is diminished
at long transmission lines and with
increasing voltage levels. Hence, the
requirements to compensate reactive
power at both points must be fulfilled

This system can use two different
converters, which are voltage and
current sourced. In the case of line-
commutated current source converter
(LC CSC), the system requires a robust
synchronous voltage source to
accommodate this converter; thus, the
reactive power should be generated from
the large AC filter to smooth the
conversion process, whereas MM VSC is
recently considered as an attractive
solution

Under this configuration type, a three-
level neutral point clamped (3L-NPC)-
based converter has widely been covered
in literature reports with demonstr
of its realistic application for HVDC-
based offshore wind farms

For the several networks of series DC-
connected HVDC system, multiple
studies have recently been underway
concerning their development for
offshore wind power generation
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Capital expenditure (in
Euro/€)

Comment

HVAC | 3-core submarine cable (350 MVA 220 kV) 470,000 per kilometer 4 parallel cables
2-cable installation in a trench at depth of 1 m 675,000 per kilometer per trench per | 2 trenches
2 cables
| Onshore Gis switchgear (275 KV 400 kV) 2,100,000 per substation of 275 kV
2,600,000 per substation of 400 kV
Transformer (200/400 kV 275 MVA) 2,340,000 per transformer 4 transformers
Offshore substation (500 MW 220/33 kV) 39,100,000 per 500 MW
Shunt reactors, mechanically switched (100 Mvar with 1,200,000 per 100 Myar
220kV)
HVDC | Single-core cable (500 MW 300 KV HVDC 1800 mm?) 360,000 per kilometer 3 parallel cables

3 cables: 2 cables installed in one trench and 1 cable installed in
another trench

3 cables: 2 cables/trench +1 cable/trench installation at
depth of 1 m

675,000 per kilometer per trench with
2 cables

400,000 per kilometer per trench with
1 cable
2VsCs

Shore end VSC and AC switchgear (550 MWA 300 kV) | 68,000,000 per converter

Transformer (150 KV/400 kV 275 MVA) and switchgear
(400 kV)

2,340,000 per transformer 4 transformers

2,600,000 per GIS substation of 400 KV

Offshore VSC system 2,320,000 per system Single system






OPS/images/fenrg-11-1124203-t005.jpg
Control

algorithms

Gradient-based
algorithms

Optimization strategies

Sequential quadratic
programming

Input parameters

Yaw angle

Yaw angle

Models for 'optimization
and evaluation

Gaussian wake model" *

FLORIS' and SOWFA?

Increased power/
gain

17%

6.5%-19.4%

Reference

Annoni et al. (2018)

Bay et al. (2021)

Yaw angle + layout

Jensen-Park model'*

Within the range

‘Thomas et al. (2017)

of 24%

Steepest descent Axial induction factor Park and Law model"* 7% Park and Law (2017)
and yaw angle

Conjugate gradient Yaw angle (Jensen-Park + statistical wake 75% ‘Thogersen et al.

meandering model)'* (2017)
Yaw angle * *(Improved Jensen-Park + CC- | 2.85%-18.7% van Dijk et al. (2017)
Blade model)
Heuristic algorithms Genetic algorithm Tip-speed ratio, blade  Jensen-Park model"” 15% Serrano Gonzilez

pitch angle etal. (2015)
Axial induction factor; | Jensen-Park model'* 1%-2% Wang et al. (2018)
layout

Particle swarm optimization Tip-speed ratio, blade | (Jensen-Park model, Cy turbine 106% Behnood et al. (2014)
pitch angle function approximation)'*
Axial induction factor | Jensen-Park model" 10% Bo et al. (2016)
Blade pitch angle Jensen-Park model"* 5%-16.7% Hou et al. (2016)
Tip-speed ratio, blade  (Jensen-Park model, DEL Lookup | 6%-7% Zhang et al. (2018b)
pitch angle table from SimWindFarm)'*
Axial induction factor 64%-23.5% Gionfra et al. (2019)

Artificial bee colony Tip-speed ratio Jensen-Park model* 4%-6% Abbes and Allagui

(2016)
Yaw angle FLORIS" 3% Quick et al. (2017)
Algorithmic game theory | Game theory optimization Yaw angle FLORIS' and SOWFA%; FLORIS' | 1%-13% Gebraad et al. (2016)

Yaw angle (FLORIS + CC-Blade)"* 3.7% (power); ~18.7% | van Dijk et al. (2021)

Control

algorithms

Dynamic programing

Optimization strategies

Dynamic programming
optimization

(load fluctuation)

Axial induction factor

Input parameters

Axial induction factor

Jensen-Park model"*

Models for 'optimization
and Zevaluation

Actuator disk model'*

1.4%-5.4%

Increased power/
gain

About 5%; load
fluctuation reduced up
to 38%

Herp et al. (2015)

Rotea (2014)

Tip-speed ratio RANS" 08% Santhanagopalan
etal. (2018)
Yaw angle, axial Enhanced Jensen-Park model'* 45%-265% Dar et al. (2016)

induction factor

Various control

Nelden-Mead simplex algorithm

Power references

Simplified Ainslie model"”

2.4%; load reduced by

Kim et al. (2017)

objectives-based to maximize power and reduce 167% at upstream
loads wind
Reducing overall power losses and | Generator torque, blade | (WindFarmer + lookup table from | 2% Bossanyi (2018)
Jfatigue pitch angle, yaw angle | bladed)' and dynamic wind farm
simulator’
Increasing power production and | Yaw angle, blade pitch | FarmFlow'* 4.6% and lifespan Kanev et al. (2018)
minimize the loads angle extended by 1.5%
Adjusting optimized yaw angle as | Yaw angle, blade pitch  FarmFlow' and FLORIS® 219% Kanev (2020)
to reduce actuator duty angle
Stochastic streamlining for Yaw angle FLORIS' and SOWFA® 324% Simley et al. (2020)
dynamic wind directions
Field test Field test strategies Yaw angle FLORIS' 4% Fleming et al. (2019)
Yaw angle FLORIS' ‘Wake losses minimized | Fleming et al. (2020)
by 6.6%
Studies specific to Adjustment of positions Blade pitch angle FLORIS" 16%-54% Kheirabadi and
floating offshore wind Nagamune. (2019)
farms
Blade pitch angle Deep neural learning' and LSTM? | 7%-21% Sierra-Garcia and
Santos (2021)
Blade pitch angle Jensen-Park model’ and FarmFlow’ | 44% Rodrigues et al.

(2015)
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Transmission networks

Energy conversion quality

Range of application in an offshore wind
farm

Reference

LC CSC-based parallel AC-
connected HVDC

Line-communicated CSC has shown good reliability
for onshore wind power application since the last
five decades

Itis impractical for application in offshore wind power
generation due to compatibility and efficiency issues

Wei et al. (2017),
Torres-Olguin et al. (2013)

2L VSC-based parallel AC-
connected HVDC

MM VSC-based parallel AC-
connected HVDC

Cascaded rectifier (diode)-based
parallel AC-connected HVDC

3L NPC-based parallel DC-
connected HVDC

SST-based series DC-connected
HVDC

PWM CSC-based series DC-
connected HVDC

Traditionally used in offshore wind power and it has
demonstrated low energy conversion quality.
Nevertheless, this system is usually effcient for
onshore wind power application

Modular multilevel (MM)-VSC-based parallel AC-
connected HVDC network is a recent solution for
offshore wind power application due to its robustness
in converting energy compared to a traditional 2L
VSC-based parallel AC-connected HVDC network

It has been reported to increase energy conversion
efficiency by 20% and reduce weight by 63% in
comparison to a VSC-based parallel AC-connected
HVDC system

It enhances the output voltage in such a way that the
switching devices are not required to be connected in
series. In addition, the 3L-NPC minimizes system
stress in comparison with conventional 2L-VSC,
reduces the harmonic filter necessity, and ameliorates
the energy conversion quality

As per research studies, the overall quality of wind
power transmission can be notably enhanced by an
SST-based series DC-connected HVDC system
compared to HVDC systems based on parallel AC
‘connections

PWM CSCs exhibit robust short-circuit protection
capability. Recent studies have widely underscored the
high qualites of this converter and its application for
muli-scale wind power generation

Recently, two-level VSC-based HVDC network is not
recommended for offshore wind power transmission

It is the current state-of-the-art in offshore wind farm
application. One appealing quality of this transmission
network s that it is characterized by capability of
scalable voltage and power. Hence, it can help attain
substantial scale of power conversion by greatly
modularizing cells of kilovolts scale

‘This transmission network is widely known for
application in the industry of electric drives, and
studies have currently reported on its promising
development for wind power application

‘This transmission network (3L NPC) is considered as
the most desirable solution for application in offshore
wind farms. The regulation of neural-point voltage
requires serious attention and researchers have
extensively focused on this issue

According to literature reports, SSTs are showing
promising development for future wider applications
in offshore wind farms. It has been reported to show
attractive qualities, such as high reliability, reduced
cost, and minimized size and weight

‘These converters are well-matured in medium voltage
drive-based applications. For offshore wind farm
application, multiple medium voltage turbine-
generator systems are required to be developed, as per
studies

Yaramasu et al. (2017), Tian
et al. (2020)

Zhang et al. (2018a), Zhang
et al. (2021)

Yaramasu and Wu. (2016),
Blaabjerg and Ma. (2017)

Lugman et al. (2019)

Kimura et al. (2018)

(Yaramasu and W, 2016),
(Heng et al,, 2021)
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Requirements

Generator active
materials

Average cost of the
system’s components

Generator
construction

Gearbox

Power electronics
converter

System’s installation/capital cost

Maintenance cost

Weight of the system

Gearbox configuration

Annual power production

DFIG-based system

Economical
Economical

More cost added since DFIG-based wind
turbines can also use multiple-stage gearbox
systems.

Economical

Comparatively less expensive
Usually high

Light weighted

Either a single-geared system or three-
gearbox system; a three-geared system is

‘more matured

Relatively lower

PMSG-based system

Expensive

Expensive

Cost can be significantly minimized since the gearbox is

optional for PMSG-based wind turbines

Expensive

More expensive
Generally low

Heavy weighted

Either a single-geared system or gearless system; a
single-gearbox system is relatively matured, whereas a

gearless system is advanced technology

Comparatively higher

EEE

Blaabjerg and Ma (2017)

Yaramasu and Wu (2016)

van de Kaa et al, 2020,
Muwaniki et al. (2017b)

Yaramasu and Wu (2016),
Blaabjerg and Ma. (2013)
Behabtu et al. (2021)
Harzendorf et al. (2021)

Goudarzi and Zhu. (2013),
Zhang et al. (2013)

Cheng and Zhu. (2014),
(van de Kaa et al. (2020)

Samraj and Perumal.
(2019), Chong et al. (2019)

Power production/total cost

System reliability

Comparatively higher

Generally required to be enhanced

Somehow lower

Usually robust

Cheng and Zhu. (2014),
Desalegn et al. (2022)

Mahmoud et al. (2020),
Bhatt et al. (2017)

Fault ride through capability Generally weak Usually strong etal. (2017a),
Khani. (2021)

Power converter compatibility Hard Flexible Okedu et al. (2021)

Logistics for system construction, Accessible ‘There are limitations Scott Semken et al. (2012)

transportation, and installation

Wind farm design optimization

Wind-speed prediction

Multi-mega scale power generation
capability/power scalability
Onshore wind energy application
Offshore wind energy application

Global market share in the wind power
industry

DFIG turbine-based wind farm systems are
generally matured

Challenging

Limited

Widely popular

Comparatively less applicable

Leading since the last several decades

‘Widely applicable as PMSG turbine-based technologies
are recently emerging particularly for offshore wind

application
Mostly not required

Highly applicable

Less popular

Highly preferable

Recently emerging and notably expanding its share

Hou et al. (2019), Dang
et al. (2020)

‘Abo-Khalil et al. (2020)
Mousa et al. (2020),
Moghadam and Nejad.
(2020)

Ogidi et al. (2020)

Pan and Shao, (2020),
Vijayaprabhu et al. (2004)

Desalegn et al. (2022)
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Control

algorithm

Optimization strategies

Input
parameters

Evaluation
model

Increased power/
gain

Reference

Modelfree dosed-loop

Simultaneous perturbation stochastic Axial induction factor | Jensen-Park model 32% Ahmad et al. (2014)
algorithm
Game theory Axial induction factor | Jensen-Park model ‘ Ranging up to 25% Marden et al. (2013)
Gradient descent Axial induction factor | Jensen-Park model ‘ 1% Gebraad et al. (2013)
Nested extremunm-sceking controller Generator torque gain | Sim WindFarm ‘ 13% Yang et al. (2015)
Generator torque gain | UTD-WF 10% 7.8% Ciri et al. (2016), Ciri et al.
(2017)
Yaw angle Wind tunnel } 15% Campagnolo et al. (2016)
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Control

algorithms

Model predictive
control

Data-driven control

Optimization strategies

Model predictive control
optimization

Input parameters

Models for
'Optimization and
?Evaluation

Increased power/gain

Reference

Blade pitch angle, Jensen-Park model' and 0.4%-1.4% Heer et al. (2014)
tip-speed ratio SimWindFarnt®
Rotor rotational speed Mosaic tiles wake model"* 2% Shu et al. (2011)
Axial induction factor | WESim"? 38% Vali et al. (2016)
Axial induction factor WESim"? 2%-8% Vali et al. (2017)
Axial induction factor  WESim"? % Vali et al. (2019)
Thrust coefficient SP-Wind"* 158% Goit and Meyers
(2015)
Thrust coefficient SP-Wind' 8%-21% Munters and
Meyers (2016)
Thrust coefficient SP-Wind'? Close to 10%; and within the range | Munters and
of 20% with no constraints on input  Meyers (2017)
variation
Thrust coefficient, yaw  SP-Wind'? Close to 30% Munters and
angle rate Meyers (2018a)
Thrust coefficient, yaw  SP-Wind'* 1%-66% Munters and
angle rate Meyers (2018b)
Yaw angle FLORIS' and SOWFA? 7%-11% Doekemejer et al.

Tip-speed ratio, blade
pitch angle

Deep neural learning model using
LES' and (CNN + LSTM)’

Within the range of 38%

20%

(20192)

Yin and Zhao
(2021)

Rotor rotational speed,  DB-PC' and Extended Kalman Abdelrahem et al.
axial induction factor filter model’ (1596)
Bayesian ascent Yaw angle, blade pitch | Gaussian regression model' and | 30.4%-33.2% Park and Law
angle Wind tunnef (2016)
Bayesian optimization Yaw angle FLORIS' and SOWFA? 44% Doekemejer et al.
(2019b)
Knowledge-assisted decp Axial induction factor | Deep reinforcement learning' and | 10% Zhao et al. (2020)

deterministic policy gradient
algorithm

Support vector machine
algorithm

Yaw angle

WESim?

Support vector machine' and
FLORIS*

Reliability of wind farm s improved
by 1.7%

Yin et al. (2020)
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