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Abstract

:

This paper studies the THD and AC losses on the DC cables of offshore wind farm-based multi-terminal HVDC systems when they extract and deliver power from and to more than one connection point. In the paper, the study of a full system PLECS + Simulink model with two branches, including a wind resource, a wind turbine, a Permanent Magnet Synchronous Generator (PMSG), a Pulse Width Modulation (PWM) rectifier, a Single Active Bridge (SAB) DC–DC converter, an Input Parallel Output Series (IPOS) DC–DC converter, HVDC cables, and a simplified onshore system, is presented. It focuses on the investigation of the output ripple content of multiple DC–DC converters on DC cables under different wind conditions with different voltage and power ratings. The importance of the study is providing a general understanding of the operation of the innovative offshore wind farm-based DC system, as well as the interaction between different DC–DC converters and their influence on cable ripple content under different situations.
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1. Introduction


Wind power is a renewable energy source that has vast potential for further development, as it is perceived as pollution-free and plentiful. However, wind turbines also have negative consequences for the environment (in particular their visual impact). Hence, wind farms are best situated offshore, away from densely populated areas, to capitalize on higher and steadier wind speeds [1,2,3,4]. As is known, most of the electrical energy is consumed in cities, so a way to efficiently transfer such energy over long distances is required.



Some offshore wind farms are close to the shore, while others can be many kilometers offshore. AC submarine transmission cables can be used to connect wind farms located close to the shore, typically less than 50 km in distance, with the onshore power system. For wind farms farther offshore, DC transmission is superior to AC transmission. HVDC submarine transmission cables are usually appropriate when wind farms are built farther than about 50 km from the shore [5,6,7].



This paper focuses on examining a potential multi-terminal MVDC/HVDC system based on offshore wind farms. Notably, it examines a configuration in which the distance between the generating-side wind farm and the onshore power system at the receiving end spans 100 km, as shown in ([8], Figure 1). The typical length of the offshore submarine HVDC cables is between 60 and 200 km, and 100 km is the average value of the typical length [9]. When discussing a multi-terminal DC system, researchers explore various structural configurations and investigate different aspects of the system. Among these configurations, the four-terminal meshed multi-terminal DC (MTDC) system stands out as the most frequently employed [10,11,12,13,14,15]. However, alternative structures such as the four-terminal radial system [16] and the typical structure of a low-voltage MTDC system [17] also receive attention, although none matches the exact structure under consideration in this research.



In studies [10,11,12,16,18], authors primarily focus on DC fault detection and mitigation techniques. Methods include practical low-frequency approaches and utilizing the relationship between the discharged power of DC-link capacitors and the increasing power of the faulted branch. The most effective fault detection strategies are identified to ensure superior performance and validated through simulation.



On the other hand, in [13,19], researchers delve into new methodologies and calculation methods for power flow in MTDC systems under various control modes. Meanwhile, studies [14,15,17,20] concentrate on investigating system stability, encompassing small signal stability and oscillation instability phenomena between different voltage source converters and ensuring stable interoperability among converter systems from different manufacturers. Corresponding problem-solving methods are proposed accordingly.



In the research area of harmonics on HVDC cables, most studies focus on end-to-end HVDC systems, rather than multi-terminal systems. Prior works [21,22] aimed to suppress high-frequency harmonics by employing filters and specific control methods for compensation. In ref. [23], high-order harmonics were significantly reduced through the implementation of a proposed LCL-HVDC converter transformer compared to traditional LCC HVDC systems. In ref. [24], AC filters were the primary focus for harmonics suppression in a simplified single-feed DC system. However, this paper diverges from the focus on harmonics suppression. Instead, it concentrates on examining harmonics under varying wind conditions in an innovative, multi-terminal system to detect potential high-AC ripple content.



Previous studies [25,26,27] treated different sections of the HVDC system, such as transformers, converters, and DC lines, as two-port networks to create efficient models for analyzing harmonic transmission and amplification. They also focused on developing DC-side impedance models and studying DC system harmonic resonance. However, their emphasis on simplified models and research limited to low-frequency ranges in steady-state conditions differs from the focal point of this paper.



The current study proposes a comprehensive model and undertook the prolonged monitoring of AC harmonics while varying wind speeds. Its principal aim is to track the DC voltage and current states, along with their harmonic components, across varying wind speeds experienced by individual turbines, thereby identifying potential issues for the prospective system.



To achieve this, a detailed model encompassing the entire control circuit within each section of the system is constructed for the simulation study. This level of detail is strict for this research, as it allows for the calculation of AC losses on the DC cables through the Fast Fourier Transform (FFT) analysis of the simulation outcomes. A more intricate model ensures greater accuracy in the results. Moreover, the inclusion of the full control circuit is essential because the power transfer characteristics are entirely influenced by wind conditions.



The contributions of this paper can be summarized as follows:




	
The total harmonic distortion of terminal voltages was analyzed across different wind conditions and system configurations, consistently maintaining voltages below 2%. This performance surpasses expectations, especially notable in multi-connected cable terminals in which a high current ripple and superimposed currents might induce significant voltage variations;



	
Research into cable AC losses examined variations across diverse wind conditions and system configurations, distinguishing their characteristics in both multi-connected submarine cables and those in 100 km;



	
The system’s dynamic performance under extreme wind conditions reveals its resilience, notably in swiftly recovering from brief deviations below or above the cut-in and cut-out wind speeds. Such resilience is attributed to the infrequent occurrence of unexpected wind fluctuations, which typically affect only a few turbines within large wind farm systems for short periods;



	
The performance of various ISIPOS converter structures is compared, and corresponding application environments are suggested.








In this study, the simulation results of a two branch, multi-terminal system under different wind conditions are presented with a concentration on the cable voltage ripple, current ripple, and AC losses.




2. Overview of the Simulation Model


2.1. Circuit Diagram and Specification of the Simulation Model


Figure 1 shows a two-branch, multi-terminal DC system, which is the circuit of the simulation model in this study. This figure displays a more detailed circuit diagram of the generating side in ([8], Figure 1), and the system specification is described as follows:



Wind Model:



This study focuses on wind power as the sole energy input source. Irrespective of wind direction, the wind model is characterized by various parameters, including the natural wind speed (SWt), the fundamental wind speed (SWb), the gust wind speed (SWg), the ramp wind speed (SWr), and the noise wind speed (SWn), as shown in Equation (1). An illustrative example of the natural wind model is provided in Figure A3 [28].


   S  W t   =  S  W b   +  S  W g   +  S  W r   +  S  W n    



(1)







Wind Turbine:



The wind turbine simulation module was constructed based on the specifications of the 5 MW AD5135 turbine, detailed in Table 1. The turbine’s output power is a function of its power coefficient (Cp) and mechanical rotation speed ( ω m), as expressed in Equation (2). This equation factors in parameters including the air density (  ρ  (   kg / m  3  )  ), blade length (R), wind turbine tip speed ratio ( λ ), pitch angle ( β ), wind speed (Vw), rated wind speed (Vrated), cut-in wind speed (Vcut-in), and cut-out wind speed (Vcut-out). Within the maximum power point tracking (MPPT) region, Equation (3) describes the relationship between wind velocity and output power.


  O u t p u t P o w e r =     0     V w  ≤  V  c u t − i n          1 2  ρ × π ×  R 5  ×  ω  m  3  ×  C p   ( λ , β )       V  c u t − i n   ≤  V w  ≤  V  r a t e d         P  n o m i n a l       V  r a t e d   ≤  V w  ≤  V  c u t − o u t        0     V w  ≥  V  c u t − o u t         



(2)






   P  w _ M P P T   =  1 2  ρ × π ×  R 2  ×  V  w  3  ×  C  p _ m a x    



(3)







The control circuit design of the wind turbine is based on Equations (2) and (3). Output power is absent when the wind speed falls below the cut-in value. Within the MPPT region (between the cut-in and rated speeds), the control system optimizes the power output by adjusting the rotor speed or pitch angle. Within the rated speed and cut-out speed range, the turbine operates at a constant full-power state, delivering 5 MW. No output power is generated when the wind speed exceeds the cut-out value.



Permanent Magnetic Synchronous Generator (PMSG) and Pulse Width Modulation (PWM) Rectifier:



The Permanent Magnet Synchronous Machine (PMSM) is an electrical device distinguished by its rotor, which is magnetized via permanent magnets, eliminating the need for an additional DC excitation circuit. While the Double-Fed Induction Generator (DFIG) remains prevalent in offshore wind farms, the Permanent Magnet Synchronous Generator (PMSG) has gained traction as an appealing alternative for wind turbine applications. The flux linkage equation, stator voltage equation, and power relationship of PMSG can be seen in Equation (4).


         V d  =  R s  ×  i d  − ω ×  Ψ q  +   d (  Ψ d  )   d t             V q  =  R s  ×  i q  − ω ×  Ψ d  +   d (  Ψ q  )   d t             T e  =  3 2  × p ×  i q  ×  [  Ψ m  +  (  L d  −  L q  )  ×  i d  ]      



(4)







In this study, the authors employed 5 MW PMSGs with a frequency of 55 Hz and a power factor of 0.9, featuring a rated line voltage of 2.86 kV and a rated line current of 1.12 kA [29]. The selection of the machine’s power rating is contingent upon the wind turbine’s capacity, with its actual operational line voltage determined by the connected PWM rectifier. Based on Equation (5), given an output voltage of 5 kV DC for the PWM rectifier, the input voltage (Vline_rms) of the PWM rectifier is computed as 2.6 kV, aligning with the output line voltage of the PMSG, under the assumption of a modulation index (m) of 0.85. It is important to note that the modulation index will vary, depending on the total power transferred, with 0.85 chosen as a standard value for design purposes [30]. Further specifications of the PWM rectifier are detailed in Table 2.


   V  l i n e _ r m s   = m ×    3   V  d c     2  2     



(5)







5 MW DC–DC converter:



A 5 MW DC–DC converter, operating within a voltage range of 5 kV to 50 kV, is integrated into the offshore wind farm’s multi-terminal DC system. Its power rating corresponds to that of the wind turbine, 5 MW AD5135. Both the input and output voltage selections were informed by prior research on high-power DC–DC converters for offshore wind DC systems [31]. Detailed converter parameters are listed in Table 3.



Input Series Input Parallel Output Series (ISIPOS) DC–DC Converter:



In the context of ([8], Figure 1), the Input Series Input Parallel Output Series (ISIPOS) converter plays an important role in gathering power from the entire wind farm and stepping up the voltage subsequent to the multi-terminal connection. To streamline the simulation processes, the 200∼1000 MW ISIPOS converter was downsized to a 30 MW Input Parallel Output Series (IPOS) converter, as depicted in Figure 1. Increasing the number of series-connected IPOS blocks merely reduces the I/O voltage and power of each identical block without significantly altering simulation outcomes or impacting the overall performance of the high-power, high-voltage ISIPOS converter within the system. The detailed specifications of the ISIPOS Converter are outlined in Table 4.



The detailed structure and circuit diagram of the Input Parallel Output Series (IPOS) DC–DC converter were provided in ([8], Figure 4), resulting in three different unidirectional constructions within the simulation model [32]; this paper solely presents the system performance with the Identical Three-Phase Bridge IPOS Converter in ([8], Figure 4b) and the Identical SAB IPOS Converter in ([8], Figure 4c), as the performance of the system with the SAB + Three-Phase Bridge IPOS Converter in ([8], Figure 4a) was expected to fall between them. All parameter labels in the simulation results were derived from Figure 1, with a comprehensive study conducted on the impact of the cable ripple content and AC losses from various perspectives.



MVDC/HVDC Undersea Cables:



Long submarine cables were employed to transfer power from the offshore wind farm to the onshore power system post-ISIPOS converter. A  π  model, as shown in Figure 2, was used to represent the equivalent circuit of these cables, facilitating the analysis of AC ripple content via an FFT frequency spectrum. Cable parameters are outlined in Table 5 and Table 6.




2.2. Circular Wind Farm Structure


Figure 3 displays a concept graph of a circular wind farm. This type of structure has been studied for a few years but has not yet been built in real life. The circular wind farm can be regarded as a composition of concentric circles, and turbines are installed on the circumferences of these rings. X, which obeys the 5D principle, in Figure 3 represents the distance between two adjacent turbines at the same circumference. The radius difference between two adjacent concentric circles should be set to at least ten times X to eliminate the influence between different circles. This is why the length of the cable through which I5 is flowing is set to 6 km in Figure 1.



Compared with the array structure, one significant advantage of the circular wind farm is that the wind speed, or power, received at turbines constructed on the same ring is the same regardless of the wind direction. In other words, the wake effect and turbulence are eliminated dramatically, and a more straightforward control method can be applied. As for the disadvantages, a circular-structure wind farm needs more space, and longer submarine cables are necessary to connect the turbines at different circumferences. Overall, the circular wind farm structure may attract higher commercial interest compared to the traditional array structure, mainly due to its higher wind power utilization ability, and it was used in this study [29].




2.3. Selection of the Phase Angle of Different DC–DC Converters


As mentioned in [8], it can be challenging to synchronize the IGBT switching of all the multi-connected 5 MW DC–DC converters due to the long distance between them, and the extreme condition study method was applied in the simulation model, while the average value of the results obtained from the following two conditions can be regarded as the normal performance of the system.



	
All the switches of these six multi-connected 5 MW converters are controlled via the same signal;



	
There are 60-degree phase shifts between the switches’ control signals of these 5 MW, multi-connected SAB converters.






For the Identical SAB IPOS converter used in the simulation model, there should be a 120 degree phase shift between the control signals of the switches of the three IPOS connected SAB converters in ([8], Figure 4c) in order to reduce the ripple content of cables [8].





3. Simulation Study of the System under Different Wind Conditions


In this simulation work, the system operated under different natural wind conditions, including gust and ramp wind, which means that results from a much longer simulation time needed to be monitored compared to the switching periods of the power electronic devices in the system. The steady or constant wind speed received at each turbine was set to around 10.3 m/s, which is the 10-year average wind speed of the area where the Hywind Scotland Pilot Park project was built [8,33]. The transient states are involved since the power derived from the wind is not constant, and the simulation results of the system with both Identical Three-Phase IPOS and Identical SAB IPOS structures are presented and compared.



The speed change of all the natural winds in this study started after 7 s and returned back to the base wind speed before 15 s; all the results presented under the natural wind conditions occurred within this time period.



Based on the study in [8], the output capacitors of all the 5 MW multi-connected DC–DC converters were set to 40  μ F, and the input capacitors of the Identical Three-Phase IPOS converter were set to 0.4  μ F. The input capacitors of the Identical SAB IPOS converter were selected as 4  μ F.



3.1. Simulation Results of the System with Identical Three-Phase and Identical SAB IPOS Converter Structures under Wind Condition 1


3.1.1. Wind Condition 1


When referring to Appendix A, situation 1, and the wind model study in [28], the wind speed received by each turbine in this situation can be seen in Figure 4. Notably, turbines WT1 and WT2 encountered gust and ramp winds, while the remaining turbines operated under steady wind conditions.



In Figure 4, WT1 to WT6 are wind turbines 1 to 6 in Figure 1; the wind noise was not included for better clarity. A graph showing an example of natural wind with noise can be seen in Figure A3 in Appendix B.




3.1.2. Vdc1 and Idc1 When the Identical SAB IPOS Structure Is Applied in the System and There Is No Phase Difference between 5 MW SAB DC–DC Converters


In wind condition 1, wind turbine 1 experienced an increase in wind speed, resulting in observable waveforms for Vdc1 and Idc1, as depicted in Figure 5. During time period A, transitioning from the Maximum Power Point Tracking (MPPT) region to the constant full-power region, or during time period B, when returning to the MPPT region, the waveform exhibited lower ripple content or total harmonic distortion compared to when the power was constant. In this study, the FFT analysis focused on the constant full-power region to discern the harmonic properties of the waveform. Consistency was maintained throughout the paper by utilizing the same period for the FFT analysis to ensure unbiased comparisons. Figure 6 and Figure 7 illustrate the harmonic voltage and current spectrum for Vdc1 and Idc1 in Figure 5. It is important to note that the baseline value of the harmonic spectrum for Idc1 is defined as 63 A, rather than the actual DC components, for normalization purposes.
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Figure 5. Vdc1 and Idc1 with identical SAB IPOS structure. 






Figure 5. Vdc1 and Idc1 with identical SAB IPOS structure.
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Figure 6. Harmonic spectrum for Vdc1. 






Figure 6. Harmonic spectrum for Vdc1.
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Figure 7. Harmonic spectrum for Idc1. 






Figure 7. Harmonic spectrum for Idc1.
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3.1.3. Waveforms of Terminal Voltages and Cable Currents Based on the Average Values under Wind Condition 1


As can be seen from Figure 5, when comparing the waveforms of all the terminal voltages or cable currents in one figure, massive overlapping of the waveforms occurs, and the graphs can become meaningless. One way to plot sensible graphs is by drawing the waveforms based on the average values during a specific period, as shown in Figure 8, Figure 9 and Figure 10, when the specific period is set to be 0.05 s.



As for the waveforms of Vo and Io, both their average value graphs and original waveforms are shown in Figure 11 and Figure 12.





[image: Energies 17 01978 g008] 





Figure 8. Graphs of average voltage at the terminals of all 0.6-km/6-km cables. 






Figure 8. Graphs of average voltage at the terminals of all 0.6-km/6-km cables.
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Figure 9. Graphs of average output currents for 5 MW SAB converters. 






Figure 9. Graphs of average output currents for 5 MW SAB converters.
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Figure 10. Graphs of average currents on the multi-connected cables. 






Figure 10. Graphs of average currents on the multi-connected cables.
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Figure 11. Average value graphs of Vo and Io. 






Figure 11. Average value graphs of Vo and Io.
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Figure 12. Waveforms of Vo and Io. 






Figure 12. Waveforms of Vo and Io.



[image: Energies 17 01978 g012]





As per Figure 8, Figure 9, Figure 10, Figure 11 and Figure 12, some observations are presented as follows:




	
In Figure 8, for a system with the Identical SAB IPOS structure, the DC value of Vin_IPOS is controlled well at 50 kV, while that of the system with the Identical Three-Phase IPOS structure is mostly dependent on the DC voltage value at the receiving end of the system and the current flow through the transmission cables. It can be noticed that the value of Vin_IPOS in the system with the Identical Three-Phase IPOS structure increases with increasing wind power; this is due to an increase in the DC component/average value of Io when more power is fed into the system, leading to a higher voltage drop on the 100-km transmission cables;



	
The current superposition along the multi-connected cables towards the receiving end of the system is shown in Figure 9 and Figure 10. These cable currents result in a voltage drop on the multi-connected cables, which can be seen in Figure 8. It should be noted that the 6-km cable with I5 flowing through it undergoes a higher voltage drop in the system, as its equivalent resistance is ten times higher than that of the 0.6-km cables;



	
Figure 13 shows the waveform of Vdc1 and Idc1 when the Identical Three-Phase IPOS structure is used in the system. When comparing Figure 5 with Figure 13, it is clear that, during the time when the captured wind power is increasing or decreasing, the terminal voltages and currents have lower ripple content but a higher or lower DC value in the system with the closed loop-controlled SAB IPOS structure, which also explains the ”average voltage spike” in Figure 8. The appearance of the reduced ripple content with the controllable Identical SAB IPOS converter is because of the variation in the duty ratio of the IPOS converter, which can lead to phase changes in the ripple content;



	
As expected, in Figure 11 and Figure 12, the average power transferred to the onshore power system is similar in systems with different IPOS converter structures under the same wind condition. Nonetheless, the advantage of reduced cable ripple content in the system employing the Identical Three-Phase IPOS structure is distinctly evident. A more detailed FFT analysis of the system under this wind condition is presented in Section 3.4.








Overall, if the voltage at the receiving end of the system can be controlled so that it maintains a relatively constant value, or the onshore power system is robust enough, a controllable IPOS structure is not a necessary choice if Io in the 100-km cables is not large enough to cause more than a ±5% [31,34,35] voltage difference with respect to the rated value.




3.1.4. FFT Analysis of DC Cable Voltage and Current AC Ripples


To enhance the understanding of submarine cable ripple content or cable AC losses, a Fast Fourier Transform (FFT) algorithm for waveform analysis was employed. This method effectively dissects complex ripples into sinusoidal waves of varying frequencies, enabling the individual scrutiny of each wave’s impact. In this study, since the fundamental voltage components are solely DC, the total harmonic distortion (THD) of the DC voltage can be seen in Equation (6). Here, Vdc represents the DC fundamental component, while Vn signifies the peak value of the nth harmonic voltage, derived from FFT analysis of the voltage waveform.


  T H D =       V 1   2  +    V 2   2  +    V 3   2  …    V  d c     



(6)







The FFT analysis results under wind condition 1 with the Identical SAB IPOS converter structure are shown in Table A1 of Appendix C. This is an example of the percentage of the harmonic wave relative to the base value at the dominant frequency, and the THD results in other situations is shown in Table 7 and Table 8 of Section 3.4 directly, focusing on the period of the FFT region in Figure 5.



The definition of Total Relative Losses was stated in [8], and the relationship between the real losses and the Relative Losses can be seen in Equation (7).


   P  R L   =  P  4 B a s e   ×   (  I  b a s e   × 1 % )  2  ×  L  c a b l e   × 2 ×  T R L   



(7)




where PRL is the real AC losses caused by harmonics on cables, P4Base is the real losses caused by 4 kHz harmonic with a 1-A amplitude on a 1-km specific cable applied in the system, Ibase is the base value selected when calculating the Relative AC Losses, Lcable is the length of the submarine cable, 2 is an integer that indicates the onward and returned submarine cables, and TRL is the Total Relative AC Losses defined in [8] and caused by harmonics at different frequencies.





3.2. Simulation Results of the System with Identical Three-Phase and Identical SAB IPOS Converter Structures under Wind Condition 2


3.2.1. Wind Condition 2


According to Appendix A situation 2 and the wind model study in [28], the wind speed received at each turbine in this situation can be seen in Figure 14, in which gust and ramp wind happen on WT1, WT4, and WT5, and all other turbines are working under a steady wind speed.




3.2.2. Simulation Results of Vdc1 and Idc1 under Wind Condition 2


Figure 15 shows the waveforms of Vdc1 and Idc1 of the system under natural wind condition 2 with the Identical SAB and Identical Three-Phase IPOS converter structures. The black ellipses in the figure indicate the periods of the signal with relatively high THD or ripple content. It can be seen in the system with the Identical SAB IPOS converter structure that both the terminal voltages and cable currents have a higher ripple content when turbines 1, 4, and 5 are all working with increasing wind speed and are still in the MPPT region. This is not shown in the system with the Identical Three-Phase IPOS converter structure, which has IPOS converters with a fixed duty ratio.



In this part, the FFT analyses concern the periods of the waveforms with a relatively high ripple content in order to identify any significant ripple content or losses caused by the interaction of different turbines working under an asynchronous dynamic wind speed. The FFT analysis results can be seen in Table 7 and Table 8 in Section 3.4.





3.3. Simulation Results of the System with Identical Three-Phase and Identical SAB IPOS Converter Structures under Wind Condition 3


3.3.1. Wind Condition 3


According to Appendix A situation 3 and the wind model study in [28], the wind speed received at each turbine in this situation can be seen in Figure 16, in which gust and ramp wind are experienced at WT2, WT3, WT4, and WT5, and all the other turbines are working under a steady wind speed.




3.3.2. Simulation Results of Vdc1 and Idc1 under Wind Condition 3


Figure 17 shows the waveforms of Vdc1 and Idc1 of the system under wind condition 3 with Identical SAB and Identical Three-Phase IPOS converter structures. It can be seen that, when a few turbines in the system are working under asynchronous but overlapped unstable wind conditions, the reaction of the closed-loop controlled SAB IPOS converter is reflected clearly on the voltage and current waveforms, while the waveforms in the system with the open loop controlled IPOS structure are consistent from beginning to end. As stated before, all the FFT analyses were taken for the periods of the waveforms with a relatively high THD or ripple content in the black ellipses, and the results can be seen in Table 7 and Table 8 in Section 3.4.





3.4. Comparison of the Simulation Results of the Double Branch System under Wind Condition 1–3


The FFT analysis of the double branch system based on wind condition 1–3 can be summarized in Table 7 and Table 8, where the following applies:



TP: System with Identical Three-Phase IPOS converter structure.



SAB: System with Identical Single Active Bridge IPOS converter structure.



WC 1: System working under wind condition 1.



WC 2: System working under wind condition 2.



WC 3: System working under wind condition 3.



TRL-MS: Total Relative AC Losses on the multi-connected cables.



100 kmTL: Relative AC Losses on the 100-km submarine cables.



100 kmTL′: The referred value of the Relative AC Losses from the 100-km cables to the multi-section cables.



Io (DC): The DC component of the 100-km cable current Io.



Ibase: The base value of 47 A for the 100-km cable current.



The relationship between the 100 kmTL and 100   kmTL ′   can be seen in Appendix D.



After combining Table 7 and Table 8, the overall performance of the system under different natural wind conditions can be concluded as follows:




	
The THD of all terminal voltages is well below 2% even though the FFT analyses were based on the region with a relatively high ripple.



	
The Total Relative AC Losses on multi-section cables increased with the increase in the total power transferred; however, the efficiency relative to the AC losses on the multi-section cables is independent of the total power transferred.



	
The Total Relative AC Losses on the 100-km cable did not follow the variation in the total power transferred in the system but remained approximately constant. Therefore, the efficiency of the system can be enhanced if more power is extracted from the wind.



	
Referring to Equation (A3) in Appendix D, the referred value of the Total Relative AC Losses for the 100-km cable is listed in Table 8 as 100   kmTL ′  . It is shown that the 100-km cable’s relative AC losses in the system with the Identical SAB IPOS converter structure were about twenty times those of the Identical Three-Phase IPOS converter or about 50 kW higher in the system with six turbines. However, for a system with an Identical SAB IPOS converter structure, the main losses occur in the 100-km submarine cables, and they are much greater than the losses for the multi-connected cables. As the losses for the 100-km cable do not increase with an increasing power transfer, the superiority of the system with the Identical Three-Phase IPOS converter structure will reduce with an increase in the number of turbines, branches, or transferred power, but it will remain superior.








In summary, the advantages of the system with the open loop controlled Identical Three-Phase IPOS converter structure were demonstrated under these natural wind conditions, even with a smaller filter capacitor value, despite the situation when the receiving end voltage may fluctuate. Moreover, when combining Figure 5, Figure 12, Figure 13, Figure 15 and Figure 17, Table 7 and Table 8, no significant high ripple content or losses are brought into the system, although the variable wind speed experienced at some turbines during a short time period can vary the THD or ripple content of the voltage or current waveforms. The performance of the system is favorable under different wind conditions without a cut-off, and the operation of the system with a single cut-off wind turbine is illustrated in the next section.




3.5. Simulation Results of the System with Identical Three-Phase and Identical SAB IPOS Converter Structures under Wind Condition 4: Cut-Off


3.5.1. Wind Condition 4


According to Appendix A situation 4 and the wind model study in [28], the wind speed at each turbine in this situation can be seen in Figure 18. Based on Figure 18, the natural wind speed on wind turbine 1 reaches the cut-off value of 25 m/s at around 9 s and decreases back down below 25 m/s at around 10 s, while all other turbines are assumed to be working under a steady wind speed.




3.5.2. Simulation Results of All Terminal Voltages and Cable Currents under Wind Condition 4 with Cut-Off


Figure 19, Figure 20 and Figure 21 show the waveforms of the terminal voltages and cable currents of the system between 9 s and 11 s, which includes the entire cut-off period. An FFT analysis is not provided in this section, as there was no significant ripple content or losses present during the cut-off period, and the performance of the system was analyzed based on the waveform graphs. All the figures were obtained when all the 5 MW SAB converters had no phase shift between each other.



When the wind speed blowing at Wind turbine 1 increased to the cut-off wind speed, the power generated via turbine 1 decreased at a sharp rate, and the value of Idc1 was reduced, together with the reduction in the generated power. It was noticed that the value of Idc1 in both cases in Figure 20 can become negative, as part of the Idc2 will flow back to the 5 MW DC–DC converter connected after the PMSG & PWM Rectifier1 in Figure 1, charging its output filter capacitor. All the multi-connected cable currents were added together, and after the transformation of the IPOS converter, Io in Figure 21 indicates the total power generated. It was noticed that, for the system with an Identical SAB IPOS converter structure, the THD, or ripple content, of Io decreased to a relatively small value during the middle time slot in Figure 21. This was mainly because of the variation in the duty ratio of the Identical SAB IPOS converter during the transient state, and this phenomenon cannot be regarded as the property of the system; rather, it depends on the physical parameters when building the system in the real world.



The decrease in current Io causes a reduction in the voltage drop for the 100-km submarine cables, as well as Vo; however, compared with 400 kV, the variation in Vo is negligible, and Vo can almost be regarded as constant. The control system will not react significantly to this voltage drop.



In Figure 19, all terminal voltages decrease slightly during the cut-off because of the current in the multi-section cables and in the IPOS converter itself.



In summary, in this type of multi-connected system, a single wind turbine (or a few wind turbines in a bigger system) that cuts out from the system for a short time period will not cause any significant problems in the system, and the time needed for the recovery is much shorter than that required to start up a turbine until it reaches a steady state, although the recovery time in the real world can be longer than that in the simulation.






4. Conclusions


This paper primarily evaluated the voltage ripple content and AC losses of submarine cables in a system, as well as the operation ability of the system, under different wind conditions, in order to identify any significant influences that can be caused due to a variation in wind speed. According to the study of the system under different wind conditions, the following points can be concluded:




	
The total harmonic distortion of all the terminal voltages can be limited to well below 2% in any type of wind condition, with different IPOS converter structures when proper filter capacitors are applied in the system. This result is much better than the expectation, especially when looking at the terminal voltages at the multi-connected cables of the system, as relatively high current ripple content and the superposition of the current may cause high voltage ripple content.



	
At all times, a higher power transfer amounts to little more than higher losses in the system. However, in this study, it was found that the AC losses for the 100-km submarine cable did not increase with an increase in the total power transferred, and they remained stable under all conditions.



	
The AC losses for the multi-connected submarine cables were in direct proportion to the total power transferred, which is the normal situation.



	
Gust winds and interactions between the wind turbines in a wind farm do not cause significant ripple content or AC losses in cables. Before this study, it was opined that the variation in wind speed may produce higher cable ripple content. However, the results lead to the opposite conclusion, and hence, variable wind does not need to be included in the study of the ripple content of cables in future work. The variation in wind speed and the interaction between wind turbines can still influence the power that can be absorbed by the turbines, and it must be considered when looking at the power transfer ability of the system.



	
The system has relatively good recoverability when the wind speed is below the cut-in speed or above the cut-out speed for a short period of time, based on the fact that unexpected high or low wind occurs only occasionally and will only impact a few turbines at a large wind farm system during a short period. During the cut-off time, no significant high ripple content or AC losses occur, ruling out the concern before the study.



	
Compared with the closed loop controlled SAB IPOS converter structure, the open loop duty ratio controlled Three-Phase IPOS converter can help reduce the value and size of passive filters, leading to the lowest cable ripple content and AC losses, and it can have a high power carrying ability. Against this background, if the onshore power system at the receiving end is robust enough or can always provide a relatively constant voltage value, the Identical Three-Phase ISIPOS converter should be used in the system. However, in a system whose receiving end is likely to fluctuate, the closed loop input voltage-controlled SAB converter should be applied in the IPOS converter structure of the system.








Overall, this type of novel offshore wind farm-based, multi-connected DC system is reliable and can be adequately operated without any significant technical difficulty. The cable ripple content and AC losses are limited under different wind conditions even when a realistically sized filter is implemented in the system.
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Appendix A. Possible Wind Conditions at Each Wind Turbine under Different Natural Wind Situations


Before the study of the double branch system with a circular wind farm structure under natural wind/gust situations, some possible wind conditions at each wind turbine should be identified first.



Case 1 (Figure A1):





[image: Energies 17 01978 g0a1] 





Figure A1. Schematic diagram of wind direction in case 1. 






Figure A1. Schematic diagram of wind direction in case 1.
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The natural wind direction in case 1 is perpendicular to the connecting line of two adjacent wind turbines linked on the same branch, and all the black dots in Figure A1 represent the wind turbines. The value of X1 in figure can be calculated as follows:


  s i n   36 ∘  =   X 1   0.6  km        X 1  ≈ 0.35  km  



(A1)




if there are ten wind turbines connected with each branch.



Case 2 (Figure A2):
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Figure A2. Schematic diagram of wind direction in case 2. 






Figure A2. Schematic diagram of wind direction in case 2.
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The natural wind direction in case 2 is perpendicular to the tangent line, which passes through one of the turbines, of the circle. The value of X2 in Figure A2 can be calculated as follows:


  s i n   18 ∘  =   X 2   0.6  km        X 2  ≈ 0.185  km  



(A2)




if there are ten wind turbines connected with each branch.



In this study, the average speed of the combination of gust, ramp, and fundamental wind is about 18 m/s, while the period of the blustery condition is always less than 10 s [28]. The distance at which the bluster can drift is about 18 × 10 = 180 m. Both the values of X1 and X2 are longer than 180 m, which means the maximum number of turbines that can be influenced by a sudden bluster on one branch of the system is 2. Using the discussion above, four different situations could be put into the simulation:




	
In Figure 1, turbine 1 and turbine 2 are affected by the bluster simultaneously, while all other turbines are working under a steady free stream;



	
In Figure 1, turbine 4 and turbine 5 are affected by the bluster simultaneously, and turbine 1 is moved by the bluster with a few seconds’ delay, while all the other turbines are working under a steady free stream;



	
In Figure 1, turbine 2, turbine 3, turbine 4, and turbine 5 are influenced by an asynchronous bluster, while all the other turbines are working under a steady free stream;



	
In Figure 1, turbine 1 is affected by the bluster, which surpasses the cut-out speed, while all the other turbines are working under a steady free stream.









Appendix B. Natural Wind Example


Figure A3 shows an example of the natural wind model applied widely in this study. The natural wind speed is composed of the fundamental wind speed, gust wind speed, ramp wind speed, and noise wind speed [28].
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Figure A3. Natural wind profile. 






Figure A3. Natural wind profile.
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In the simulation study, a rate limiter with a reasonably high slew rate was added to the natural wind model to avoid a sudden change in the wind speed with an infinite rate value. A step change in the wind speed is not only unrealistic but also causes iteration exceeding/convergence problems in the simulation model [36].




Appendix C. FFT Analysis under WC 1 with Identical SAB IPOS Converter Structure


Table A1 presents the percentage of dominated harmonic frequency in relation to the DC components. It is important to note that only data pertaining to dominated frequencies are incorporated in this table. However, for the calculation of THD or Total Relative losses in Table 7 and Table 8, a significantly broader frequency spectrum range (2 Hz to 20 kHz with a 2-Hz interval) was utilized to enhance the results’ accuracy.





 





Table A1. Percentage of harmonic wave relative to the base value at the dominant frequency in a system with Identical SAB IPOS Converter structure when the system is working under WC 1.






Table A1. Percentage of harmonic wave relative to the base value at the dominant frequency in a system with Identical SAB IPOS Converter structure when the system is working under WC 1.





	
Converter Type: Balanced (Identical SAB) IPOS Converter

Base Value: Vdc = 50 kV  Swb = 10.31 m/s  Power = 3.2 MW  Idc = 63 A

Non: 5 MW SAB No Phase Shift      60: 5 MW SAB 60 degree Phase Shift

5 MW SAB Output Capacitor Value: 40   μ  F

30 MW IPOS Converter Input Capacitor Value: 4   μ  F




	

	

	
Frequency

	
4 kHz

	
8 kHz

	
12 kHz

	
16 kHz




	

	
HP * %

	

	
Non

	
60

	
Non

	
60

	
Non

	
60

	
Non

	
60




	
V/I

	

	






	
Vdc1

	
0.14

	
0.13

	
0.03

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01




	
Vdc2  

	
0.18

	
0.18

	
0.04

	
0.04

	
0.01

	
0.01

	
0.01

	
0.01




	
Vdc3

	
0.16

	
0.12

	
0.03

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01




	
Vdc4

	
0.13

	
0.14

	
0.03

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01




	
Vdc5

	
0.13

	
0.16

	
0.03

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01




	
Vdc6

	
0.13

	
0.14

	
0.03

	
0.03

	
0.01

	
0.01

	
0.01

	
0.01




	
Vin_IPOS     

	
0.2

	
0.15

	
0.01

	
0.01

	
0.4

	
0.4

	
0

	
0.01




	
Idc1

	
4.2

	
15.5

	
0.2

	
2.69

	
0.05

	
0.83

	
0.02

	
0.29




	
I2

	
21.26

	
6.7

	
2.6

	
0.63

	
0.8

	
0.01

	
0.13

	
0.15




	
I3

	
30.38

	
21.5

	
1.75

	
1.09

	
11.8

	
11.83

	
0.08

	
0.22




	
Idc4

	
1.78

	
15.62

	
0.34

	
2.28

	
0.14

	
0.6

	
0.07

	
0.18




	
I4

	
1.21

	
13.76

	
0.18

	
2.08

	
0.12

	
0

	
0.04

	
0.24




	
I5

	
2.75

	
1.59

	
0.13

	
0.28

	
6.08

	
0

	
0.02

	
0.07








* Harmonic percentage.












Appendix D. Normalization of the Relative Losses


The Relative AC Losses for the 100-km cables and the Relative AC Losses for the multi-section cables cannot be compared directly due to the different cable lengths, the base value of the currents, and the characteristics of the cables themselves. However, the Relative Loss value for the 100-km cables can be referred to that of the multi-section cables, as shown in Equation (A3).


        100   k m T L  ′        =     100 k m T L ×   (   I  b a s e _ 100    I  b a s e _ M S    )  2  ×   L  c a b l e _ 100    L  c a b l e _ M S    ×   R  c a b l e _ 100    R  c a b l e _ M S          =     100 k m T L ×   (  47 63  )  2  ×  100  0.6   ×   0.03   0.06       



(A3)




where 100   kmTL ′   is the referred value of the Relative AC Losses for the 100-km cables to the multi-section cables, 100 kmTL is the Relative AC Losses for the 100-km cables, Ibase_100 is the base value of the current for the 100-km cables, Ibase_MS is the base value of the currents for the multi-connected cables, Lcable_100 is the length of the 100-km cables connected between the offshore wind farm and the onshore power system, Lcable_MS is the length of each multi-connected submarine cable in the system, Rcable_100 is the per-km value of the resistance of the 100-km cables, and Rcable_MS is the per-km value of the resistance of the multi-connected submarine cables.
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Figure 1. Sending end circuit diagram of a 30 MW wind farm-based, multi-terminal DC system. 






Figure 1. Sending end circuit diagram of a 30 MW wind farm-based, multi-terminal DC system.
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Figure 2. Cable  π  model. 






Figure 2. Cable  π  model.
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Figure 3. Wind farm with circular structure. 






Figure 3. Wind farm with circular structure.
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Figure 4. Wind speed under wind condition 1. 






Figure 4. Wind speed under wind condition 1.
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Figure 13. Vdc1 and Idc1 with Identical Three-Phase IPOS structure. 
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Figure 14. Wind condition 2. 






Figure 14. Wind condition 2.
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Figure 15. Waveforms of Vdc1 and Idc1 under wind condition 2. 
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Figure 16. Wind condition 3. 
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Figure 17. Waveforms of Vdc1 and Idc1 under wind conditon 3. 
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Figure 18. Wind condition 4. 






Figure 18. Wind condition 4.
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Figure 19. Terminal voltages of system around cut-off time zone. 
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Figure 20. Cable currents of system around cut-off time zone. 






Figure 20. Cable currents of system around cut-off time zone.
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Figure 21. Waveforms of Vo and Io around cut-off time zone. 






Figure 21. Waveforms of Vo and Io around cut-off time zone.
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Table 1. WT specification.






Table 1. WT specification.





	
Wind Turbine (WT)




	
Type

	
Power Rating

	
Cut-In Wind Speed

	
Cut-Out Wind Speed

	
Rated Wind Speed

	
Nominal Rotation Speed






	
AD5135

	
5 MW

	
5 m/s

	
25 m/s

	
12 m/s

	
12 rpm











 





Table 2. PWM rectifier specification.






Table 2. PWM rectifier specification.





	
Pulse Width Modulation Rectifier (PWM Rectifier) 1




	
Vline_rms

	
Iline_rms

	
Power Rating

	
Output DC Voltage






	
2.6 kV

	
1.1 kA

	
5 MW

	
5 kV








1 AC–DC converter connected after the PMSG.













 





Table 3. 5 MW DC–DC converter specification.






Table 3. 5 MW DC–DC converter specification.





	
5 MW DC–DC Converter 1




	
Converter Type

	
Input Voltage

	
Output Voltage

	
Power Rating

	
Switching Frequency






	
Single Active Bridge (SAB)

	
5 kV

	
50 kV

	
5 MW

	
2 kHz








1 DC–DC converter connected after the PWM rectifier to step up the voltage from 5 kV to 50 kV before the multi-terminal connection.













 





Table 4. ISIPOS DC–DC converter specification.






Table 4. ISIPOS DC–DC converter specification.





	
Input Series Input Parallel Output Series (ISIPOS) DC–DC Converter *




	
Converter Type

	
Input Voltage

	
Output Voltage

	
Power Rating

	
Switching Frequency






	
Identical Three-Phase ISIPOS converter OR Identical SAB ISIPOS converter OR SAB+Three-Phase ISIPOS converter

	
50 kV

	
400 kV

	
200∼1000 MW (reduced to 30 MW in this simulation work)

	
SAB converter: 2 kHz Three-Phase converter: 667 Hz








* Collect the power from the wind farm and step up the voltage from 50 kV to 400 kV before the long-distance transmission to the shore.













 





Table 5. ±25 kV DC cable specification.






Table 5. ±25 kV DC cable specification.





	
±25 kV DC Cables 1




	
Cable Length of Each Branch

	
Power Rating of the Cable of Each Branch

	
Cable RLC Parameters






	
0.6x km (x is the number of turbines in each branch

	
5x MW

	
R = 60 m Ω /km

L = 0.3 mH/km

C = 0.2  μ F/km








1 Connected between multiple Turbine + PMSG + PWM + 5 MW DC–DC converter blocks to ISIPOS DC–DC converter.













 





Table 6. ±200 kV DC Cable Specification.






Table 6. ±200 kV DC Cable Specification.





	
±200 kV DC Cables 1




	
Cable Length

	
Power Rating of the Cable

	
Cable RLC Parameters






	
100 km

	
5y MW (y is the number of turbines in the whole offshore wind farm)

	
R = 30 m Ω /km

L = 0.8 mH/km

C = 0.13  μ F/km








1 Long submarine transmission cables connected between ISIPOS DC–DC converter and onshore power system.













 





Table 7. Comparison of the THD of terminal voltages and Total Relative AC Losses on cables under different natural wind conditions.






Table 7. Comparison of the THD of terminal voltages and Total Relative AC Losses on cables under different natural wind conditions.





	
Base Value: Vdc = 50 kV Power = 3.2 MW Idc = 63 A

5 MW SAB Output Capacitor Value: 40   μ  F

IPOS Converter Input Capacitor Value: 0.4   μ  F (TP) or 4   μ  F (SAB)




	

	
WC 1

	
WC 2

	
WC 3




	

	
SAB

	
TP

	
SAB

	
TP

	
SAB

	
TP






	
THD Vdc1 (%)

	
0.3

	
0.15

	
0.32

	
0.17

	
0.26

	
0.14




	
THD Vdc2 (%) 

	
0.3

	
0.18

	
0.31

	
0.13

	
0.26

	
0.19




	
THD Vdc3 (%)

	
0.27

	
0.15

	
0.29

	
0.16

	
0.26

	
0.2




	
THD Vdc4 (%)

	
0.19

	
0.15

	
0.23

	
0.16

	
0.18

	
0.17




	
THD Vdc5 (%)

	
0.19

	
0.15

	
0.27

	
0.16

	
0.19

	
0.16




	
THD Vdc6 (%)

	
0.18

	
0.15

	
0.26

	
0.15

	
0.17

	
0.16




	
    THD Vin_IPOS (%)    

	
0.51

	
0.03

	
0.51

	
0.03

	
0.52

	
0.03




	
TRL-MS

	
7.5 k

	
0.8 k

	
8.9 k

	
0.9 k

	
7.8 k

	
1.8 k











 





Table 8. Comparison of the final output voltage, current and Relative Losses on a 100-km cable under different natural wind conditions.






Table 8. Comparison of the final output voltage, current and Relative Losses on a 100-km cable under different natural wind conditions.





	
Base Value: Vdc = 400 kV Power = 18.9 MW Idc = 47 A

5 MW SAB Output Capacitor Value: 40   μ  F

IPOS Converter Input Capacitor Value: 0.4   μ  F (TP) or 4   μ  F (SAB)




	

	
WC 1

	
WC 2

	
WC 3




	

	
 SAB 

	
  TP  

	
 SAB 

	
  TP  

	
 SAB 

	
TP






	
THD Vo (%)

	
0.28

	
0.2

	
0.38

	
0.02

	
0.32

	
0.01




	
100 kmTL

	
90

	
0.32

	
92

	
0.9

	
92

	
1




	
100   kmTL ′  

	
4.2 k

	
15

	
4.3 k

	
42

	
4.3 k

	
46




	
 Io(DC)/Ibase (%) * 

	
119

	
119

	
123

	
129

	
140

	
139








* The value of Io(DC)/Ibase (%) indicates the power generating ability, not the direct efficiency, of the system. It is calculated when all the turbines are operating under their maximum power region during the simulation period.
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