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Abstract

:

Wind power generation is one of the mainstream renewable energy resources. Voltage stability is as important as the frequency stability of a power system with a high penetration of wind power generation. The advantages of high-voltage direct current (HVDC) transmission systems become more significant with the increase of both installed capacity and transmission distance in offshore wind farms. Therefore, this study discusses various voltage control methods for wind turbines and HVDC transmission systems. First, various voltage control methods of a wind farm were introduced, and they include QV control and voltage droop control. The reactive power of a wind turbine varies with active power, while the active power from each wind turbine may be different owing to wake effects. Thus, QV and voltage droop control with varying gain values are also discussed in this paper. Next, the voltage control methods for an HVDC transmission system, such as power factor control, voltage control, and Vac-Q control, are also summarized and tested in this study. When a three-phase short circuit fault occurs or a sudden reactive power load increases, the system voltage would drop immediately. Thus, various voltage control methods for wind turbines or HVDC can make the system’s transient response more stable. Therefore, this study implemented the simulation scenarios, including a three-phase short circuit fault at the point of common coupling (PCC) or a sudden increase of reactive power load, and adopted various voltage control methods, which aim to verify whether additional voltage control methods are effective to improve the performance of transient voltage. The voltage control method has been implemented in PSCAD/EMTDC, and the simulation results show that the QV control performs better than the droop control. In addition, when applying the voltage control technique during a three-phase fault, transient voltage nadir can be improved through either an HVDC transmission system or an AC transmission system.
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1. Introduction


With global warming and sustainable development, renewable energy has developed rapidly during the last few decades. Wind energy is one of the primary types of renewable energy, and the installation is more concentrated than solar energy. The high penetration of offshore wind farms causes concern about frequency and voltage stability. Thus, many countries have requested wind farms to provide voltage support at the point of connection in their grid codes [1,2]. Using the power electronic converter, the doubly-fed induction generator (DFIG) and full converter wind turbine (FCWT) can provide reactive power support to the system’s voltage [3]. To connect an offshore wind farm, the HVDC transmission system is much more suitable than the HVAC transmission system, with a transmission distance of over 100 km and a capacity larger than 100 MVA [4]. Besides, voltage source converter-based high voltage direct current (VSC-HVDC) can control active and reactive power independently [5], which makes it control the voltage easily. Without the consideration of reactive power compensations like Static Synchronous Compensators (STATCOM) or Static Var Compensators (SVC), this study first tested various control methods for wind turbines and VSC-HVDC systems.



With a high penetration of wind power generation, the voltage issues become important. The Power-Voltage analysis [6] about static voltage stability indicated that the voltage would collapse without any contingency if a transfer of wind power generation increases. Meanwhile, it only raises a small transfer limit by installing more reactive compensation resources. In the aspect of dynamic voltage stability, compared to a stiff system, a weak grid is generally concerned about overvoltage after a grid fault owing to a higher sensitivity of   d V / d Q   [7]. The voltage variation to reactive power injection is defined as the grid strength, presented by the Short Circuit Ratio (SCR). The voltage at a strong grid with a high SCR fluctuates less than at a weak grid with a small SCR [8]. Ref. [9] provides a study about the influence of SCR on the voltage control of wind power plants. It shows that it is easier to impact the voltage at the point of common coupling (PCC) with a lower SCR value.



In Ref. [10], it divided the voltage control method of a large-scale wind farm into three categories: decentralized, centralized and hierarchical controls. The reactive power capability of different wind turbines varies according to wake effects; thus, Ref. [11] proposed an adaptive Q-V method that allows wind turbines with more reactive power capability to provide more reactive power. Then, the adaptive and fixed Q-V schemes were simulated by considering different grid stiffness and disturbance types. Ref. [12] presented both variable voltage droop control and constant droop control to reduce the voltage fluctuation caused by varying loads at PCC. A reactive power coordination control strategy was proposed in [13] to optimize voltage quality and minimize power loss using a genetic algorithm; moreover, the control method was confirmed better than the unit power factor by investigating the maximum delta voltage and the voltage characteristic coefficient in a test system integrated with three wind farms. To sum up, two factors that influence the voltage regulation in an offshore wind farm include the capability of reactive power supported by wind turbines and the grid strength at PCC.



Ref. [14] proposed a coordinated control scheme of active and reactive power oscillation damping controllers for a utility-scale wind power plant to support voltage stability and provide fast voltage recovery after grid faults. In [15], the work presented a communication-free coordinated fault ride-through (FRT) control between the wind farm-side converters and the wind turbine inverters based on the injected sequence harmonics; the proposed method enables the DC voltage to be recovered quickly within an accepted range, which helps improve the decline of AC voltage. In [16], a reactive voltage control technique for PMSG-based wind farms was suggested. It considers sufficient reactive power and balanced terminal voltage. Thus, the method can regulate the PCC voltage of wind farms while still maintaining the balance of the terminal voltage of a wind farm. In [17], a multi-objective Q-V coordinated control technique for wind farms was suggested, which considers voltage variation, converter junction temperature, and power loss. In [18], a coordinated voltage regulation technique based on model predictive control was suggested for enabling wind farms to support black start. Additionally, the coordinated voltage regulation can precisely consider the effect of active power on voltage variation, and the reactive and active power from wind turbines and energy storage can be coordinated to increase the capability of wind farms. To increase the voltage stability of power systems at the PCC, Ref. [19] suggested a synchrophasor data-based Q-V droop (SQVD) control technique for wind farms. The suggested method enhances the Q-V droop performance of wind farms by coupling the corresponding wide-area signals with the local signals at each wind farm. A distributed reactive power control (DVC) scheme based on the consensus alternating direction method of multipliers (ADMM) was introduced in [20]. This scheme was applied to wind farms to optimize reactive power utilization. To reduce voltage deviation and active power losses, a decentralized voltage control based on the standard ADMM was also created in [20] for wind farm operation.



Besides wind turbines, reactive power compensation devices also play a vital role in voltage regulation. Ref. [21] utilized STATCOM with CMC-based topology, and the effect was examined to resolve voltage fluctuation. Ref. [22] suggested potential methods that can improve the voltage stability of wind farms: one is to install a static var compensator (SVC) to provide dynamic reactive power support, and the other is to select a doubly-fed induction generator (DFIG) that can control reactive power flexibly without installing reactive power compensation devices. After a three-phase short circuit fault, the problem of overvoltage could cause wind turbines to trip off. Thus, a coordinated control between SVC and DFIG can decrease the magnitude of overvoltage compared to the use of SVC only [23].



Compared to traditional AC transmission, VSC-HVDC can enhance voltage stability by providing extra reactive power [24]. In [25], the stability analysis was carried out for a 100 MW solar plant through a connection of HVDC. Ref. [26] implemented a system simulation and showed the voltage at PCC during a three-phase short circuit fault. The simulation considered different levels of wind power penetration with a VSC-HVDC connection. The results showed that the voltage at the PCC is proportional to the wind power integration. In Ref. [27], the control strategy that considers wind farm, STATCOM and HVDC was tested by load switching and three-phase short circuit fault, where the offshore wind farm is connected by the line commutated converter high-voltage direct current (LCC-HVDC) transmission system. Ref. [28] showed that the control scheme of VSC-HVDC can influence the maximum transfer of active power. In Refs. [29,30,31], some voltage control methods for a VSC-HVDC-connected weak grid were proposed. Two control modes were proposed in [32,33] by coordinating wind generators with VSC-HVDC based on model predictive control. The normal operation mode can maintain a stable voltage and reduce power loss, while the corrective mode can help the voltage reach 1.0 p.u. rapidly when wind turbines were reconnected to the grid after a storm. The control method presented in [34] can minimize power loss of offshore wind farms, increase the amount of active power transfer, and improve voltage stability during system transients. From the above literature reviews, the HVDC-connected system can provide better performance than the AC-connected system.



In addition to reviewing various up-to-date voltage control methods, this paper also compared the performances of transient voltage responses based on different voltage control techniques. To demonstrate the superior performance of the QV control, this paper also carried out the control methods for the voltage droop control and the QV control, and it compared all of these control methods with AC or DC transmission systems. The simulation results reveal that the voltage nadir can be improved by the above control methods. Additionally, the performance of voltage responses with HVDC transmission systems is better than that with AC transmission systems.



The paper is organized as follows: Section 2 introduces various voltage control methods utilized for wind turbines and VSC-HVDC. Section 3 presents the used AC and HVDC test systems and demonstrates the simulation results under various operating scenarios. Finally, the conclusions are drawn in Section 4.




2. Various Voltage Control Methods


In this study, the control methods are separated into two parts. The first part is about the control methods for wind turbines, which is introduced in Section 2.1, while the second part is about the control methods for VSC-HVDC, which is presented in Section 2.2.



2.1. Wind Farm Control


In this study, the DFIG-based wind turbine was used based on the generic model, and its block diagram is listed in Figure 1. There are four main blocks inside the generic model: the converter control model, the generator/converter model, the pitch control model, and the drive train model. The reactive power reference (   Q  r e f    ) generated by QV, voltage droop or other controls is sent to the converter control model to obtain the required voltage. A detailed description of each model can be found in [35,36].



2.1.1. PQ Diagram


The main restriction of the reactive power supported by a wind turbine is its stator current and rotor current. Figure 2 shows a PQ diagram from the stator current of a DFIG [9], which indicates the maximum reactive power absorbed or provided by a DFIG is based on its active power. For instance, Table 1 shows the relationship between active and reactive power for a DFIG-based wind turbine. As the active power is maximal, the reactive power can be supported or absorbed by 20% and 30% of capacity, respectively. However, if active power is below the maximum, the supported or absorbed reactive power can be increased. That is, the controller of a wind turbine can control its reactive power according to its PQ diagram.




2.1.2. QV Control


The adaptive QV control enables a wind turbine to provide more reactive power. Figure 3 shows the block diagram to obtain the gain    k  q _ i     used in Figure 4. First, the upper    Q  m a x _ i     and lower limit    Q  m i n _ i     of a wind turbine are determined in the adaptive QV controller based on the desired PQ diagram. Next, the gain    k  q _ i     at each wind turbine is obtained by considering its reactive power limit. This control method can control the voltage at the PCC and the terminal of each wind turbine. For example, in Figure 4, the limit of ±0.1 (i.e., the block of “limit” in Figure 4) restricts the difference between the reference voltage (   V  r e f _ p c c    ) and the measured voltage (   V  m e a s _ p c c    ) at the PCC [11]. Next, the difference between the reference voltage and the measured voltage at the wind turbine is added to the output signal from the limit to obtain the error signals. Finally, the required    Q  r e f     during the fault can be computed. In contrast, the QV gain of the fixed QV control is set to 5 in this study.




2.1.3. Voltage Droop Control


Voltage droop control is a kind of reactive control method. The functional theory of voltage droop control is similar to the frequency control of a synchronous generator. It can stabilize the voltage by providing or absorbing reactive power from wind turbines. The conventional voltage droop is expressed as


   Q  r e f − D u r i n g t h e f a u l t   =  Q  r e f P r e − f a u l t   −  1   R i       V  m e a s p c c   −  V  r e f p c c      



(1)




where    V  m e a s p c c     is the voltage that measures at the PCC;    V  r e f p c c     is the voltage reference at the PCC;    Q  r e f P r e − f a u l t     is the original reference value of reactive power from a wind turbine;    Q  r e f − D u r i n g t h e f a u l t     is the new reference value of reactive power from a wind turbine. The coefficient   1 /  R i    is the reciprocal of    k  q _ i    . The structure of voltage droop control is shown in Figure 5.





2.2. VSC-HVDC Control


Figure 6 shows the control strategy of a VSC-HVDC-connected offshore wind farm (OWF). The    I  d r e f     of inner control is derived from either    V  D C     control or P control at the GSVSC or WFVSC. The    I  q r e f     of inner control is derived from the proposed control method to control the voltage at PCC. A detailed description of the inner control loop,    V  D C     control and P control can be obtained from [37,38].



2.2.1. Power Factor Control


Figure 7 shows the block diagram of power factor control, where both power factor and active power are used to obtain the required reactive power. The sign of the power factor can identify whether the reactive power is provided or absorbed. Finally,    Q  r e f     is sent to the Q controller to compare with the measured reactive power    Q  m e a s     at the PCC, and the error between them is sent to the PI controller to obtain    I  q r e f    . Figure 8 shows the relationship between reactive power and power factor. To identify the leading or lagging power factor, Figure 8 uses different signs to present them. For instance, a negative sign indicates a leading power factor that a wind turbine absorbs reactive power; the sign is positive for a lagging power factor.




2.2.2.    V  a c    -Q Droop Control


Figure 9 shows the block diagram for the    V  a c    -Q droop control. In this figure, the deadband can set an acceptable voltage margin that the controller does not trigger, which only provides the desired reactive power. While the voltage exceeds the range, the controller can provide or absorb reactive power for voltage support. The    Q  r e f − D u r i n g t h e f a u l t     is sent to    Q  r e f     and    Q  m e a s     to get    I  q r e f    .




2.2.3. Voltage Control


Voltage control uses the error between the reference voltage    V  r e f     and the measured voltage    V  m e a s    ; then the error between them is sent to the PI controller. The output of the PI controller is    I  q r e f     that can adjust reactive power to maintain the voltage at the reference value. The topology of voltage control is shown in Figure 10.






3. Results and Discussions


3.1. Simulation Topology of the Used AC System and HVDC System


To investigate the effect of the proposed methods on the system voltage, the simulations have been done in an AC test system, which consisted of equivalent wind farms and an onshore power system, as shown in Figure 11; in addition, Figure 12 shows the HVDC test system. Each equivalent wind farm includes four wind turbines with a rated power of 8 MW each. The total rated power of the offshore wind farm is 160 MW. On the onshore grid, there are six synchronous generators with a rated power of 125 MW each. Table 2 shows the assumed wind speeds for WTs. It is assumed to give a steady-state (constant) wind-speed scenario for each wind farm, and different wind farms would have different wind speeds because of wake loss or other reasons. For example, the wind speed to the first and fifth wind farms are assumed as 11.6 m/s and 9 m/s, respectively. Power Generation from wind turbines will be affected by different wind speeds.



Table 3 indicates the parameter of the cable. The turns ratio of the transformer in TR1 and TR2 is 0.69 KV/66 KV and 66 KV/161 KV, respectively. In a large-scale wind farm with multiple wind turbines, the equivalent wind-farm modeling technique from multiple wind turbines with many connection lines to an equivalent wind turbine with an equivalent connection line is significant, which greatly reduces simulation time. Thus, this work established an equivalent wind farm modeling based on [39,40]. In Table 3, the cable parameters before equivalence indicate the parameters of an original cable from a wind turbine to the connection point, as shown in the red line of Figure 11 or Figure 12. However, the parameters after equivalence mean the equivalent impedance of the cable from an equivalent wind turbine to the connection point, as shown in the blue line of Figure 11 or Figure 12.



The duration of the experiment is 12 s. However, most of the figures (Figure 13, Figure 14, Figure 15, Figure 16, Figure 17, Figure 18, Figure 19, Figure 20, Figure 21, Figure 22, Figure 23 and Figure 24) only show the runtime within 10 s because the time length is enough. In Section 3.2 and Section 3.3, an additional reactive power load of 180 MVar is assumed to be increased into the onshore grid at 8 s. In Section 3.4 and Section 3.5, a three-phase short-circuit fault occurs at 8 s at point A of Figure 11 and Figure 12, and the fault lasts for 100 ms.




3.2. A Reactive Power Load Is Added to the System with an AC Transmission System


To investigate whether the proposed methods can work adequately in the AC system or not, an increase of reactive load (180 MVar) is added into the system in 8 s.



Figure 13 shows the transient voltage curve at the PCC using the Adaptive QV, Fixed QV, Variable droop and Constant droop controls. Figure 14 shows the transient reactive power that inserts into the PCC with the corresponding control methods. The voltage nadir using the fixed QV is higher than that using the variable droop control, although the peak reactive power using the fixed QV is lower than that using the variable droop control because the fixed QV method has the characteristics of rapid response. That is, the response time of reactive power is quick.
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Figure 13. Transient voltage curve with an AC transmission system. 






Figure 13. Transient voltage curve with an AC transmission system.



[image: Energies 16 04128 g013]







[image: Energies 16 04128 g014 550] 





Figure 14. Transient Reactive power with an AC transmission system. 






Figure 14. Transient Reactive power with an AC transmission system.
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3.3. A Reactive Power Load Is Added to the System with a VSC-HVDC Transmission System


To investigate whether the proposed methods can work appropriately in the HVDC-connected wind power system, a reactive load (180 MVar) is assumed to be added into the system in 8 s. The power factor of power factor control and Vac-Q droop control is set to 0.97 leading. Figure 15 shows the transient voltage curve at the PCC using the Voltage control, Vac-Q Droop and Power factor controls. The voltage by using the voltage control recovers quickly because it provides a rapid reactive power response after the reactive power load is added. The transient voltage using the power factor control drops the most because it maintains a constant power factor without providing extra reactive power.
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Figure 15. Transient voltage curve with a VSC-HVDC transmission system. 






Figure 15. Transient voltage curve with a VSC-HVDC transmission system.
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Figure 16. Transient reactive power with a VSC-HVDC transmission system. 






Figure 16. Transient reactive power with a VSC-HVDC transmission system.
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3.4. Three-Phase Short Circuit Fault at the System with an AC Transmission System


In this study, a three-phase short circuit fault for 100 ms occurs at 8 s in point A (Figure 11 and Figure 12). Figure 17 shows the transient voltage curve at the PCC using Adaptive QV, Fixed QV, Variable droop and Constant droop controls. Figure 18 shows the maximum reactive power that inserts into the PCC using Variable droop control, Adaptive QV, Fixed QV, and Constant droop control. Like the case in Section 3.2, the characteristics of the QV method with a rapid response can cause a higher voltage nadir than the droop control. The transient voltage using adaptive QV or fixed QV is similar, while the voltage using the variable droop or the constant droop control is similar. The voltage nadir at the PCC can be improved slightly using adaptive QV or fixed QV, which is like the simulation results in [11].
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Figure 17. The transient voltage at the PCC using AC transmission. 






Figure 17. The transient voltage at the PCC using AC transmission.
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Figure 18. The transient reactive power from the wind farm using AC transmission. 






Figure 18. The transient reactive power from the wind farm using AC transmission.
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3.5. Three-Phase Short Circuit Fault at the System with a VSC-HVDC Transmission System


A three-phase short circuit fault for 100 ms occurs at 8 s in point A. Figure 19 shows the transient voltage curves at the PCC using Voltage control, Vac-Q Droop and Power factor control. The voltage at the PCC using Vac-Q droop control recovers quicker than that using the power factor control because it provides extra reactive power after the fault. A large kd value in the Vac-Q droop control can provide more reactive power. The voltage at the PCC using the voltage control becomes slightly higher after the fault because this control method can provide much reactive power.




3.6. Comparison of an Increase of Reactive Power Load at Both Systems with Different Transmission Types


Figure 21 summarizes the transient voltage curves at PCC using Adaptive QV, Voltage control, Power factor control, and no control. The red line and black line represent the transient voltage based on the AC and HVDC transmission systems, respectively. Notably, there is no control for the power factor-based method in the HVDC transmission system. The voltage drop is less if any control method is implemented at both AC and HVDC transmission systems because they can provide extra reactive power after the fault. Without a doubt, the voltage nadir with controls is higher than those without any control. The voltage nadir using the adaptive QV is higher than that using the voltage control because of the the parameters of PI controller. The PI parameter can be adjusted to avoid providing much reactive power during a three-phase short circuit fault, which causes overvoltage after a fault.
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Figure 19. The transient voltage at the PCC using DC transmission. 






Figure 19. The transient voltage at the PCC using DC transmission.
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Figure 20. The transient reactive power from the wind farm using DC transmission. 






Figure 20. The transient reactive power from the wind farm using DC transmission.
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Figure 21. Comparison of transient voltage curves. 






Figure 21. Comparison of transient voltage curves.
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Figure 22. Comparison of reactive power curves. 






Figure 22. Comparison of reactive power curves.
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3.7. Comparison of Three-Phase Short Circuit Fault at Both Transmission Systems


Figure 23 shows the transient voltage curves at the PCC using the Voltage control, Adaptive QV, Power factor control, and no control. The voltage nadir using the voltage control is higher than that using the adaptive QV control because the reactive power using the Voltage control can be increased quickly.
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Figure 23. Comparison of transient voltage curves. 






Figure 23. Comparison of transient voltage curves.
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Figure 24. Comparison of reactive power curves. 






Figure 24. Comparison of reactive power curves.
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3.8. Comparison of Tripping of Synchronous Generators at Both Transmission Systems


It is assumed that a synchronous generator is tripped at 8 s, and Figure 25 shows the simulation results, which reveals that the influence on voltage is less.





4. Conclusions


With a high penetration of wind power generation in a power system, wind turbines should provide more ancillary services like traditional synchronous generators. Thus, some voltage control methods, such as voltage droop control and QV control, have been proposed recently. Besides, many offshore wind farms will be installed in the world, and high voltage direct current-based transmission systems should be utilized to connect wind farms and the main power grid, especially when the installed capacity or the transmission distance of offshore wind farms is increased. Therefore, this study compared both voltage droop control and QV control for wind turbines, and both voltage control and Vac-Q control for HVDC transmission systems. In addition, equivalent wind farms are also established.



From the simulation results based on the test system, the transient voltage nadir using any control is higher than that without any control, and the QV control can achieve a better result compared to the droop control in both scenarios. Additionally, the voltage nadir using the voltage control with an HVDC transmission system is higher than that with an AC transmission system during a three-phase fault.



The fluctuation of voltage at the connected point varies based on the grid strength. That is, the voltage fluctuation is high if the wind farm is connected to a weak grid, and vice versa. As a result, applying an appropriate voltage control method should consider the grid strength. For instance, if the grid strength at the PCC is weak, additional reactive power compensation devices could be needed to maintain the voltage stability. Additionally, coordinated control schemes combining wind turbines with other devices should be considered in the future.
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Figure 1. The block diagram of the generic model of a wind turbine. 
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Figure 2. The PQ diagram of a DFIG-based wind turbine. 
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Figure 3. The block diagram to obtain the kq_i. 
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Figure 4. The control block of the adaptive QV control. 
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Figure 5. The control block of the voltage droop control. 
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Figure 6. The control strategy of VSC-HVDC connected OWF. 






Figure 6. The control strategy of VSC-HVDC connected OWF.



[image: Energies 16 04128 g006]







[image: Energies 16 04128 g007 550] 





Figure 7. Power factor control. 
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Figure 8. Presentation of power factor. 
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Figure 9.    V  a c     -Q droop control. 
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Figure 10. Voltage control. 






Figure 10. Voltage control.



[image: Energies 16 04128 g010]







[image: Energies 16 04128 g011 550] 





Figure 11. AC Test system. 
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Figure 12. HVDC Test system. 
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Figure 25. Transient voltage in Section 3.8. 
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Table 1. The PQ chart of a DFIG.
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	Point
	P (%)
	Q (%)





	0
	0
	10



	1
	10
	60



	2
	70
	60



	3
	100
	20



	4
	100
	−30



	5
	85
	−60



	6
	10
	−60



	7
	0
	−15
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Table 2. Wind speed of equivalent WFs.






Table 2. Wind speed of equivalent WFs.





	No. of Wind Farm
	Wind Speed (m/s)





	1
	11.6



	2
	11.4



	3
	10.6



	4
	10



	5
	9
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Table 3. Parameters of cable.






Table 3. Parameters of cable.





	Parameters
	Before Equivalent
	After Equivalent





	R (Ohms)
	0.045
	0.084375



	L (mH)
	0.371362
	0.696303



	C (uF)
	0.24
	0.96



	Rate voltage (kv)
	66
	66
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