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Abstract

:

Under the background of high wind power permeability, the frequency regulation capability of high voltage direct current (HVDC) sending-end system tends to deteriorate. For this reason, this paper regards the wind farm (WF) and HVDC as a combined frequency regulation system, and a fuzzy-based coordinated control strategy is proposed for the cooperation of HVDC and WF to participate in frequency regulation. First of all, at a system level, in order to realize the dynamic cooperation of the WF and the HVDC to participate in frequency regulation, two fuzzy logic controllers (FLCs) are designed to determine the total power support of the combined system and the participation coefficient of the WF in the frequency regulation according to the frequency characteristics of the sending-end system and the operation state of the WF, respectively. Secondly, at the WF level, considering the rotating kinetic energy and capacity of the wind turbines (WTs), a power allocation strategy is proposed to maximize the utilization of the frequency regulation capacity of the grid-connected WTs in WF. Finally, based on the fast power regulation of HVDC, an active secondary frequency drop (SFD) suppression strategy is proposed to avoid the possible SFD caused by the rotor speed recovery of WTs. The simulation results show that the proposed strategy can make full use of the frequency regulation ability of the WF and HVDC, and can effectively improve the frequency characteristics of the HVDC sending-end system.
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1. Introduction


In order to deal with the energy crisis and carbon emissions, renewable energy has been developed rapidly. As the most economical and mature renewable energy power generation technology, wind power has become a common choice for almost all countries committed to developing and utilizing renewable energy. The proportion of wind power in the power system has increased rapidly in the past decade [1,2]. However, large-scale wind energy resources are mainly located far away from the load center. For example, in China, wind energy resources are mainly concentrated in the northwest and North China, while the load is mainly concentrated in the central and eastern regions, which are hundreds of kilometers apart [3]. In the United States, the wind energy resources are mainly concentrated in the Midwest according to the report of US Department of Energy, which is still far away from the load center [4]. In order to facilitate wind energy transmission, the line commutation converter-based high voltage direct current (LCC-HVDC) has become the first choice for the long-distance transmission of large-scale onshore wind power because of its bulk power transmission capacity and low loss [5,6].



With large-scale wind farm integration, the frequency stability of the HVDC sending-end system is facing great challenges for the following reasons. Firstly, the randomness and intermittence of wind turbines (WTs) increase the uncertainty of the frequency regulation in the sending-end system. Secondly, the WF is mainly composed of variable speed wind turbines (VSWTs), which are connected to the grid through the power electronic converter interface. As the rotor speed of VFWTs is completely decoupled from the system frequency, they cannot respond the frequency change, thus weakening the frequency regulation ability of the power supply side [7]. Thirdly, when the LCC-HVDC operates in constant power mode, the rectifier station can be equivalent to a fixed load, which cannot sense the frequency deviation, and thus the load frequency regulation effect of the sending-end system declines [8]. On the other hand, both the WF and HVDC system have flexible power regulation capabilities, and they can provide fast frequency support for the power grid under appropriate control.



For the WF, there are two popular approaches to provide frequency support. The first is to add a supplementary virtual inertia control or frequency droop control to the control loop of WTs [9,10], which can enable WF to supply an emulated inertial response by releasing the stored rotational kinetic energy of the WTs’ rotor. The second one is based on overspeed de-loading or the variable pitch angle de-loading state of WF, and the reserved wind energy is used to provide frequency support. For the HVDC system, frequency droop control is a widely used method to enable HVDC so as to provide fast frequency support like a conventional generator [11,12].



Based on this, some papers have combined the frequency control methods of WF and HVDC systems in order to enable them to provide frequency support together. In [13], a nonlinear mathematical prediction model based on situation awareness was established, which can dynamically adjust the frequency–power (f-P) droop coefficients of HVDC and WF for cooperative frequency regulation. However, the performance of the cooperative frequency regulation is affected by the accuracy of the prediction model. In [14], the WF was integrated into HVDC and operated with reserve, where a frequency differential and a deviation droop link were added to the rectifier control loop of the HVDC system. When a frequency event occurs, HVDC changes the transmission power following the frequency differential and deviation variation, and the WF adjusts the pitch angle to extract wind power for frequency response. However, although the de-loading state can enable WF to have both an inertial response and primary frequency regulation ability, this method requires the WF to abandon the maximum power point tracking (MPPT) mode when system frequency is stable [15], thus, the long-term de-loading state will greatly affect the profit of the WF.



WF utilizes kinetic energy to provide frequency support, while the working of MPPT model with the cooperation of HVDC was discussed in [16,17]. In [16], the HVDC transmission power was determined by the frequency deviation through a PI controller, and WF supplemented a comprehensive inertia and frequency droop control. When the system frequency fluctuates, HVDC and WF provide a fast frequency response according to their respective frequency controllers. The effect of this method on enhancing the frequency regulation capability of the sending-end system was proven through small signal analysis in [17]. However, it is worth pointing out that the kinetic energy stored by WT is directly related to its operational status, and the randomness and fluctuation of the wind speed cannot ensure that WT has a stable and reliable inertia response. Moreover, when WF quits the frequency support process, a secondary frequency drop (SFD) may occur due to the output power drop [18]. For this reason, a method of exerting the transmission power of the HVDC system to compensate the power shortage when WF exits have been proposed in [19], but its compensation power is still determined by the frequency change rate passively, and the performance needs to be further improved.



The control strategies proposed by the above-mentioned research have improved the frequency regulation ability of the HVDC transmission system with wind power to a certain extent. However, the frequency response of WF in the research is mostly based on frequency deviation or frequency differential droop control, and the fixed droop coefficient makes it impossible for WF to determine the participation degree in frequency regulation according to its operation status, lacking effective coordination with the HVDC. This may lead to the frequency regulation ability of wind with a high wind speed to not fully be utilized, while the WF in a low wind speed is excessively involved in frequency response. Moreover, the above-mentioned research only focused on the WF level, which does not consider how to reasonably allocate the frequency response power demand of WF to the WTs.



Motivated by the aforementioned limitations, this paper proposes a fuzzy-logic-based frequency coordinated control strategy for a WF and HVDC system to provide frequency support cooperatively. The objective of the frequency coordinated control strategy is to make full use of the frequency regulation potential of a wind farm, while avoiding its excessive participation and suppressing the potential secondary frequency drop caused by the rotor speed restoration. Besides, the frequency response power demand of wind farm can be reasonably allocated to grid-connected wind turbines. Compared with the existing research, the main contributions of this paper can be listed as follows:




	(1)

	
A frequency coordinated control strategy of a WF and HVDC system for frequency response is designed based on the fuzzy logic controllers (FLCs), so that WF can dynamically cooperate with the HVDC system to participate in frequency regulation according to its operational status.




	(2)

	
A method to reasonably allocate the frequency response power demand of WF to the WTs is designed. Therefore, the WTs can allocate frequency support power reference according to their rotating kinetic energy and capacity limit, which can not only make full use of the frequency regulation potential of high wind speed WTs, but also avoid the excessive participation of low wind speed WTs.




	(3)

	
A method to actively suppress the SFD is proposed, which can exert the fast power regulation ability of HVDC to actively compensate for the power shortages caused by the WF output droop.









The rest of the paper is organized as follows. The models and frequency response characteristic of WF and HVDC are discussed in Section 2. Section 3 introduces the proposed frequency coordinated control strategy. Simulation results of different cases are shown in Section 4 so as to verify the effectiveness of the proposed control strategy, and the conclusions are drawn in Section 5.




2. System Model


The typical configuration of an HVDC asynchronous interconnected grid with WF integration is shown in Figure 1. The active power generated by the synchronous generators (SGs) and the WF is consumed by the local load partly, and the other part is collected into the rectifier and is transmitted to the receiving end grid through the DC lines. The receiving-end alternating current (AC) grid is an equivalent system in this paper.



When the sending-end system is operating stably, the active power of the system remains balanced, then


   P G  =  P  S G   +  P  W F   =  P  L D   =  P  L o a d   +  P  D C    



(1)




where PG and PLD denote the active power output on the power supply side and load side of the grid, respectively. PSG and PWF denote the active power output of SGs and the WF, respectively. PLoad and PDC denote the load power demand and HVDC transmission active power, respectively.



Taking a power unbalance event, such as a sudden load increase or generator trip, into account, ignoring the influence of the grid structure and only considering the system inertial center frequency, the frequency deviation (∆f) of the sending-end system can be expressed as follows [20]:


   {    2  H  s y s     d Δ f   d t   = Δ  P G  − Δ  P  L D       Δ  P G  = Δ  P  S G   + Δ  P  W F       Δ  P  L D   = Δ  P  L o a d   + Δ  P  D C        



(2)




where Hsys denotes the equivalent inertia constant of sending-end system, and ΔPG and ΔPLD denote the active power change on the power supply side and load side of the grid, respectively. ΔPSG, ΔPWF, ΔPLoad, and ΔPDC denote the active power change of synchronous generators, the WF, load, and HVDC system, respectively.



At this time, the frequency regulation resources in the sending-end system will respond to the frequency deviation. Assuming that a f-P droop control loop is added to both the WF and the HVDC control system, the active power support provided by the generation side in the sending-end system can be expressed as follows:


  Δ  P G  = ( 1 −  λ 1  )  K  S G   ( Δ f −  f  d b _ S G   ) +  λ 1   K  W F   ( Δ f −  f  d b _ W F   )  



(3)




where KSG and KWF denote the power frequency characteristic coefficient of a synchronous generator and the f-P droop coefficient of WF, respectively. fdb_SG and fdb_WF denote the action threshold of the synchronous generator and WF for participating in frequency regulation, respectively. λ1 = PWF/PG denotes the proportion of wind power output in the total generator output.



The total load active power change of the frequency response in the sending-end system can be expressed as follows:


  Δ  P  L D   = ( 1 −  λ 2  )  K  L o a d   Δ f +  λ 2   K  D C   ( Δ f −  f  d b _ D C   )  



(4)




where KLoad and KDC are the power frequency characteristic coefficient of the load and the f-P droop coefficient of the HVDC system, respectively. fdb_DC is the action threshold of the HVDC system for the participating frequency regulation. λ2 = PDC/PLD denotes the proportion of HVDC transmission power in the total load power.



Equations (3) and (4) show that the participation of WF and HVDC in frequency regulation can significantly enhance the frequency regulation capability of the sending-end system. However, at the same time, the frequency response output characteristic of the sending-end system will be affected by the WF and HVDC.



2.1. WF Model


Nowadays, the doubly-fed inductive generator (DFIG) has become one of the most popular types of WTs generator [21]. In this paper, DFIG is used to represent the WF in sending-end system. According to [14], the single line diagram of the grid-connected DFIG is shown in Figure 2.



In order to utilize wind energy to the maximum extent, most of DFIG works in the MPPT mode currently, and the mechanical power output by the WT in MPPT model can be expressed as follows [9]:


   P  M P P T   =  1 2  ρ π  R 2   v w 3   C  p , m a x   =  k  o p t    w r    3   



(5)




where ρ is the air density, R is the radius of the WT blade, vw is the wind speed, Cp,max is the maximum wind energy utilization coefficient, and wr is the rotor speed.



During the normal operation stage, the rotor of the DFIG contains sufficient rotational kinetic energy, which can be expressed as follows [22]:


   E K  =  1 2   J  W T    w r    2   



(6)




where JWT is the moment of inertia of DFIG’s rotor. However, there is no direct coupling relationship between DFIG’s rotor speed and system frequency because of the converter interfaces, thus the kinetic energy stored by DFIG’s rotor is completely “hidden”, which cannot respond to the change of system frequency. In order to utilize the kinetic energy of the DFIG’s rotor for providing frequency support, supplementary frequency control, such as frequency droop control [9] and inertia control [10], are added into the DFIG control system, as shown in Figure 3.



Under the frequency droop and inertia control, the active power reference of DFIG can be expressed as follows:


   P  W T   =  P  M P P T   −  K  f _ W T   ( Δ f −  f  d b _ W F   ) −  K  i n _ W T   (   d  f  g r i d     d t   −  f  d b _ W F  ′  )  



(7)







When a frequency disturbance event occurs, DFIG can actively release the kinetic energy to provide frequency support, according to Equation (7). During the frequency response stage, the power output of DFIG can be divided into the inertia response stage and rotor speed restoration stage, as shown in Figure 4.



According to Figure 4, DFIG’s active power output increases and the rotor speed decreases during the inertia response stage. When DFIG quits its inertial response, it immediately enters the rotor speed restoration stage. During this period, DFIG needs to absorb electromagnetic power from the grid to restore the rotor speed to the pre-disturbance value or to a new optimal operating state. Therefore, two pressing issues may be caused by DFIG during the frequency response process. Firstly, during the inertial response process, if the kinetic energy released by DFIG is too small, the frequency deviation cannot be effectively suppressed. If the kinetic energy is released too much, the rotor speed will be too low, which is not conducive to the safe and stable operation of DFIG. Thus, it is necessary to exert the frequency regulation capability and ensure the safe operation of DFIG at the same time. Secondly, during the rotor speed restoration process, the electromagnetic power absorbed by DFIG to restore its rotor speed will inevitably lead to the SFD in the system frequency recovery. Especially in a high wind power permeability grid, the nadir of SFD may be lower than the initial frequency nadir [19]. Thus, the system needs to find other resources in a short time to alleviate the SFD caused by the DFIG rotor speed restoration.




2.2. LCC-HVDC Model


The HVDC converter station takes the transmission power as the direct control target, and its control characteristics do not change with the voltage and frequency fluctuations of the AC grid, so as to realize the asynchronous interconnection of the AC systems on both sides. When the DC system is required to respond to the frequency deviation, the most commonly used method is to add an f-P droop control loop in the rectifier side control loop, as shown in Figure 5.



At this time, the active power reference of HVDC can be expressed as follows:


   P  D C   =  P  D C _ r e f   −  K  f _ D C   ( Δ f −  f  d b _ D C   )  



(8)




where PDC_ref donates the scheduled transmission power of the HVDC. When a frequency event occurs in the sending-end system, the rectifier station can rapidly change its transmission power according to Equation (8), and the inverter station makes corresponding power changes in the meantime, which realize the spinning reserve sharing and frequency support between asynchronous interconnected power grids.



With the supplementary f-P control loop, the HVDC rectifier convertor can be regarded as a high-quality frequency regulation resource in a sending-end system. If HVDC can provide frequency support with WFs coordinately, it can not only improve the frequency performance of the sending-end system, but it can also alleviate the SFD using its accurate and rapid power regulation ability.





3. HVDC-WF Coordinated Frequency Control Strategy


In this paper, the WF and HVDC systems in a sending-end system are regarded as a combined frequency regulation system, the HVDC-WF frequency regulation system (HWFRS), and the HVDC-WF coordinated frequency control strategy for HWFRS to provide frequency support is proposed. The aim of the coordinated frequency control strategy is to fully release the frequency response potential of the WF, considering the operating status, while suppressing the SFD caused by rotor speed restoration.



The coordinated frequency control strategy includes three sub-strategies, as depicted in Figure 6. (1) The HWFRS power allocation strategy is utilized to allocate the frequency response power demand between the HVDC and WF through the FLCs, while considering the frequency deviation Δf and frequency change rate df/dt of the sending-end system, as well as the permeability αw and the average wind speed Vw of the WF. After that, (2) the WT power allocation strategy will allocate the frequency response power demand of the WF to each grid-connected WT reasonably. Then, HVDC adopts (3) an SFD active suppression strategy to suppress the SFD during the rotor speed restoration stage.



3.1. HWFRS Power Allocation Strategy


The frequency response power allocation of HWFRS is the most important step to realize the coordinated participation of WF and HVDC in frequency regulation. However, the operation feature of HWFRS differs at different operation statuses, and the frequency regulation ability is also different. Thus, the determination of the power output of HWFRS is a complex process, which is difficult to express accurately mathematically. The fuzzy logic control does not depend on the accurate mathematical model of the controlled object [23], so it is very suitable for the power allocation of HWFRS.



In this paper, two fuzzy logic controllers are employed to allocate the frequency response power demand of HWFRS. The first fuzzy logic controller (FLC-1) is designed for determining the total frequency response power demand of HWFRS in real time according to the current frequency characteristics of the sending-end system. The second fuzzy logic controller (FLC-2) is designed for determining the participation coefficient of the WF for frequency response, which is the output power proportion of WF in the total output power of the HWFRS. The frequency response output reference of WF and HVDC in HWFRS can be obtained through the cooperation of the two fuzzy logic controllers.



The controller structure of FLC-1 is shown in Figure 7a. The system frequency deviation Δf and the frequency change rate df/dt are selected as input variables of FLC-1, which have ranges of [−0.01, 0.01] p.u./s and [−0.012, 0.012] p.u./s, respectively [24]. The total frequency response power demand of HWFRS ΔPHW_total is selected as the output variable of FLC-1.



The membership function used in FLC-1 is shown in Figure 7b–d. The seven fuzzy domains, which are designed for describing the state of Δf and ΔPHW_total, are set as follows: L (very large), ML (middle large), L (large), M (middle), S (small), MS (middle small), and VS (very small). The other seven fuzzy domains, which is designed for describing the state of df/dt, are set as follows: NL (negative large), NM (negative middle), NS (negative small), Z (zero), PS (positive small), PM (positive middle), and PL (positive large).



The fuzzy logic rules for FLC-1 are shown in Table 1, which reflects the following basic principles: if Δf and the absolute value of df/dt is small, which means the system frequency can remain relatively stable, the output ΔPHW_total should be as small as possible. If Δf is large and df/dt is negative, the output ΔPHW_total should be as large as possible to suppress the system frequency deviation. If Δf is large and df/dt is positive, the system frequency has reached the nadir and is in the recovery process, thus, the output ΔPHW_total should be as large as possible to help the frequency recover.



The controller structure of FLC-2 is shown in Figure 8a. The wind power permeability αw and the average wind speed of the WF Vw are selected as the input variables of the controller, which are in the range of [0.02, 1] and [7, 12] m/s, respectively. The participation coefficient of WF ∂w is selected as the output variable of the controller, which has a range of [0, 1]. The membership functions used in FLC-2 are shown in Figure 8b–d, and the means of the fuzzy domains can be referred to in FLC-1.



The fuzzy logic rules for FLC-2 are shown in Table 2, which reflects the following basic principles: if αw is small and Vw is very small, the rotation kinetic energy stored in WT is not sufficient for frequency support, thus, ∂w should be as small as possible. If αw is large and Vw is very large, the WF output is near the rated value and the power increase will be limited by WT’s capacity, thus, ∂w is small. If the αw is between large to very large and the Vw is between middle and large, the rotation kinetic energy and power regulating capacity of WF are sufficient for frequency support, thus, ∂w should be large or very large.



Through the cooperation of FLC-1 and FLC-2, the total frequency response power demand of HWFRS ΔPHW_total and the participation coefficient of the WF ∂w can be obtained. Furthermore, the frequency response power demand allocated to the WF can be calculated as follows:


  Δ  P  f _ W F   =  ∂ w  Δ  P  H W _ t o t a l    



(9)




then, the frequency response power demand for HVDC can be calculated as follows:


  Δ  P  f _ D C   = ( 1 -  ∂ w  ) Δ  P  H W _ t o t a l    



(10)







According to (9) and (10), the total output power demand of HWFRS can dynamically allocate to WF and HVDC. Through the power allocation strategy, the WF can dynamically provide frequency support according to its current operating state, which can not only make full use of its frequency regulation potential, but also avoid excessive participation. HVDC can cooperate flexibly with the WF during the whole process of frequency response, to ensure the frequency regulation performance of HWFRS.




3.2. WT Power Allocation Strategy


When WF gets orders for the frequency response, it needs to allocate the power demand to the WTs. Due to the different operation status of the WTs in WF, the uniform distribution method is obviously unreasonable. According to the above analysis, it can be seen that the frequency regulation ability of the WT is affected by the actually useful rotation kinetic energy and the adjustable power capacity. Therefore, the kinetic energy utilization μKE and capacity utilization μP-WT of WT are defined as follows:


   μ  K E   =    E  K t   −  E  K min      E  K 0   −  E  K min     =    w r 2  -  w  r min  2     w  r 0  2  -  w  r min  2     



(11)






   μ  P _ W T   =    P  W T _ 0   −  P  W T _ t      P  W T _ 0   −  P  W T _ min      



(12)




where EKt, EK0, and EKmin are the rotation kinetic energy of the WT under the condition of current rotor speed wr, rated rotor speed wr0, and rotor speed lower limit wr min, respectively. PWT_t and PWT_min are the output power of WT under current rotor speed and rotor speed lower limit, respectively, and PWT_ 0 is the rated power of WT.



According to (11) and (12), if the rotation kinetic energy EKt is larger, the kinetic energy utilization μKE is larger; if the active power output PWT_t is larger, the capacity utilization μP-WT is smaller. Therefore, in order to comprehensively evaluate the frequency regulation capability of WT, the frequency regulation capability coefficient ηWT of WT is defined as follows:


   η  W T   =  μ  K E    μ  P _ W T      ,     w  r min    <  w r  <  w  r 0     



(13)







Taking a 1.5 MW DFIG as an example [25], when DFIG works in the MPPT model, the rotor speed satisfies wr  ∈  (0.7, 1.2) p.u., and the active power output satisfies PWT_t   ∈    (0.14, 0.73) p.u. Then, the process of the frequency regulation capability coefficient ηWT changing with f rotor speed wr under MPPT mode can be drawn as shown in Figure 9.



Figure 9 shows that with the increase of rotor speed wr, the frequency regulation capability coefficient ηWT increases monotonously at first, and then decreases monotonously. When wr is 1.09 p.u., ηWT achieves a maximum value of 0.5340. Therefore, the power demand allocation of WT is


  Δ  P  f _      W T , i   =    η  W T , i       ∑  j = 1  N    η  W T , j       Δ  P  f _ W F    



(14)




where ΔPf_WT,i is the frequency response power reference of the ith WT, and N is the total number of grid-connected WTs in WF. According to (14), the WTs under a medium or high wind speed are able to allocate more power to make their frequency regulation ability be fully released, while the WTs under a low wind speed are allocated less power to avoid excessive participation, thus realizing the reasonable frequency response power allocation of WTs.




3.3. SFD Active Suppression Strategy


In HWFRS, the power required to restore the rotor speed of the WF is less than the adjustable power capacity of the HVDC. Therefore, the fast power regulation ability of HVDC could be utilized to provide additional compensation power during the rotor speed restoration stage. Based on this, this paper proposes an SFD active suppression control for HVDC, as shown in Figure 10, where ΔPinit and α are the preset initial power value and power decay coefficient.



When WF quits the inertia response stage and enters the rotor speed restoration stage, the SFD active suppression control should be activated. Then, the HVDC will be superimposed with a supplementary power reference.


  Δ  P  r e c _      D C   = Δ  P  i n i t    e  - α t   .  



(15)







If the supplementary power reference ΔPrec_HVDC is close to the power change of WF during the rotor speed restoration stage, the SFD can be well suppressed. When the WF quits its inertia response, its power reference will be switched to PMPPT, thus, the preset initial power value ΔPinit can be calculated as follows:


  Δ  P  i n i t   =   ∑  i = 1  N   (  P  W T _ 0 , i   −  P  M P P T , i     )  



(16)




where PWT_0,i is the power reference of WT before the inertial response stage.



When the preset initial power value ΔPinit is obtained, the power decay coefficient α can be calculated as follows:


  α =   - 1    t  r e c     l n   Δ  P  f i n     Δ  P  i n i t     ,  



(17)




where ΔPfin is the final value of power decay. According to the characteristics of function e−αt [26], the final value must be greater than 0, so ΔPfin = 1 × 10−6 is chosen in this paper.




3.4. Realization of HVDC-WF Coordinated Frequency Control Strategy


Figure 11 shows control block-diagram of HWFRS, and the process of the control consists of the following four steps:




	
During normal operation, trigger 1 is connected to port A, and trigger 2 is connected to port A’.



	
When the system frequency deviation exceeds the minimum allowable value, the coordinated frequency control of HWFRS is activated and trigger 1 turns to port B. Then, the HWFRS enters the power allocation stage. During this period, the frequency response power demand of WF and HVDC can be determined by the two FLCs, and the power demand of WF will be allocated to all grid-connected WTs according to Equation (14). After this, HWFRS enters the inertial response stage, and HVDC and WF provide frequency support based on their power output demand, respectively.



	
When the inertial response stage is completed, trigger 1 turns back to port A, the HWFRS enters rotor speed restoration stage. At this stage, trigger 2 is switched from A’ port to B’ port to activate the SFD active suppression control. Then, HVDC adjusts the transmission power according to the supplementary power reference ΔPrec_WT to alleviate the impact of SFD.



	
When the system frequency is restored to the allowable range, trigger 2 switches from port B’ to port A’ and HWFRS quits the coordinated frequency control.










4. Case Study


4.1. Introduction of the Simulation System


In order to verify the effectiveness of the proposed HVDC-WF coordinated frequency control strategy, a simulation test system is built in the MATLAB/Simulink platform, as shown in Figure 1. Traditional generators in the sending-end system consist of 9 SGs with a rated power of 150 MW, and all the governors are thermal generators and are equipped with a speed governor, as shown in Figure 12. The WF contains 150 DFIGs with a rated power of 5 MW. The load demand is adjusted flexibly according to the active power output of the generators and WF, to ensure that the system frequency is maintained at the rated value at the initial moment. The receiving end AC grid has a capacity of 2000 MW, and the scheduled power of the HVDC system is 1000 MW. The detailed parameters of the test system are shown in Table 3.



In this paper, the wind power permeability αw is changed by replacing the installed capacity of SGs and WF in equal proportion, under the premise of keeping the total capacity of the sending-end system unchanged. The WF is divided into three subareas: R1, R2, and R3, and the WTs of each subarea are supposed to operate in the same state. Because the frequency rise event can be resolved easily by reducing the output of WF, this paper only focuses on the more serious condition, the frequency droop event, and the frequency droop event is uniformly set as a sudden load increased by 200 MW at 5 s.




4.2. Simulation Results under Different Operation Conditions


In this section, the proposed HVDC-WF coordinated frequency control strategy (WF and HVDC), the inertia and frequency droop loop-based comprehensive control of only WF [9,10] (WF only), and no supplementary frequency control of both HVDC and WF (no control) are simulated under different cases. In these three control strategies, SGs participate in the primary frequency regulation through the governor control, and the detailed frequency control methods of HVDC and WF in each control strategy are shown in Table 4. The effectiveness and adaptability of HVDC-WF coordinated frequency control strategy are verified by comparing the simulation results of these three different control strategies.



4.2.1. Case 1: High Wind Power Permeability and High Wind Speed Condition


Under the high wind power permeability and high wind speed condition, the wind power permeability αw is set to 50%, and wind speeds of subareas R1, R2, and R3 are set as 13 m/s, 12 m/s, and 11 m/s, respectively. Under this condition, there are 5 SGs and 150 WTs connected to the sending-end system, and the installed capacities of SGs and WF are both 750 MW. Each of the subareas of R1, R2, and R3 have 50 WTs. The simulation results are shown in Figure 13 and Figure 14, and the frequency data comparison can be seen in Table 5.



From Figure 13a, it can be seen that sending-end system has the lowest frequency nadir when the WF does not have any additional control. When the WF adopts the comprehensive control, it can provide fast power support since the rotational kinetic energy stored by the WTs is sufficient in a high wind speed. Thus, the system frequency nadir is increased to 49.77 Hz, which is higher than no control. However, when the WF quits the inertia response stage, the output power of the WF drops sharply from 535 MW to 420 MW, as shown in Figure 13b, which leads to a serious SFD, and the system frequency drops again from 49.83 Hz to 49.71 Hz.



Under the proposed HVDC-WF coordinated frequency control strategy, HWFRS responds to the frequency deviation through the coordination of fuzzy logic controllers. The WF in HWFRS is allocated more of a frequency response power demand because of the high wind power permeability and high wind speed. Therefore, the WF maximum output change is 140 MW, which is higher than HVDC during the inertia response stage, and is also higher than that under the SG and WF strategy, as shown in Figure 13b,c, and the frequency regulation capability of WF is fully released. Thus, the frequency nadir of the proposed control strategy is only 49.83 Hz, which is higher than the other two control strategies. As shown in Figure 13d, when WF exits the inertia response stage at 25.1 s, HVDC adjusts the transmission power rapidly through the active SFD suppression control to make up for the power shortage caused by the WF output drop, so there is no significant fluctuation in the total frequency response output of the sending-end system, thus effectively suppressing the SFD.



Figure 14 shows the output power and rotor speed changes of WTs in each subarea of the WF. Because of the high wind speed, the initial rotor speed of WTs in R1 and R2 are both 1.2 p.u. However, due to the larger wind speed in R1, the WT output in this area is closer to the upper limit. Under the WF-only strategy, the output of WTs in subarea R1 is limited by the capacity, as shown in Figure 14a, but the kinetic energy of the WTs in subareas R2 and R3 cannot fully utilized. Under the proposed control strategy, the frequency response power allocated to WTs is determined by the frequency regulation capability coefficient ηWT, which can coordinate the WTs in each subarea to provide frequency support according to their operating status. Thus, the WT output limitation in subarea R1 is avoided, and the kinetic energy stored by the WTs in subareas R2 and R3 is fully released, as shown in Figure 14a,c,e.



The simulation result validates that under the proposed HVDC-WF coordinated frequency control strategy, the potential of WF and HVDC for frequency regulation can be fully utilized, thus suppressing the frequency deviation rapidly. Benefiting from the power allocation strategy, the output of WTs in a high wind speed is not exceeded the upper limitation. By applying the proposed control strategy, the SFD caused by the WF output drop can be alleviated effectively through the coordination of WF and HVDC.




4.2.2. Case 2: Low Wind Power Permeability and Low Wind Speed Condition


Under low wind power permeability and low wind speed condition, the wind power permeability αw is set to 10%, and wind speeds of subarea R1, R2, and R3 are set as 9.5 m/s, 8.5 m/s, and 7.5 m/s, respectively. Under this condition, there are 9 SGs and 30 WTs connected to sending-end system, and the installed capacity of SGs and WF are 1350 MW and 150 MW, respectively. Each subarea of R1, R2, and R3 has 10 WTs. The simulation results are shown in Figure 15 and Figure 16, and frequency data comparison can be seen in Table 6.



It can be seen from Figure 15a that the frequency nadir under HVDC-WF coordinated frequency control strategy is still higher than the other control strategies, which is similar to the simulation result in Case 1. However, the frequency nadir in no control increased from 49.59 Hz in Case 1 to 49.69 Hz, due to the low wind power permeability. Moreover, because of the low wind speed, the WF output variation during the inertia response stage is less than that in Case 1, so no obvious SFD occurs.



Under the HVDC-WF coordinated frequency control strategy, the participation coefficient of WF is small, thus, HVDC needs to undertake more frequency response power demand, as shown in Figure 15d. The maximum output change of WF is only 7.5 MW, and it is less than that under the SG and WF strategy, as shown in Figure 15b, which avoids excessive participation of the WF for frequency response.



Figure 16 shows the output power and rotor speed changes of WTs in each subarea of WF. The initial rotor speed of WTs in all subareas is relatively low, because of the lower wind speed. In particular, the initial rotor speed of WTs in subarea R3 is only 0.75 p.u., which is close to the lower limitation value of 0.71 p.u. Under the WF-only strategy, the rotor speed protection is activated due to the excessive participation of WTs in subarea R3, which leads to a sharp drop of the output power, as shown in Figure 16e. Under the proposed control strategy, due to the lower frequency response power demand for WF, the output of WTs in all three subareas is less than that under the WF-only strategy, which effectively avoids the excessive participation of low-speed WTs to provide frequency support. In particular, the power demand allocated to the WT in subarea R3 is less than others due to the small frequency regulation capability coefficient. Therefore, its rotor speed only has to reduce to 0.743 p.u. to meet the output requirement, as shown in Figure 16f, thus avoiding the rotor speed protection action.



This case proves that, under the conditions of low wind speed and low wind power permeability, the proposed control strategy HVDC could undertake the most of frequency response power demand, which can reduce the dependence on WF for a frequency response, while fully ensuring the stable operation of low-speed WTs.




4.2.3. Case 3: Middle Wind Power Permeability and Variable Wind Speed Condition


To verify the adaptability and effectiveness of the proposed strategy in a varying wind speed conditions, the wind power permeability αw is set to 20%, and the wind speeds of subareas R1, R2, and R3 are shown in Figure 17. Under this condition, there are 8 SGs and 60 WTs connected to the sending-end system, and the installed capacity of SGs and WF are 1200 MW and 300 MW, respectively. Each of the subareas of R1, R2, and R3 have 20 WTs. The simulation results are shown in Figure 18 and Figure 19, and the frequency data comparison can be seen in Table 7.



Since the output of the WF varies with the wind speed, the system frequency fluctuates at the beginning of the simulation, and the frequency decreases rapidly at 5 s because a load disturbance occurs. Under the no control strategy, the system frequency reaches a nadir of 49.66 Hz after 7.92 s, as shown in Figure 18a. The WF can still provide frequency support with the WF-only strategy and the proposed control strategy in a varying wind speeds, but its total power output trends to decrease. Under the WF-only strategy, because the WF output decreases during the inertial response stage and drops sharply at the end, the system frequency drops again from 49.85 Hz to 49.82 Hz. Under the proposed control strategy, the output of HVDC can cooperate with WF. As shown in Figure 18d, when the WF output decreases during 6.5 s to 17 s, HVDC varies the transmission power slowly to maintain frequency stability. When WF quits the inertial response stage at 17 s, HVDC can start the SFD active restrain control smoothly to make up for the power shortage.



From Figure 19, it can be seen that the WTs in all three subareas can provide frequency support after the load disturbance occurs. Under the proposed control strategy, the output and rotor speed change of WTs in subareas R1 to R3 are relatively close, because of the similar initial operation status of WTs in each subarea. Because of the HVDC is allocated more frequency response power demand, the output of WTs is less than that under the WF-only strategy.



The comparison in Figure 18 and Figure 19 shows that the WF and HVDC can provide frequency support coordinately, although the WF output fluctuates in varying wind speed conditions.





4.3. Simulation Results under Different HVDC-WF Control Strategies


In this section, in order to verify the superiority of the proposed control strategy, several control strategies shown in Table 8 are chosen for comparison. The strategy in reference [9] only commands the WF to participate in frequency regulation, which is used as a reference. In the strategy of [14], the HVDC system adopts the frequency derivative droop control, and the wind farm operates in 10% de-loading mode to use the reserved wind energy for frequency support. The strategy in [16] is a frequency-droop-based control strategy, which is widely applied in HVDC-WF systems for frequency response. The strategy in reference [19] contains a frequency-droop-based back-up frequency response control and a frequency-detection based power compensation control. The strategy in reference [27] applies an adaptive frequency regulation control in the HVDC-WF system for frequency support, which is more advanced than the abovementioned strategies. The simulation is based on the operating conditions of Case 1 and Case 2, and the results are shown in Figure 20, Figure 21 and Figure 22 and Table 9 and Table 10.



As shown in Figure 20a,b, all the control strategies that enable HVDC and WF to participate in frequency regulation together have a better performance in lifting the frequency nadir than that of only WF, which participates in both operation conditions. The proposed strategy and the strategy in reference [27] both have the highest initial frequency nadir of 49.83 Hz under the operation condition of Case 1. In the strategy of reference [14], the frequency response capacity of wind farm is limited by its de-loading state, and the wind farm cannot fully release its potential for frequency response. Thus, the strategy in reference [14] has a lower initial frequency nadir compared with the proposed strategy. no matter if it is in a high or low wind speed condition. Furthermore, except the strategy of reference [14], different degrees of SFD occur in the rest of the strategies when WF quits the inertial response stage under the operation condition of Case 1. Especially for the strategies in references [19,27], the nadirs of SFD are 49.78 Hz and 49.79 Hz, respectively, which are lower than their initial frequency nadir of 49.81 Hz and -49.83 Hz. Moreover, although the strategy in reference [16] has a higher nadir of SFD, it is still lower compared with the proposed strategy. Under the operation condition of Case 2, only the strategy of reference [16] had a slight SFD, but the strategy in reference [9] had a larger frequency oscillation compared with the other five control strategies.



While the problem of secondary frequency drop can be avoided in the strategy of reference [14], the wind farm has to abandon the MPPT mode when the system frequency is stable. As shown in Figure 21a,b, before the disturbance, the initial power of the wind farm in reference [14] is lower than that of the other strategies, and the long-term de-loading state will greatly affect the profits of the wind farm operator. On the contrary, the wind farm is able to provide frequency support while working in the MPPT mode. In the strategies of references [16,19], the power output of the WF and HVDC for frequency response is determined by the fixed f-P droop coefficient, thus they cannot coordinate to participate in frequency regulation according to their operating status. The adaptive frequency control strategy in reference [27] uses adaptive control coefficients to make the WF and HVDC system determine the frequency response output according to their own state. Thus, compared with the strategies in references [16,19], the output of WF under strategy of reference [27] is larger at a high wind speed and lower at a low wind speed, as shown in Figure 21a,b. However, the changes in the adaptive frequency control coefficients of the WF and HVDC system are decoupled from each other, thus, the WF still needs to bear a larger output at a low wind speed, but fails to fully release the frequency regulation capability at a high wind speed. On the contrary, in the proposed strategy, the frequency power output of WF and HVDC is highly coupled, and can dynamically adjust their output power with a different operation state of wind power, as shown in Figure 21a,b. As a consequence, WF can fully release its frequency regulation ability when operating at a high wind speed, and can avoid excessive participation when operating at low wind speed.



Besides, it can be seen from Table 10, in the proposed strategy, the maximum output changes of wind farm in conditions of Case 1 and Case 2 are 0.183 p.u. and 0.037 p.u., respectively. The different output changes show the proposed control can dynamically adjust the frequency participation degree of wind farm according to its own operating status. In addition, no matter in the conditions of Case 1 or Case 2, the time for wind farm output change to reaches the maximum value in the proposed strategy is shorter than other strategies. The shorter time is beneficial to enable the system frequency deviation to be suppressed earlier, which reflects the superiority of our proposed fuzzy-based controller in control performance. Furthermore, the duration of the wind farm frequency response in our proposed strategy is longer than that in the strategies that also use the kinetic energy to provide frequency support. The longer frequency response duration also validates the superior performance of the proposed control.



As shown in Figure 22a,b, the frequency response output change of HVDC is similar whenever the wind farm is operating at a low or high wind speed in the strategies of references [14,27], which reflects that the WF and HVDC are not well coordinated in frequency regulation. The HVDC transmission power in the strategies of reference [19] and the proposed strategy have a sudden change at the end of inertial response stage, which indicates that the HVDC is able to decrease transmission power to compensate for part of the power required for the WF rotor speed recovery. In the strategy of reference [19], the power change of HVDC at 21 s is determined by detecting the frequency change rate, which is more sensitive than the method of detecting frequency deviation in the strategies of references [16,27]. Therefore, the nadir of SFD in strategy of references [19] is higher than that in the strategies of references [16,27]. Although all three strategies in reference [16,19,27] can utilize the HVDC transmission power to alleviate SFD, they still use the passive ways to change DC power following the frequency change rate or frequency deviation, and their suppression effect of SFD is closely related to the f-P droop coefficient. However, in the proposed strategy, the compensation power of HVDC is determined in advance according to Equation (16), and can be changed actively when the WF exits the inertial response stage. Therefore, the nadir of SFD in the proposed strategy is higher than that in the other three strategies of references [16,19,27].



Based on the above analysis, the proposed control strategy in this paper has better performance in frequency regulation.





5. Conclusions


In this paper, a fuzzy logic-based coordinated control strategy is proposed for enhancing the frequency response capability of HVDC sending-end system with WF integration. Through the simulation analysis under different cases, the conclusions can be drawn as follows:




	(1)

	
At the system level, based on the proposed control strategy, the WF can dynamically cooperate with HVDC to provide frequency support according to its own operation status. When the WF operates in a high wind speed, it undertakes the main frequency regulation power demand to fully release its frequency regulation potential; when the WF operates in a low wind speed, HVDC will undertake the most of frequency regulation demand to avoid excessive participation of WF.




	(2)

	
At the WF level, the WTs in the WF can be allocated additional power references corresponding to their frequency regulation capability through the sub strategy of power allocation, thus all grid-connected WTs can participate in frequency response reasonably.




	(3)

	
Under the proposed SFD active suppression control, the SFD caused by the WT rotor speed restoration can be effectively alleviated under different cases, and the frequency stability of the HVDC sending end system is significantly enhanced.




	(4)

	
Compared with the f-P droop control, the frequency deviation of the HVDC sending-end system is smaller and the frequency regulation performance has been significantly improved under the proposed control strategy.









With the widespread application of large-scale energy storage, the form of frequency regulation service in the HVDC sending-end system will be more diverse in the future. How to realize the comprehensive optimization of frequency regulation, while considering the cost of various frequency regulation ancillary services, is our next work.
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Figure 1. Configuration of HVDC asynchronous interconnected grid with WF. 
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Figure 2. The structure diagram of the grid-connected DFIG. 
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Figure 3. Frequency droop and inertia control for DFIG. 
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Figure 4. Active power and rotor speed change of DFIG during the frequency response stage. 
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Figure 5. Frequency–power droop control for the HVDC rectifier convertor. 
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Figure 6. HVDC-WF frequency coordinated control strategy. 
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Figure 7. The structure diagram and membership of FLC-1. (a) The structure diagram of FLC-1, (b) the membership function of ΔPHW_total, (c) the membership function of Δf, and (d) the membership function of df/dt. 
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Figure 8. The structure diagram and membership of FLC-2. (a) The structure diagram of FLC-2, (b) the membership function of ∂w, (c) the membership function of αw, and (d) the membership function of Vw. 
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Figure 9. Curve of frequency regulation capability coefficient ηWT. 
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Figure 10. SFD active suppression control for HVDC. 
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Figure 11. The control block-diagram of HWFRS. 
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Figure 12. Structure of the steam turbine governor. 
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Figure 13. Simulation results under high wind power permeability and high wind speed condition. (a) Sending-end system frequency, (b) active power of WF, and (c) active power of HVDC, (d) frequency response output of sending-end system. 
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Figure 14. Active power and rotor speed of WTs in each subarea. (a) Active power of WTs in R1, (b) rotor speed of WTs in R1, (c) active power of WTs in R2, (d) rotor speed of WTs in R2, (e) active power of WTs in R3, and (f) rotor speed of WTs in R3. 
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Figure 15. Simulation results under low wind power permeability and low wind speed condition. (a) Sending-end system frequency, (b) active power of WF, and (c) active power of HVDC, (d) frequency response output of sending-end system. 
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Figure 16. Active power and rotor speed of WTs in each subarea. (a) Active power of WTs in R1, (b) rotor speed of WTs in R1, (c) active power of WTs in R2, (d) rotor speed of WTs in R2, (e) active power of WTs in R3, and (f) rotor speed of WTs in R3. 
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Figure 17. Wind speed curves of variable wind speeds in different subareas of WF. 
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Figure 18. Simulation results under middle wind power permeability and variable wind speed condition. (a) Sending-end system frequency, (b) active power of WF, and (c) active power of HVDC, (d) frequency response output of sending-end system. 
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Figure 19. Active power and rotor speed of WTs in each subarea. (a) Active power of WTs in R1, (b) rotor speed of WTs in R1, (c) active power of WTs in R2, (d) rotor speed of WTs in R2, (e) active power of WTs in R3, and (f) rotor speed of WTs in R3. 
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Figure 20. Sending-end system frequency. (a) Sending-end system frequency based on the operating conditions of Case 1 and (b) sending-end system frequency based on the operating conditions of Case 2. 
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Figure 21. Active power of WF. (a) Active power of WF based on the operating conditions of Case 1 and (b) active power of WF based on the operating conditions of Case 2. 
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Figure 22. Active power of HVDC. (a) Active power of HVDC based on the operating conditions of Case 1 and (b) active power of HVDC based on the operating conditions of Case 2. 






Figure 22. Active power of HVDC. (a) Active power of HVDC based on the operating conditions of Case 1 and (b) active power of HVDC based on the operating conditions of Case 2.



[image: Energies 14 06095 g022]







[image: Table] 





Table 1. The rules of FLC-1.
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Table 2. The rules of FLC-2.






Table 2. The rules of FLC-2.





	
αw

	
Vw




	
VS

	
MS

	
S

	
M

	
L

	
ML

	
VL






	
VS

	
VS

	
VS

	
VS

	
VS

	
S

	
S

	
VS




	
S

	
VS

	
VS

	
VS

	
S

	
M

	
M

	
VS




	
M

	
VS

	
VS

	
S

	
M

	
L

	
L

	
S




	
L

	
VS

	
S

	
S

	
M

	
L

	
VL

	
S




	
VL

	
S

	
S

	
M

	
L

	
VL

	
VL

	
M











[image: Table] 





Table 3. Parameters of the test system. (a) Parameters of the SG, (b) parameters of the HVDC system, and (c) parameters of the DFIG.
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(a)




	
System Element

	
Parameter

	
Value




	
Synchronous generator

	
Droop coefficient of steam turbine RG

	
5%




	
Inertia constant HSG

	
5 s




	
Rated frequency

	
50 Hz




	
Dead band fdb_steam

	
±0.033 Hz




	
Inlet chamber time constant TH

	
0.28 s




	
Crossover time constant TCH

	
4 s




	
Reheater time constant TRH

	
0.3 s




	
Power coefficient of cylinder FHP

	
0.5




	
(b)




	
System Element

	
Parameter

	
Value




	
HVDC system

	
Capacity

	
1200 MW




	
Rate DC voltage

	
±500 kV




	
Cable length

	
100 km




	
Cable resistance

	
0.05 Ω/km




	
(c)




	
System Element

	
Parameter

	
Value




	
DFIG

	
Capacity

	
5.5 MW




	
Rate voltage

	
0.69 kV




	
Rate output power

	
5 MW




	
Inertia constant HWT

	
4.6 s




	
Rate rotor speed

	
1.2 p.u.
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Table 4. Frequency control methods of HVDC and WF in different control strategies.
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Strategies

	
Frequency Control Method




	
HVDC

	
WF






	
No control

	
No supplementary frequency control

	
No supplementary frequency control




	
WF only

	
No supplementary frequency control

	
Comprehensive control




	
WF + HVDC

	
Proposed coordinated frequency control

	
Proposed coordinated frequency control
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Table 5. Simulation results under high wind power permeability and high wind speed conditions.
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	Strategies
	fnadir/Hz
	tnadir/s
	fnadir_SFD/Hz
	tnadir_SFD/s





	No control
	49.59
	7.50
	/
	/



	WF only
	49.77
	7.04
	49.71
	23.09



	WF + HVDC
	49.83
	5.64
	49.85
	27.60
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Table 6. Simulation results under low wind power permeability and low wind speed condition.






Table 6. Simulation results under low wind power permeability and low wind speed condition.





	Strategies
	fnadir/Hz
	tnadir/s
	fnadir_SFD/Hz
	tnadir_SFD/s





	No control
	49.69
	7.85
	/
	/



	WF only
	49.73
	7.82
	/
	/



	WF + HVDC
	49.83
	6.39
	/
	/
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Table 7. Simulation results under middle wind power permeability and variable wind speed condition.






Table 7. Simulation results under middle wind power permeability and variable wind speed condition.





	Strategies
	fnadir/Hz
	tnadir/s
	fnadir_SFD/Hz
	tnadir_SFD/s





	No control
	49.66
	7.87
	/
	/



	WF only
	49.74
	7.61
	49.82
	15.10



	WF + HVDC
	49.84
	6.52
	49.88
	18.10
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Table 8. Control strategies of a HVDC-WF system for frequency response.
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Strategies

	
Frequency Control Method




	
HVDC

	
WF






	
Strategy in ref. [9]

	
No supplementary frequency control

	
Comprehensive control




	
Strategy in ref. [14]

	
Frequency derivative droop control

	
De-loading control




	
Strategy in ref. [16]

	
Frequency deviation droop control

	
Comprehensive control




	
Strategy in ref. [19]

	
Back-up frequency response control with power compensation

	
Comprehensive control




	
Strategy in ref. [27]

	
Adaptive frequency regulation control

	
Adaptive frequency regulation control




	
Proposed strategy

	
Proposed coordinated frequency control

	
Proposed coordinated frequency control
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Table 9. Simulation results of different control strategies based on the operating conditions of Case 1 and Case 2.






Table 9. Simulation results of different control strategies based on the operating conditions of Case 1 and Case 2.





	
Operation Condition

	
Strategies

	
fnadir/Hz

	
tnadir/s

	
fnadir_SFD/Hz

	
tnadir_SFD/s






	
Case 1

	
Strategy in ref. [9]

	
49.77

	
7.04

	
49.71

	
23.09




	
Strategy in ref. [14]

	
49.81

	
7.33

	
/

	
/




	
Strategy in ref. [16]

	
49.81

	
6.33

	
49.78

	
22.40




	
Strategy in ref. [19]

	
49.81

	
6.33

	
49.83

	
22.50




	
Strategy in ref. [27]

	
49.83

	
7.01

	
49.79

	
22.62




	
Proposed strategy

	
49.83

	
5.64

	
49.85

	
27.60




	
Case 2

	
Strategy in ref. [9]

	
49.73

	
7.82

	
/

	
/




	
Strategy in ref. [14]

	
49.78

	
7.61

	
/

	
/




	
Strategy in ref. [16]

	
49.78

	
7.18

	
49.88

	
13.95




	
Strategy in ref. [19]

	
49.78

	
7.18

	
/

	
/




	
Strategy in ref. [27]

	
49.79

	
7.40

	
/

	
/




	
Proposed strategy

	
49.83

	
6.39

	
/

	
/











[image: Table] 





Table 10. Frequency response output of different control strategies based on the operating conditions of Case 1 and Case 2.






Table 10. Frequency response output of different control strategies based on the operating conditions of Case 1 and Case 2.





	
Operation Condition

	
Strategies

	
ΔPWF_max/p.u.

	
tWF_max/s

	
ΔPDC_max/p.u.

	
tDC_max/s






	
Case 1

	
Strategy in ref. [9]

	
0.128

	
6.93

	
/

	
/




	
Strategy in ref. [14]

	
0.098

	
6.34

	
0.045

	
6.42




	
Strategy in ref. [16]

	
0.112

	
6.38

	
0.055

	
23.00




	
Strategy in ref. [19]

	
0.112

	
6.38

	
0.083

	
21.00




	
Strategy in ref. [27]

	
0.107

	
6.31

	
0.062

	
22.30




	
Proposed strategy

	
0.183

	
5.94

	
0.151

	
25.00




	
Case 2

	
Strategy in ref. [9]

	
0.156

	
7.58

	
/

	
/




	
Strategy in ref. [14]

	
0.088

	
7.09

	
0.054

	
7.23




	
Strategy in ref. [16]

	
0.136

	
7.02

	
0.058

	
7.93




	
Strategy in ref. [19]

	
0.136

	
7.02

	
0.058

	
7.93




	
Strategy in ref. [27]

	
0.102

	
7.12

	
0.062

	
7.16




	
Proposed strategy

	
0.037

	
6.60

	
0.125

	
6.78
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