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Abstract

:

Renewable energy units led by wind power participate in diversified control primary frequency modulation, making the frequency response modes and the setting of frequency modulation parameters more complex. This paper proposes a frequency response model of the power system which is highly penetrated by wind power based on the two mainstream control strategies of wind power that participate in primary frequency modulation. The model considers the influence of wind capture devices, maximum power point tracking (MPPT), and other complex control strategies on system frequency response. Based on this model, the calculation formulas of the maximum change rate of dynamic frequency, the lowest point of dynamic frequency, and the maximum steady-state frequency deviation of the system after fault disturbance are derived in the frequency domain. The influences of wind power permeability and two typical frequency response control strategies on system frequency stability are analyzed. On the one hand, it is found that the proposed model can fit the system frequency response better than the traditional system frequency response model. Beyond that, two control strategies are mainly aimed at the different frequency stability requirements. On the other hand, under the condition of meeting the system’s stability requirements, the paper calculates the control parameters of frequency response of the doubly-fed induction generator (DFIG). The time-domain simulation model of the improved IEEE three-machine nine-node system and IEEE 39-node system with high permeability of wind power are built. Through the different fault scenarios, the simulation results verify the effectiveness of the proposed model and the accuracy of control strategy parameter calculation.
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1. Introduction


1.1. Background and Literature Review


1.1.1. Background


The world’s energy problems are significant, and renewable energy units will play a leading role in the power supply of the power system [1,2]. The renewable energy high penetration power system represented by wind power is gradually formed, and the wind power control strategy is much more complex. The traditional system frequency response model (TSFR) cannot fit the existing frequency response of the system [3,4]. The doubly-fed induction generator (DFIG) is one of the most mature wind turbine generators. It is important to study the participation of new energy units represented by DFIG in frequency response [5]. According to the requirements of system frequency stability, it is of great practical engineering significance to analyze the impact of the DFIG control strategies on system frequency response. Meanwhile, it is necessary to evaluate the frequency stability of the system quantitatively.




1.1.2. The Impact of Strategies of DFIG on Frequency Response


When large-scale wind turbines are connected to the power grid through a power electronic converter, the equivalent inertia of the system is reduced, and the ability of the system to resist frequency disturbance is reduced [4,5,6]. With the improvement of the power system’s wind power penetration, developed countries in Europe and North America have required that the wind turbine should have inertia response and primary frequency regulation capability. At present, the frequency response of wind power is relatively mature, and the control strategies mainly include virtual inertia control, virtual droop control, and over-speed load shedding [7,8,9]. Reference [10] analyzes the impact of the two kinds of control strategies on frequency response. It finds that the two control strategies can enhance power system stability by improving the system’s inertia, but it does not consider the DFIG’s operating state. References [11,12,13] find that fast frequency support from DFIG can provide inertial response considering the rotor security. References [14,15,16,17] introduce the virtual inertia control strategy and virtual droop control strategy in the control of rotor side converter and omit the phase-locked loop link. They verify that the virtual inertial control has good stable supportability for the system’s inertia, and the virtual droop control can enhance the primary frequency response.




1.1.3. The Research on System Frequency Response Model


It simplifies the analysis of system frequency response based on the low order TSFR. The key to frequency analysis is to build the SFR fitting the actual system and determine the analysis indexes. Fangxing Li et al. propose the calculation method of system equivalent parameters and verify its effectiveness in [18].



Hanyu Li et al. take the specific control strategy of DFIG into account in the SFR model in [19], which is conducive to further analyzing the frequency response characteristic. Ziping Wu et al. elaborate various control strategies for frequency regulation by wind power, and a variety of SFR models considering the different strategies in [20]. And they prospect the methods and strategies to improve the frequency dynamic response.



The commonly used indexes to measure the frequency stability ability of a power system include the maximum rate of change of system frequency (RoCoFmax), the lowest point of system dynamic frequency, and the maximum deviation of system steady-state frequency [21,22].



Based on the simplified TSFR, reference [22] proposes a simplified frequency model for the system highly penetrated by renewable power. Moreover, based on this model, reference [22] qualitatively analyzes the impact of new energy permeability and new energy primary frequency modulation response strategy on system frequency stability. However, the model does not consider the specific new energy control strategy, so the fitting degree with the frequency response of the actual system is low. Reference [23] analyzes the impact of wind power participation in primary frequency modulation on the system frequency response and analyzes the influencing factors. However, it does not take further strategies into account in the system equivalent model, such as wind energy capture devices and maximum power point tracking (MPPT). Considering the inertia proportion coefficient, references [8,24] propose the frequency analysis model of new energy highly penetrated system, which can reflect the overall inertia and primary frequency regulation characteristics of the system. This model can fit the actual frequency response well but does not conduct quantitative calculation and analysis for specific frequency response control parameters. References [25,26] analyze that wind power participation in frequency modulation can effectively improve the limit value of wind power proportion under frequency constraints. References [18,19,20,21,22,23,24,25,26] have studied that the participation of wind power in system frequency modulation will affect the fitting degree of SFR to the system. They also find that different control strategies aim at various frequency stability problems of the system and have different effects on the dynamic and steady-state frequency responses. This makes the system frequency more complicated and the control parameters more challenging to set.





1.2. Research Gap and Motivation


In conclusion, research on the frequency response of wind power participation has matured. There is an increasing amount of research on SFR modeling that considers the complex control strategies of new energy units. However, there is too little research on quantitative calculation of system stability index and SFR considering the complex strategies of wind power.



Most of the research only conducts qualitative analysis on the influence of wind power permeability on system frequency. Few researches calculate the DFIG’s frequency modulation parameters that meet the system’s requirements according to the frequency response formula. Improving the existing SFR model and deriving the system frequency response formula in combination with the system frequency stability requirements is of great engineering significance.




1.3. Contribution and Organization


1.3.1. Contribution of This Paper


Based on the shortcomings of existing research, the main contributions of this paper are as follows:




	
The frequency response model of the wind power highly penetrated system proposed this paper can fit the actual system better than TSFR.



	
The calculation formulas of three indexes of system frequency stability are derived based on this model.



	
The different effects of virtual inertia and virtual droop control strategies on the frequency response of the system are analyzed.



	
The parameter setting of DFIG participating in frequency modulation is calculated according to the frequency stability requirements of the actual system.









1.3.2. Organization of This Paper


The paper is organized as follows:



Section 2 proposes the improved frequency response model of the wind power highly penetrated system based on the existing researches. Section 3 derives the calculation formulas of three indexes of system frequency response stability and analyzes the impact of the virtual inertia and virtual droop control on the different indexes. Section 4 verifies the validity of the proposed frequency response model and the accuracy of parameter calculation. In Section 5, the paper draws a conclusion and shows the research prospects.






2. Frequency Response Model of the Wind Power Highly Penetrated System


2.1. Frequency Response Model of Traditional Power System


The frequency of the power system is always in the process of dynamic adjustment. According to different time scales, the traditional generator sets will adjust the system’s frequency by inertia response, primary frequency regulation, and secondary frequency regulation to ensure the stable operation of the system. The traditional frequency response (TSFR) model of the power system is shown in Figure 1, and it can be obtained that the frequency response process of the system is a closed-loop process [27]. The frequency response capability of a traditional power system mainly depends on the parameters of the synchronous generator set and the load response capability of the system.



In Figure 1,   Δ  P L    is the disturbance power,   Δ w   and   Δ  w  r e f     are system frequency deviation and reference value, respectively;  a  is the turbine coefficient of the turbine generator; T is the equivalent time constant of the turbine; M is the rotor time constant; 1/R is governor gain;  D  is the frequency response coefficient of the load. The multi-machine system parameters can be equivalent to the single machine system parameters according to [18].



Define the speed regulation function G1(s) of the power system and the frequency response function G2(s) of the engine load:


   {     G 1  ( s ) =  1 R    1   +   a T s   1   +   T s        G 2  ( s ) =  1  M s   +   D        



(1)







According to Equation (1), the frequency domain expression of traditional power system frequency can be deduced:


  Δ w =    w  r e f    G 1  ( s )  G 2  ( s ) − Δ  P L   G 2  ( s )   1 +  G 1  ( s )  G 2  ( s )    



(2)







With the formation of a power system with high penetration of new energy, the frequency modulation ability of new energy units will determine the frequency response-ability of the system. Therefore, the TSFR model shown in Figure 1 cannot fit the frequency response characteristics of the existing procedure.




2.2. Wind Power System Modeling


The frequency modulation capability of wind turbines mainly depends on the unit capacity and control strategy involved in frequency modulation [28]. The complete control strategy of wind turbines specifically includes wind energy capture control, MPPT control, converter control, and frequency response control.



Wind energy utilization coefficient Cp(λ,β) determines the efficiency of wind energy captured by turbines [13]. Affected by the control mode and ambient wind speed, Cp(λ,β) is in dynamic change:


   {     P m  =  1 2  ρ  V 3  S  C p  ( λ , β )      C P  = 0.22  (    116    λ i    − 0.4 β − 5  )   e    − 12.5  /   λ i           1   λ i    =  1  λ   +   0.08 β   −   0.035    β 3    +   1       λ =    ω r  R  V       



(3)




where Pm is the power captured by wind turbines; ρ is the air density; V is the upwind speed of the wind turbine rotor; S is the area of wind turbine blades; λ is the tip speed ratio; β is the pitch angle.



When the β is constant, in order to calculate the change of input ΔPm caused by the change of wind speed ΔV and rotor frequency Δwr, the function fitting method can be used to reduce the amount of calculation:


   P m  =  m 1   w r 3  +  m 2   w r 2  v +  m 3   w r   v 2  +  m 4   v 3   



(4)







The corresponding mechanical power change ΔPm due to the evolution of rotor frequency Δw and wind speed ΔV is as follows:


  Δ  P m  =   ∂  P m    ∂  w r    Δ  w r  +   ∂  P m    ∂ v   Δ v  



(5)







The rotor inner loop current controls the output power Pe, and the rotor outer loop control is diverse. The multi-loop control strategy leads to the decoupling of the rotor frequency and grid frequency. However, the variation of DFIG input and output power is provided by the interpretation of rotor kinetic energy:


  Δ  E k  =  1 2   J  D F I G    (   w r 2  −      (   w r  + Δ  w r   )   2   )     



(6)




where the JDFIG is the rotor inertia of DFIG.



Defined by the rotor inertia time constant:


    Δ  E k     S B    = 2  H  e q     d  w r    d t    



(7)







When the sampling time is the unit time dt, and the unit frequency change Δwr occurs, the calculation method of the DFIG inertia time constant can be obtained:


   H  e q   =    J  D F I G    (   w r 2  −    (   w r  + Δ  w r   )   2   )    4 Δ  w r     



(8)







MPPT control realizes maximum power tracking through control Δwr, so the change of DFIG root speed will affect ΔPMPPT:


  Δ  P m  =  k  o p t   Δ  w r    3   



(9)




where the kopt is the maximum power tracking coefficient of MPPT.



The DFIG involved in the frequency response control of the system analyzed in this paper is virtual droop and virtual inertia control [16].


   {    Δ  P  d f   =  A 1  · Δ w     Δ  P  i f   =  A 2  ·   d Δ w   d t        



(10)




where A1 is the gain of virtual droop control and A2 is the gain of virtual inertia control.



Assuming that all DFIG units in the system participate in the frequency response of the system, the wind power permeability K is defined as follows:


   K =     Installed   capacity   of   wind   power   ( MW )     system   load   power   ( MW )     



(11)







Combined with the traditional simplified model of power system frequency and according to formulas (3), (8), (9), (10), and (11), the frequency response model of the wind power highly penetrated system can be obtained as follows:



As shown in Figure 2, the improved SFR model consists of frequency response model of DFIG and the traditional frequency response model. The model is proposed after improvement based on the models in [19,20,22,28]. Pwind can reflects the change of system frequency by the virtual control strategies and wind speed by the MPPT strategy. The wind power permeability is adjusted through K. The calculation of system parameters is the same as that of TSFR [18], and the whole wind farm is equivalent to a DFIG.



The TSFR model in [27] provides a theoretical basis for the analysis of the frequency response of the power system. The model in [20] considers various frequency response strategies of wind power. This paper draws on two mature virtual response control strategies. The SFR model proposed combines the advantages of models in [19,20,22]. Compared with the models in [19,22], the model considers not only the permeability of wind power, but also the complex and specific strategies of DFIG. Compared with the model in [20], the model can reflect not only the permeability of the wind power but also the effect about rotor frequency   Δ  w r    to the system frequency. Therefore, it can fit the actual power system better than the TSFR.




2.3. Model Frequency Response Analysis


When ΔPMPPT due to Δwr and ΔV is ignored, the equivalent powertrain speed regulation function    G 1    ′  ( s )   and the equivalent engine load frequency response function    G 2    ′  ( s )   are defined according to Figure 2 as follows:


   {     G 1    ′  ( s ) =   1   −   K  R    1   +   a T s   1   +   T s        G 2    ′  ( s ) =  1   [  ( 1   −   K ) M   +   K  A 2   ]  s   +   D   +   K  A 1         



(12)







For the convenience of calculation, the equivalent turbine response coefficient, rotor time constant, and equivalent load dynamic response coefficient can be defined as follows:


   {     1  R ′   =   1   −   K  R       M ′  = ( 1 − K ) M + K  A 2       D ′  = D + K  A 1       



(13)







Therefore, the simplified equivalent response function can be obtained as follows:


   {     G 1    ′  ( s ) =  1  R ′     1   +   a T s   1   +   T s        G 2    ′  ( s ) =  1   M ′  s   +    D ′         



(14)







Comparing Formulas (1) and (14), the increase of new energy permeability will reduce the frequency response-ability of the system equivalent power system and unit rotor, reducing the system’s equivalent inertia. In fact, the participation of new energy in frequency modulation improves the reduction of system equivalent inertia and increases the load frequency response-ability.



According to Formula (14), the frequency domain expression of frequency can be obtained as follows:


  Δ w ( s ) =   Δ  w  r e f    G 1    ′  ( s )  G 2    ′  ( s ) − Δ  P L   G 2    ′  ( s )   1 +  G 1    ′  ( s )  G 2    ′  ( s )    



(15)







The system has equal proportional power disturbance at 10 s, and the frequency change can be obtained according to Formula (15), as shown in Figure 3.



Under the same frequency response control coefficient, the system frequency response curve is obtained by changing the permeability of wind power. It can be obviously observed that with the increase of the wind power permeability, the lowest point of the system dynamic frequency and the steady-state frequency will decrease, which also verifies that the increase of the new energy permeability will reduce the system’s equivalent inertia.



By setting the same wind power permeability and different frequency response control parameters, the frequency response curve is shown in Figure 4. Under the same wind power permeability, the maximum change rate of dynamic frequency (RoCoFmax), the lowest point of dynamic frequency and the maximum deviation of steady-state frequency can be effectively improved by reasonably setting the frequency response parameters of wind power. Thus, the frequency deterioration caused by the increase of wind power permeability can be improved. At the same time, it shows that the virtual inertial control can effectively improve the frequency change rate, and the virtual droop control can effectively improve the dynamic frequency lowest point and steady-state frequency deviation of the system.





3. Frequency Stability Analysis of the Wind Power Highly Penetrated System


In case of power or frequency disturbance in the power system, the system frequency shall be fed back to each primary frequency modulation equipment in time. The system frequency shall be maintained stable after closed-loop processing. According to the improved SFR model shown in Figure 2, the relationship between the frequency stability of the wind power high permeability power system and various control parameters can be analyzed in the frequency domain.



3.1. Steady-State Performance Analysis of Closed-Loop System


The model proposed in this paper is a typical closed-loop system so that control engineering can be used for stability analysis. Combined with Figure 2 and Formulas (12)–(14), the closed-loop transfer function of the system can be obtained as follows:


  H ( s ) =    G 1    ′  ( s )  G 2    ′  ( s )   1 +  G 1    ′  ( s )  G 2    ′  ( s )   =   a ′    R ′   M ′    ·   s +  1   a ′  T      s 2  +    R ′   M ′    +    R ′  T  D ′    +    a ′  T    R ′   M ′  T   s +    R ′   D ′    +   1    R ′   M ′  T      



(16)







Therefore, the characteristic equation parameters of the closed-loop system can be obtained as follows:


   {     w n 2  =    R ′   D ′    +   1    R ′   M ′  T       2 ζ  w n  = 2 ·    R ′   M ′    +    R ′   D ′  T   +   2  a ′  T    R ′   M ′  T        



(17)







Without considering hydropower, that is, when a > 0, the following can be obtained:


   {     w n 2  =  1 T  ·   R ( D   +   K  A 1  )   +   1   −   K   R M ( 1   −   K )   +   K  A 2    > 0     2 ζ  w n  = 2  (   1 T  +   D   +   K  A 1    ( 1   −   K ) M   +   K  A 2      +  2 R    a ( 1   −   K )   ( 1   −   K ) M   +   K  A 2     )  > 0        



(18)







According to the above analysis, when the external disturbance is not considered, the wind power permeability K and various control parameters will not affect the stable closed-loop of the system frequency. Therefore, the research focus should be on quickly restoring the system’s stable parameter setting of the system when the system is disturbed.




3.2. Analysis of the Maximum Rate of Change of Frequency of System Dynamic Frequency


The rate of change of frequency (RoCoF) of the power system is too large, which easily causes the action of the relay protection device. It is an important index to measure the ability of the system to resist disturbance. The RoCoFmax of the system occurs at the initial stage of the fault. At this time, the system frequency deviation Δw is slight and approaches 0.



The frequency error transfer function Δw(s) based on power disturbance in Figure 2 is defined as follows:


  Δ w ( s ) =    G 2    ′  ( s )   1 +  G 1    ′  ( s )  G 2    ′  ( s )   Δ  P    L     



(19)







The RoCoFmax of the dynamic frequency response of the system can be obtained by the Laplace initial value theorem transformation calculation of formula (19):


  R o C o  F  max   =   lim   t → 0     d w ( t )   d t   =   lim   s → ∞   s · s ·  1 s  ( Δ w ( s ) ) =   Δ  P L     M ′     



(20)




where the M′ is the variable of permeability and virtual inertia control parameters.



The smaller RoCoFmax is, the stronger the system resistance to disturbance is. With the increasing permeability of the wind power, RoCoFmax will depend on the size of the virtual inertia control parameter A2.



Therefore, when determining the wind power permeability K and the threshold η1 of system transient time-domain frequency change rate, the value of virtual inertia control parameter A2 can be defined as follows:


   A 2  > Δ  P L  (  1   |   η 1   |  K   −   ( 1 − K ) M  K  )  



(21)








3.3. Analysis of Lowest Point of System Dynamic Frequency


This section uses the closed-loop transfer function of power disturbance to analyze the influence of different wind power frequency response control parameters on the lowest point of system dynamic frequency when step power disturbance occurs.



According to the frequency error transfer function (19), the closed-loop transfer function of the system can be obtained as follows:


  E ( s ) =   Δ w ( s )   − Δ  P    L      = −    G 2    ′  ( s )   1 +  G 1    ′  ( s )  G 2    ′  ( s )   = −  {     R ′    1 +  R ′   D ′     B   s 2  + A s + B   +      1   M ′  ( Y − X )    (   Y  s + Y   −  X  s + X    )   }   



(22)







Define new variables to simplify the calculation, where:


     {    A =  1 T  +    D ′     M ′    +  a   R ′   M ′        B =   1 +  R ′   D ′     R ′  T  M ′             {    2  w n  ξ = A      w    n   2  = B          {    X + Y = A     X Y = B        



(23)







Therefore, when the step power disturbance occurs in the system, the system frequency response function in the time domain can be written:


  h ( t ) = −  {     R ′    1 +  R ′   D ′     [  1 −    1    1 −  ξ 2       e  − ξ  w n  t   sin (   1 −  ξ 2     w n  t +   cos   − 1   ξ  ]  +  1   M ′  ( Y − X )   ( X  e  − X t   − Y  e  − Y t   )    }   



(24)







Derive formula (22) and calculate the peak value. At the same time ξ < 1 (underdamped state), the time of the occurrence is as follows:


   t p  =   arctan (     1 −  ξ 2     ξ  ) + arctan (     1 −  ξ 2         w n   T  − ξ   )     1 −  ξ 2     w n     



(25)







The lowest point of dynamic frequency in the time domain is as follows:


  h (  t p  ) = 1 −   1 −   2 ξ  w n   T  +   (    w n   T  )  2    exp ( − ξ  w n   t p  )  



(26)







Both ξ and wn is related to A1 and A2. The relationship between A1 and A2 can be determined by determining the maximum frequency deviation threshold η2 in the transient time domain of the system.


   η 2  >   1 −   2 ξ  w n   T  +   (    w n   T  )  2    exp ( − ξ  w n   t p  )  



(27)








3.4. Analysis of Steady-State Frequency Deviation of the System


System steady-state frequency is an important parameter to characterize the long-term power quality of the system. In this section, the error transfer function of power disturbance is used to analyze the influence of A1 and A2 parameter settings on the system’s frequency response in case of a power disturbance.



According to Laplace’s final value theorem and formula (19), the maximum deviation of system steady-state frequency can be obtained as follows:


  Δ  w ∞  =   lim   t → ∞   Δ w ( t ) =   lim   s →  0 +    s Δ w ( s ) =   Δ  P L    D + K  A 1  +   1   −   K  R     



(28)







When the power disturbance occurs in the system, the smaller the maximum deviation of the steady-state frequency of the system, the more stable the system is. When the wind power permeability of the system is higher and higher, the steady-state frequency capability of the system mainly depends on the virtual droop control of the fan. Virtual inertial control does not affect the steady-state frequency deviation of the system.



Therefore, when the maximum allowable deviation threshold η3 and the wind power permeability K of the system are determined, the size of the virtual droop control parameter A1 can be determined.


   A 1  >   Δ  P L     η 3  K   −   1 − K   R K   −  D K   



(29)









4. Case Study


4.1. Simulation Model Construction


4.1.1. Small-Scale System


The IEEE three-machine nine-node simulation system with a high proportion wind power grid connection is built by using the MATLAB/Simulink platform. Based on this, this section will verify the effectiveness of the proposed frequency response model of wind power highly penetrated the system and the accuracy of parameter calculation of two frequency response control strategies of the DFIG. The system structure topology is shown in Figure 5.



The detailed parameters of the simulation system are shown in Appendix A. The generators set, lines, and transformer parameters adopt the Simulink’s own parameters. DFIGs and the other parameters are set according to reference [29].



According to the detailed parameters in Appendix A, we can calculate the frequency domain parameters of the SFR model based on the calculation methods in [18]. The frequency domain response parameters are shown in Table 1.



DFIG wind farm and synchronous generator set G3 are, respectively, connected to bus 9 through a transformer. The wind farm is composed of DFIG with a rated capacity of 1.5 MW, and the wind speed is 9 m/s. The new energy permeability of the power grid is changed by changing the number of wind farm units and the load level of each node. The sudden load increase fault is set at the load L1 according to different simulation requirements.



In order to verify the effectiveness of the proposed model and the accuracy of the calculation formula, two different cases based on the small system are set for simulation verification, as shown below:



Case 1: equal proportion of power disturbance occurs under different permeability conditions of wind power. Compare the frequency response in the frequency-domain and time-domain to verify the accuracy of the model.



Case 2: equal proportion of power disturbance occurs under the same permeability of wind power. Compare the frequency response under different control parameters to verify the effectiveness of the proposed calculation method of control parameters.




4.1.2. 39-Bus System


The IEEE three-machine nine-node system is too small to reflect the frequency response of the real system. This paper models the IEEE-bus New England test system by DIgSILENT Power Factory. The system structure topology is shown as Figure 6. Replace the two synchronous units G30 and G37 with wind farms and modify the permeability of the wind power by changing the output of DFIGs unit. The detailed parameters of the AVRs and turbine governors are set according to reference [28]. The frequency domain response parameters are shown in Table 2, according to [18,28]. The wind farm parameter setting is the same as the Section 4.1.1. The sudden load increase fault is set on Bus 26.



Based on the 39-node system, this paper sets the Case 3:



The permeability of wind power is 20%, and all the DFIGs will participate the frequency response. The case 3 sets the system load in Bus 26 to generate 5% power step disturbance at 10 s. At the same time, this case sets the frequency modulation parameters of the DFIG, according to the calculations in Section 3. Compare the frequency response in the frequency-domain and time-domain to verify the accuracy of the model in large scale system.





4.2. Case 1 Simulation Analysis


In order to verify the correctness of the model proposed this paper, it will be divided into two scenarios: DFIG participating in frequency modulation and not participating in frequency modulation for time-domain and frequency-domain simulation. Compare the reasonable degree of frequency variation between time-domain simulation and frequency domain simulation system, including the frequency response model of the traditional power system (from now on referred to as model 1) and the frequency response model of wind power highly penetrated system (from now on referred to as model 2).



4.2.1. Scenario 1


Scenario 1 sets the wind power permeability to 20%, and the wind power does not participate in the frequency response, that is, A1 = A2 = 0, and sets the system load L1 to generate 6% power step disturbance at 10 s.



As shown in Figure 7, when the DFIG does not participate in the system frequency response, the DFIG output active power remains stable, the rotor speed deviation is tiny, only 0.002 pu, and the rotor speed curves in frequency-domain and time-domain fit well. Comparing the frequency-domain response curves of model 1 and model 2 in Figure 8, the error data can be obtained, as shown in Table 3. The system frequency response curve considering the rotor speed offset proposed in model 2 can better fit the actual system frequency change.




4.2.2. Scenario 2


Scenario 2 sets the wind power penetration rate to 30%, and the DFIG participates in the frequency response, and sets the system load L1 to generate 10% power step disturbance at 10 s.



As shown in Figure 9, when the DFIG participates in the system frequency response, the DFIG rotor speed decreases for power support to 0.8 pu and the rotor speed curves in the frequency-domain and time-domain fit well. Comparing the frequency responses of different models in Figure 10, combined with Table 3, it is proved that model 2 can better fit the actual frequency change of the system at the lowest point of the system frequency and the steady-state frequency point of the system than model 1.



Combined with the simulation results of the two scenarios, when the system does not participate in the frequency response, the error between model 1 and the actual frequency response is small. However, when the system engages in the frequency response, the error increases obviously, so it can no longer fit the exact frequency response. At the same time, it can be verified that when DFIG participates in or does not participate in frequency modulation, the error of model 2 is smaller than that of model 1, so it can better fit the actual frequency response curve of the system.





4.3. Case 2 Simulation Analysis


In order to verify the accuracy of the proposed calculation method, Case 2 sets the same wind power permeability, and the DFIG participates in the frequency response through different control strategy parameter combinations. Set the system load L1 to generate 10% power step disturbance at 10 s.



Concerning the action threshold of relay protection, this section sets the maximum allowable dynamic frequency change rate of the system as η1 = ±0.5 Hz/s. With reference to the low-frequency load shedding action conditions, this section sets the maximum acceptable dynamic frequency deviation of the system as η2 = 0.5 Hz. The maximum permissible frequency deviation of the power system is η3 = ±0.2 Hz.



In Figure 11, 7 groups of different frequency response control combinations are set, but only five of them can be observed, which is in line with the analysis of the steady-state frequency deviation of the system in Section 3.



According to the calculation in Section 3.4, the system meets the requirements of steady-state frequency deviation is A1 > 0. In all control mode combinations, the system’s steady-state frequency deviation requirements are met, which verifies the previous theoretical calculation.



Calculate the RoCoF according to the frequency response of the seven different control parameter combinations set, as shown in Figure 12. According to the calculation formula (20) proposed in Section 3.2, when A2 > 2.13, the system meets the maximum frequency change rate requirements. However, as shown in Figure 12, when A2 > 2.5, the maximum frequency change rate of the system meets the requirements; when A2 < 1.5, the maximum frequency change rate of the system is greater than 0.5 Hz/s. It shows that the calculation formula proposed in Section 3.2 has errors within the allowable range and verifies the correctness of the theoretical calculation.




4.4. Case 3 Simulation Analysis


The system contains multiple generators sets and they are dispersed. When power disturbance occurs in the system, the frequency maybe different on different busbars. In order to simplify the analysis, the authors select the frequency on bus 26, which is close to the sudden load increase. The IEEE-bus New England test system is typical 60 Hz system. In order to compare the change of system frequency more directly, the unit value is used for plotting as Figure 13 shows.



When the power disturbance occurs at 10 s, the frequency decreases immediately. The lowest point of the system frequency reaches 49.6. The comparison of frequency response errors of the two models is shown in Table 4. Whether the frequency lowest point or the steady-state frequency, the model proposed this paper can better fit the frequency response of actual system.





5. Conclusions and Research Prospect


5.1. Conclusions


The paper proposes the frequency response model of the wind power highly penetrated system based on the existing researches. It can not only fit the existing system frequency response better than TSFR, but also reflect the working state of DFIG. Based on this model, it calculates quantitatively the specific values of DFIG frequency modulation parameters, considering the power system’s stable requirement. The validity of the model and the accuracy of the proposed formula is verified by the time-domain simulation of small-scale and large-scale systems.




5.2. Research Prospects


The frequency response model proposed in this paper equates all DFIG in the system to one, which cannot reflect the working state of a single wind turbine. In practice, the working state of the fan is different, and the response ability of participating frequency is different. It only considers two relatively simple frequency response control strategies. When other frequency response control strategies are considered, the calculation will become very complex and there will be the possibility of non-closed loop.



Therefore, the research prospects are as follows:




	
Establishing DFIG frequency response models under different working states (the focus of the next work).



	
Simplifying the calculation of the system frequency stable indexes when the SFR model considers the complex frequency response control strategies.
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Table A1. IEEE’s three-machine nine-node parameters (from Matlab/Simulink).
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Classification

	
Parameters

	
Values






	
Synchronous machine

(G1, G2, G3)

	
Nominal power

	
100 MW




	
Line-to-line voltage

	
13.8 kV




	
frequency

	
50 Hz




	
Reactance Xd

	
1.3125




	
Reactance Xd′

	
0.1813 pu




	
Reactance Xd″

	
0.107 pu




	
Reactance Xq

	
1.2578 pu




	
Reactance Xq′

	
0.4 pu




	
Reactance Xq″

	
0.107 pu




	
Reactance Xl

	
0.0742 pu




	
Inertial time constant H

	
6.4 s




	
Transformer

(T1, T2, T3)

	
Nominal power

	
100 MW




	
Frequency

	
50 Hz




	
Winding 1 V1 (Ph-Ph)

	
13.8 kV




	
Winding 1 R1

	
0.002 pu




	
Winding 1 L1

	
0




	
Winding 2 V2 (Ph-Ph)

	
230 kV




	
Winding 2 R2

	
0.002 pu




	
Winding 2 L2

	
0.0586




	
Magnetization resistance

	
500 pu




	
Magnetization resistance

	
500 pu




	
Transformer

(T4)

	
Nominal power

	
100 MW




	
Frequency

	
50 Hz




	
Winding 1 V1 (Ph-Ph)

	
575 V




	
Winding 1 R1

	
0.002 pu




	
Winding 1 L1

	
0




	
Winding 2 V2 (Ph-Ph)

	
230 kV




	
Winding 2 R2

	
0.002 pu




	
Winding 2 L2

	
0.0586




	
Magnetization resistance

	
500 pu




	
Magnetization resistance

	
500 pu




	
DFIG

	
Nominal power

	
1.5/0.9 MW




	
Line-to-line voltage

	
575 V




	
frequency

	
50 Hz




	
Stator Rs

	
0.00706 pu




	
Stator L1s

	
0.171 pu




	
Rotor Rr′

	
0.005 pu




	
Rotor L1r′

	
0.156 pu




	
Magnetizing inductance Lm

	
2.9 pu




	
Inertia constant H(s)

	
5.04 s




	
Power at point C

	
0.73 pu




	
Wind speed at point C

	
12 m/s




	
Power regulatorgains[kp ki]

	
[1 100]




	
DC bus voltage regulator gains[kp ki]

	
[0.002 0.05]




	
Grid-side converter current regulator

gains[kp ki]

	
[1 100]




	
Rotor-side converter current regulator

gains[kp ki]

	
[0.3 8]
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Figure 1. The traditional frequency response model of the power system. 
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Figure 2. The frequency response model of the wind power highly penetrated system. 
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Figure 3. System frequency response under different wind power permeability. 
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Figure 4. Influence of different control parameters on system frequency. 
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Figure 5. Diagram of the IEEE nine-node system. 
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Figure 6. Diagram of the 39-node system. 
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Figure 7. Simulation results of DFIG root speed in scenario 1. 
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Figure 8. Simulation results of system frequency in scenario 1. 
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Figure 9. Simulation results of DFIG root speed in scenario 2. 
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Figure 10. Simulation results of system frequency in scenario 2. 
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Figure 11. The results of scenario 2 system frequency simulation. 
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Figure 12. The results of the RoCoF simulation. 
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Figure 13. The results of case 3 system frequency simulation. 
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Table 1. The frequency-domain response parameters in small-scale system.
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	Parameter Name
	Parameter Value





	  D  
	2



	  T  
	12 s



	  a  
	0.0812



	  M  
	12 s



	  R  
	0.0124
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Table 2. The frequency-domain response parameters in IEEE 39-node system.
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	Parameter Name
	Parameter Value





	  D  
	0.3



	  T  
	8 s



	  a  
	0.3



	  M  
	4 s



	  R  
	0.05
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Table 3. Frequency error calculation in small scale system.
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Frequency Lowest Point Error

	
Steady-State Frequency Error






	
Scenario 1

	
Model 1

	
0.03 Hz

	
0.02 Hz




	
Model 2

	
0.01 Hz

	
0




	
Scenario 2

	
Model 1

	
0.05 Hz

	
0.07 Hz




	
Model 2

	
0.01 Hz

	
0
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Table 4. Frequency error calculation in large scale system.






Table 4. Frequency error calculation in large scale system.





	

	
Frequency Lowest Point Error

	
Steady-State Frequency Error






	
Case 3

	
Model 1

	
0.04 Hz

	
0.05 Hz




	
Model 2

	
0.01 Hz

	
0
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