

  applsci-12-05447




applsci-12-05447







Appl. Sci. 2022, 12(11), 5447; doi:10.3390/app12115447




Article



Improved Dynamic Power Flow Model with Frequency Regulation by DFIG Integrated through VSC-HVDC Considering Governor Delay of SG



Tingting Sun 1 and Jiejie Huang 2,*[image: Orcid]





1



School of Electrical and Energy Engineering, Nantong Institute of Technology, Nantong 226002, China






2



School of Electrical Engineering, Nantong University, Nantong 226019, China









*



Correspondence: huangjiejie@ntu.edu.cn







Academic Editors: Enrico Cagno, Mohsen Soltani, Edris Pouresmaeil and Pooya Davari



Received: 17 April 2022 / Accepted: 24 May 2022 / Published: 27 May 2022



Abstract

:

The doubly-fed induction generators (DFIGs) integrated to the grid through the voltage source converter-high voltage direct current (VSC-HVDC), the cascaded droop control from the system frequency to the DC voltage, then to the active output of the DFIG, was applied to enhance the frequency regulation capability of the power system. The improved dynamic power flow (DPF) model was newly proposed to quantify the frequency response of the coordinated regulation with the inertia of the VSC-HVDC and the DFIGs, and the primary regulation of the synchronous generators (SGs) and the DFIGs. New features of the proposed model include: (i) the SGs’ output in the DPF considering the governor delay, (ii) setting of the virtual inertia of the VSC-HVDC within the DC voltage constraint, and (iii) variable inertia of the DFIGs following changing the kinetic energy of the rotor. The numerical results show the feasibility of the proposed model, and validate the regulation effect and accuracy of the modified inertia of the DFIGs and the maximized virtual inertia of the VSC-HVDC.






Keywords:


dynamic power flow; doubly-fed induction generator (DFIG); voltage source converter-high voltage direct current (VSC-HVDC); frequency regulation; inertia constant; governor delay












1. Introduction


With the merits of flexible configuration and control, the voltage source converter-high voltage direct current (VSC-HVDC) transmission has received wide applications in recent years [1,2]. It is a desirable choice to integrate the offshore wind power generated by the wind turbine generators, e.g., doubly-fed induction generator (DFIG), to the power system [3,4,5,6].



The DFIGs under the derated mode may respond to system frequency change with the over-speed or the pitch angle control [7]. Instead of a wide-area signal, the virtual inertia/droop control responding to the local frequency may be applied [8,9,10,11]. But for the DFIGs integrated through the VSC-HVDC, the system frequency is more vulnerable to the disturbances and faults, due to not only the fluctuation of the wind power but also the isolation of frequency response of the DFIGs by VSC-HVDC. The cascaded droop control from the system frequency to the DC voltage of the VSC-HVDC and then to the active output of the DFIGs is an effective scheme [12]. With the virtual inertia control [13,14], the stored energy of the DC capacitor of the VSC-HVDC is released to provide fast support to the system frequency. Then according to the drop of the DC voltage of the VSC-HVDC, the DFIGs change their output by releasing their kinetic energy and reserved power.



To study frequency regulation of power systems with the DFIG integrated through VSC-HVDC, the time domain analysis is often used [15,16,17], which is accurate but time-consuming due to numerous faults and disturbances, thus the simplified models are desirable. With only one differential equation, i.e., motion equation, the dynamic power flow (DPF) model estimates the regulation effect of the synchronous generator (SG) [18,19], and quantifies the system frequency [20,21]. It is easy to include the DFIG or the VSC-HVDC, but the DPF model with the coordinated regulation by the SGs and the DFIG integrated through the VSC-HVDC is not found in the existing literature. The difficulties lie in,



	(1)

	
Based on the static frequency characteristic, the SGs respond very fast to the frequency change, but the actual reaction, especially of the thermal SGs, is slower due to the governor delay [22]. The output change is not instantaneous. The governor delay is considered in [23] by simply treating the output as zero, then stepping up to the set value. A more accurate delay model is desirable for the DPF to improve the accuracy of the frequency regulation. With the slow support from the SGs due to the governor delay at the early stage of the regulation, a large deviation of the frequency occurs due to the delayed support from the SGs, leading to a frequency nadir that is smaller than the post-disturbance steady-state frequency.




	(2)

	
The equivalent inertia of the DFIG is critical for its frequency regulation capability [24,25]. It is often set fixed based on the initial rotor speed before regulation [26]. Since the inertia of the DFIG is related to the kinetic energy of the rotor, the rotor speed change during frequency regulation needs to be considered when determining the inertia of the DFIG. A fixed inertia overestimates the regulation capability of the DFIG. To improve the accuracy of the DPF model, dynamic correction to the inertia of the DFIG based on the changing kinetic energy is necessary.




	(3)

	
The inertia of the VSC-HVDC is not set freely, but decided by the constraint of the DC voltage. With the cascaded droop control, the drop of the DC voltage shows the frequency drop and is finally decided by the system inertia. The frequency nadir is a critical constraint to set the system inertia. As stated earlier, to estimate the nadir, the transient frequency response instead of the steady state frequency deviation is needed, which is more difficult with DFIG participating in frequency regulation through VSC-HVDC [27].







In this paper, to quantify the frequency regulation capability of the DFIGs integrated through the VSC-HVDC, the DPF model is improved with the cascaded droop control from the system frequency to the DC voltage and then to the active output of the DFIGs. For a more accurate frequency response, the governor delay is considered in the output of the SGs, the virtual inertia of the VSC-HVDC is set based on the estimation to the frequency nadir and constraint of the DC voltage. The inertia of the DFIG is corrected according to the changing kinetic energy. The numerical results show the feasibility of the proposed model, and validate the regulation effect and accuracy of the modified inertia of the DFIGs and the maximized virtual inertia of the VSC-HVDC.




2. DPF Model Considering Governor Delay of SG


2.1. Traditional DPF Model


When the power system operates under the steady-state condition, the active power output of the SG (denoted as PG) is balanced with the mechanical power supplied to the SG by the driving turbine (denoted as PG,M). Upon the occurrence of the load disturbance, the unbalance between active power output and mechanical power of the SG yields the change of rotor speed, and simultaneously the change of frequency. To analyze the dynamic of the system frequency, the dynamic power flow (DPF) model is applied, which characterizes the dynamic change of the system frequency based on Equation (1).


  2  ∑   H G    f   d f   d t   =  P  acc   =  ∑   P   G , M      −  ∑   P L    −  P  loss    



(1)




where f is the system frequency, HG is the inertia of the SG, PG,M is the mechanical power supplied to the SG by the driving turbine, PL is the active load, Ploss is the active power loss of the system, Pacc is the accelerating power of the system, t is time, and d/dt is the differentiation to t.



As for the right-hand side of Equation (1), PG,M equals to PG under steady state operation, and in this case,    ∑   P   G , M      −  ∑   P L    −  P  loss     equals to    ∑   P G    −  ∑   P L    −  P  loss    , which is zero due to the electrical power balance of the system. When load disturbance occurs, the active power of SG (PG) instantly responds to the load variation, leading to unbalance between active power (PG) and mechanical power (PG,M) of the SG. This power unbalance is denoted as the accelerating power (Pacc) in the dynamic power flow analysis [20], which is calculated with the right-hand side of Equation (1). The variation of the rotor speed is obtained based on the inertial response of the SG. Since the frequency of the SG is determined by the rotor speed, the dynamic frequency is evaluated based on Equation (1), which is transformed from the rotor motion equation of the SG.



As to the description of the system frequency with the SGs in the dominant position, the average system frequency (ASF) model [18] is adopted, which defines the system frequency by the average value of the frequency of the SGs considering their respective inertias, i.e., for a system with n SGs, system frequency is defined as   f =   ∑  m = 1  n    f m   H m    /   ∑  m = 1  n    H m     .



With the inertia release and the primary frequency control, the active power output of the SG is decided by the inertia, the static frequency characteristics, and the change of frequency, i.e., Δf. For bus i, the power constraints are given by,


   {    Δ  P i  = (  P   G , M  i 0   −  K   G , M  i   Δ f ) − (  P  L i 0   +  K  L i   Δ f ) −    H  G i      ∑ H     P  acc   −  P i  = 0     Δ  Q i  =  Q  G i 0   −  Q  L i 0   −  Q i  = 0      



(2)




where KG,Mi and KLi are the coefficients of the static frequency characteristics of the SG and the load, and the subscript 0 denotes pre-disturbance parameters.



After calculating the system frequency based on Equation (1), the active power injected by the generators and the active power of the loads are modified considering the frequency change, and their modified values are then used for the power flow analysis. The obtained power flow results still adhere to the active power balance constraint. By solving (1) and (2) at each time step Δt, the power flow distribution and system frequency will be found. Compared with the power flow model, the power constraint of the swing bus is added in the DPF model, and Pacc is introduced to quantify the system frequency.




2.2. SG Model with Governor Delay in DPF


In traditional DPF, the output of an SG participating in the primary frequency regulation is given by,


  Δ  P   G , M    = −  K   G , M    Δ f  



(3)







However, the response of the governor system of the SG takes time, thus adjustment of the output of the SG has some delay, which may be described by the 1st order as shown in Figure 1, where T is the time constant [22].



With a step signal r(t) as the input, the response of the governor is given by,


  h ( t ) = 1 −  e  −  t T     



(4)







At each time step, Δf is obtained, and the output of the SG is adjusted with Δf, as shown in Figure 2.



By combining (3) and (4), the SG’s output at the m-th time step is given by,


  Δ  P   G , M  m   = −  K   G , M    Δ  f m   (  1 −  e  −  t T     )   



(5)




where Δfm = fm − fm−1.



Based on the superposition principle, the total active power output of the SGs with the governor delay is given by,


  Δ  P   G , M    = −   ∑  m = 1  n    K   G , M    Δ  f m   (  1 −  e  − ( n + 1 − m )   Δ t  T     )     



(6)




where n is the time interval in the DPF analysis.





3. Cascaded Droop Control to DFIG Integrated through VSC-HVDC for Frequency Regulation


With the DFIG integrated into the system through the VSC-HVDC, the transmission of the system frequency signal to the DFIG needs telecommunication across the VSC-HVDC, which has the drawbacks of low reliability and high latency. The cascaded droop control from system frequency to the DC voltage, then to DFIG’s output, as given in Figure 3, is a local control strategy, where fwt is the frequency at the DFIG side, Kfwt/UDC is the droop coefficient between fwt and UDC.



With the virtual inertia control applied to the DC capacitor, the DC voltage varies as the DC capacitor releases stored energy to provide active power support. The DFIG adopts the DC voltage deviation as the input signal of the droop control, to adjust its active power output to participate in the frequency regulation.




4. Virtual Inertia Control of the VSC-HVDC


4.1. Virtual Inertia Control of DC Capacitor


Referred to the motion equation of the SG, based on the power balance of the DC capacitor (7), the virtual inertia control of the VSC-HVDC is given in (8).


    N  C  DC    U  DC      S  VSC       d  U  DC     d t   =  P  in   −  P  out    



(7)






    N  C  DC    U  DC      S  VSC       d  U  DC     d t   = 2  H  DC     d f   d t    



(8)




where UDC is the voltage, CDC is the capacitance, HDC is the virtual inertia, Pin and Pout are the input and output powers, N is the number of the DC capacitors, and SVSC is the rated capacity of the VSC. As for Equation (7), variables on the right side are per unit values. Meanwhile, variables on the left side are actual values. SVSC is not only the rated capacity of the VSC, but also the base capacity of the system. In this case, the left side of Equation (7) also yields the result in per unit value. The number of capacitors N is set to 2 to indicate the two capacitors in the VSC-HVDC transmission belonging to the VSCs at the two ends of the transmission line. The capacitors can also be handled as an equivalent single capacitor, which can be referred to in [12].



Integral to (8) yields the incremental relation of the DC voltage and the system frequency,


  Δ  U  DC   =  (      4  H  DC    S  VSC      C  DC   N  U   DC 0   2    Δ f + 1   − 1  )   U   DC 0     



(9)








4.2. Initialization of HDC Based on Frequency Nadir


With (9), the equivalent inertia of the VSC-HVDC is given by,


   H  DC   =     N  C  DC    U   DC 0   2    2  S  VSC      [     (    Δ  U  DC      U   DC 0      + 1  )   2  − 1  ]    2 Δ f    



(10)







As stated in Section 2.2, the SGs with governor delay cannot provide fast support after disturbance, thus yielding the frequency nadir. According to HDC and Δf, the virtual inertia control adjusts the reference of the DC voltage, thus the frequency nadir is a constraint to set HDC. In the following, based on estimation to frequency nadir, HDC is determined to provide inertia to restore system frequency without violating the constraint of the DC voltage.



Since f is close to 1 even at the early stage of the regulation, a derivative of system frequency is simplified as,


    d f   d t   =    P  acc     2    ∑ H   G  f   ≈    P  acc     2  ∑   H G       



(11)







The accelerating power at the start of the load disturbance is denoted as Pacc0, and approximates to 0 at the frequency nadir. Without losing generality, the nadir is reached after l time intervals in the DPF analysis. The maximum Δf, i.e., Δfmax will be solved by combining (12) and (13).


  Δ  f  max   =   (  P  acc 0   + 0 ) / 2   2  ∑   H G      Δ t l  



(12)






    Δ  f  max    l   ∑   K   G , M       (  l −   ∑  m = 1  l    e  − Δ t m / T      )  + Δ  f  max    ∑   K L    =  P   acc 0     



(13)







Since a large deviation of the DC voltage, e.g., more than ±5%, is not acceptable [28], with the frequency drop, ΔUDC is set to −5% of UDC0 to determine HDC to fully utilize the inertia of the VSC-HVDC. Thus, the ΔUDC and Δfmax are obtained separately.





5. Frequency Regulation by DFIGs Integrated by VSC-HVDC


5.1. Derated Mode of DFIG


When ignoring the active power loss of the DFIG and assuming that the induction generator and converters provide a fast response, the output of the DFIG can be approximated to the captured power of the wind turbine (WT), i.e., Pwt. The relationship of Pwt to the rotor speed, i.e., ωwt, is shown in Figure 4, where υci is the cut-in wind speed υ, υlm and υhm are the critical values between the slow, the medium, and the high ranges of υ. The subscript max denotes the maximal value.



Under the maximum power point tracking (MPPT) mode, the WT operates along the curve ABC, while under the derated mode, the DFIG operates along the curve DEF to reserve power for frequency regulation.



The DFIG may participate in the frequency regulation as the SGs do, by applying the droop control that enables the DFIG to adjust its power output under circumstances of frequency deviation. In this case, Pwt is given by,


   P  wt   =  P   wt , der    −  K  DFIG   Δ f  



(14)




where subscript der denotes the derated mode, and KDFIG is the coefficient of the droop control that adjusts the captured power of WT Pwt in response to the system frequency deviation Δf.



With the virtual inertia control to the DC capacitor and the variable frequency control applied to the VSC at the wind farm side, Δf is sensed by the DFIG indirectly through ΔUDC, thus (14) is modified to (15) and included in the DPF model to estimate the frequency regulation capability of the DFIG integrated through the VSC-HVDC.


   P  wt   =  P   wt , der    −  K  DFIG   Δ  f  wt   =  P   wt , der    −  K  DFIG    K   f  wt      / U    DC     Δ  U  DC    



(15)








5.2. Correction to Inertia of DFIG Based on Kinetic Energy of Rotor


The DFIGs initially operate under the derated mode, then the power reserve is released together with the reducing kinetic energy to prevent frequency drop. It is clear that the kinetic energy reduces when the rotor speed reduces, thus the existing fixed inertia corresponding to the initial rotor speed overestimates the regulation capability.



The application of the over speed/pitch angle control depends on the wind speed range, and the rotor speed of the WT is adjusted based on the control strategies, which contributes to the inertia of the DFIG.



	(1)

	
With high wind speed, the rotor speed is fixed at the rated value. The pitch angle control is applied to regulate the frequency. No kinetic energy is released, thus HDFIG is 0.




	(2)

	
With medium wind speed, the over-speed and pitch angle control may be applied, with ωwt approximately changing in a linear manner during frequency regulation,


   ω  wt   =  ω   wt , opt    +    P   wt , opt    −  P  wt   ( β )    P   wt , opt    −  P   wt , del      (  ω   wt , max    −  ω   wt , opt    )  



(16)




where β is the pitch angle. HDFIG is then solved similarly to that under low wind speed in the following.




	(3)

	
With low wind speed, only the rotor speed control is applied, and the nonlinear relationship between the output of the DFIG and ωwt based on the cp function is given by,


   c 1   (    2  c 2   υ w     ω  wt   D   −  c 2   c 9  −  c 6   )   e  −   2  c 7   υ w     ω  wt   D   +  c 7   c 9    =  (  1 −  k  der    )   c   p , opt    −   2  S B   K  DFIG   Δ  f  wt     ρ A  υ w 3     



(17)




where cp is the power utilization coefficient of WT; c1–c9 are the parameters to describe cp; D is the diameter of the blade; A is the sweeping area; ρ is the air density; kder is the derating coefficient. The subscript opt denotes the MPPT mode.







By transforming ωwt to the rotor speed of the DFIG, i.e., ωr, the kinetic energy of DFIG is given by,


   {     ω r  = p η  ω  wt       Δ  E  DFIG   =  1  2  p 2    J (  ω r 2  −  ω   r , opt   2  )      



(18)




where p is the pole pair numbers, η is the gear ratio, and J is the total inertia moment of the DFIG.



With the base power SB, the inertia HDFIG of the DFIG is given by,


   H  DFIG   =   Δ  E  DFIG      S B    =  1  2  p 2   S B    J (  ω r 2  −  ω   r , opt   2  )  



(19)









6. Improved DPF with Frequency Regulation of DFIG Integrated through VSC-HVDC


6.1. Improved DPF with DFIG Integrated through VSC-HVDC Considering Governor Delay of SG


With the DFIG participating in frequency regulation through the VSC-HVDC, the inertial response of the DC capacitor and the DFIG is represented by the equivalent inertia constants. The virtual inertia control to the DC capacitor is applied, and its equivalent inertia constant is quantified based on Equations (7)–(10). As for the DFIG, its inertia is quantified by the stored kinetic energy in the rotor that can be released during the frequency regulation, as quantified by Equations (16)–(19). So, as for the VSC-HVDC integrated DFIG, the inertial response is added to the combined inertia of the conventional SGs, as shown in Equation (20), to include both the traditional SGs and the enabled inertial support from the DC capacitor and the DFIG.


   ∑  H ′   =  ∑   H G    +  H  DC   +  H  DFIG    



(20)







Considering the governor delay, the active power constraint of bus i is corrected,


  Δ  P i  =  (   P   G , M  i 0   −   ∑  m = 1  n    K   G , M    Δ  f m   (  1 −  e  − Δ t ( n + 1 − m ) / T    )     )  −  (   P  L i 0   +  K  L i   Δ f  )  −    H  G i      ∑  H ′      P  acc   −  P i  = 0  



(21)







The drop of UDC shows the drop of f. It is introduced to the droop control of the DFIG. The output of the DFIG is corrected by (15). The accelerating power is decided by HDC and HDFIG. The active power constraint of the public coupling point is given by,


  Δ  P i  =  P   wt , der    −  K  DFIG    K   f  wt      / U    DC     Δ  U  DC   −    H  DC   +  H  DFIG      ∑  H ′      P  acc   −  P i  = 0  



(22)







Finally, the improved DPF model with the frequency regulation by the DFIG integrated through VSC-HVDC and the SG of governor delay is shown in Figure 5. Compared with the existing DPF model, the governor delay is considered in the output of the SGs, and the virtual inertia of the VSC-HVDC is set based on the estimation to the frequency nadir and constraint of the DC voltage. The inertia of the DFIG is corrected according to the changing kinetic energy for a more accurate frequency response.




6.2. Optimization of HDC Based on Improved DPF


When initializing HDC, estimation of the frequency nadir considers frequency regulation by the SGs. The conservative value is adopted for a feasible solution. With the active power support from the DFIG, the frequency nadir is increased, yielding larger HDC and more inertia support from the VSC-HVDC.



Therefore, to further increase the system inertia, the proposed DPF model may be applied to evaluate the maximum DC voltage deviation with existing HDC, and its value is adjusted to provide the maximum inertia without violating the constraint of the DC voltage. The optimization of HDC is carried out in each time step for the optimal inertia during the process of frequency regulation, as shown in Figure 6.





7. Numerical Analysis


To validate the proposed model, the IEEE 14-bus system is applied [29]. A wind farm with 100 2-MW DFIGs is connected to bus 7 through the VSC-HVDC. The rated frequency is 50 Hz. The parameters related to the frequency regulation of the SG and DFIG may be found in [26]. Other parameters are given by, kder = 20%, υlm = 8.79 m/s, υhm = 11.09 m/s, CDC = 3.75 mF, N = 2, SVSC = 100 MW, UDC0 = 100 kV. The adopted scenario of the load disturbance is the increase of active load at bus 13 (30 MW) and bus 14 (20 MW).



7.1. Coordinated Frequency Regulation by SG and VSC-HVDC


With different governor delays, the initialization of HDC based on estimation of the maximum frequency deviation is given in Table 1.



With HDC fixed at the initialization value, the impact of virtual inertia control by VSC-HVDC on the frequency is shown in Figure 7.



If the governor delay of the SG is ignored, the system frequency drops without oscillation. The nadir is the steady state value. When considering the governor delay, the SG cannot provide full support at the early stage, e.g., 0–1 s. With the virtual inertia control of the VSC-HVDC, the DC voltage is temporarily reduced to slow down the frequency drop (see Figure 7a). After activation of the primary control, the SGs’ output is adjusted according to the static frequency characteristics. The system frequency reaches the steady-state value, but the nadir occurs at the early stage of the regulation, and is lower than that without the delay. It is also found that the larger delay yields a slower process to reach the steady state value.



The DC voltage deviation is controlled to be within the security constraint at the frequency nadir (see Figure 7b). The conservative setting to HDC guarantees the security of the DC capacitor with maximum frequency deviation.




7.2. Regulation Impact by DFIG Integrated through VSC-HVDC


Besides the virtual inertia control of the VSC-HVDC, the DFIG participates in frequency regulation. With the governor delay T = 0.4 s, the DPF results under low, medium, and high wind speeds (8.5 m/s, 9.5 m/s, 11.5 m/s respectively), are shown in Figure 8. The steady-state solution of the power flows is given in Table 2.



With the inertia support from the DFIG, the transient drop rate of the frequency is reduced. Under the high wind speed, the rotor speed of the DFIG is fixed at the maximum value. No inertia is provided, leading to the comparatively weak regulation capability (see Figure 8a). The rotor speed of the WT is adjusted to reach the captured power to respond to frequency drop (see Figure 8d). The rotor speed is shown in Figure 8c, indicating that the kinetic energy changes during the regulation. Thus, the constant inertia based on the initial rotor speed overestimates the DFIG’s inertia, and requires dynamic correction based on the change of the rotor speed (see Figure 8e).



With the active power reserve of the DFIG for the primary regulation, the steady-state frequency is increased (see Figure 8a). The DFIG has a sufficient reserve for the frequency regulation under all wind speeds, as seen from the same steady-state frequency and the same increased active power output (see Table 2).



With an increased output of DFIG, the frequency nadir is raised, leading to less DC voltage deviation (see Figure 8b), thus the inertia of the VSC-HVDC may be further increased.




7.3. Enhanced Frequency Regulation Capability with Optimization of HDC


The steady state power flows before and after the optimization of HDC are given in Table 3. The increased inertia provided by the VSC-HVDC with the optimized HDC based on the improved DPF model is validated as shown in Figure 9.



With the optimized HDC, the inertia provided by the VSC-HVDC is further enhanced, thus the transient drop rate of the system frequency is reduced (see Figure 9a,c,e). The maximum UDC approaches the constraint, showing that the stored energy in the DC capacitor is fully utilized to prevent frequency drop (see Figure 9b,d,f)). The larger deviation of the DC voltage leads to more output of the DFIG (see Table 3), and less deviation of the steady-state frequency. The above conclusions are validated under different ranges of the wind speed.





8. Conclusions


For the DFIGs integrated through the VSC-HVDC, the cascaded droop control is introduced to the DPF model for the coordinated regulation with the inertia of the VSC-HVDC and the DFIG, and the primary regulation of the SG and the DFIG, where the SGs’ output considers the governor delay, the inertia of the VSC-HVDC follows the DC voltage constraint, and the inertia of the DFIG changes with the kinetic energy.



Some conclusions are yielded as follows:




	(1)

	
Ignorance of the governor delay of the SGs yields an optimistic estimation of the frequency oscillation and nadir. With the governor delay, the frequency nadir occurs at the early stage of the frequency regulation due to not being fully supportive of the SGs. With the larger delay, a longer time is needed to reach the steady state frequency.




	(2)

	
With the virtual inertia control of VSC-HVDC, releasing the stored energy in the DC capacitor reduces the drop rate of the frequency at the early stage of regulation. Initialization of HDC based on estimation of the frequency nadir provides more inertia support to the system frequency without violating the constraint of the DC voltage.




	(3)

	
With the DFIG participating in frequency regulation through the VSC-HVDC, the transient drop rate and the steady-state deviation of frequency are further reduced. The rotor speed and kinetic energy of the DFIG vary during the frequency regulation, thus the equivalent inertia needed to be modified accordingly.




	(4)

	
Optimization of HDC based on the improved DPF model maximizes the virtual inertia of the VSC-HVDC for a better frequency regulation effect.
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Figure 1. First-order model of governor delay. 
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Figure 2. Change of active power output target of SG at time steps of DPF model. 
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Figure 3. Frequency regulation by DFIG integrated through VSC-HVDC. 
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Figure 4. Captured power versus rotating speed of WT. 
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Figure 5. Improved DPF model with DFIG integrated through VSC-HVDC. 
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Figure 6. Optimization to HDC using improved DPF model. 
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Figure 7. Impact of virtual inertia control by VSC-HVDC on frequency regulation: (a) System frequency; (b) DC voltage. 
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Figure 8. DPFs under different wind speeds: (a) System frequency; (b) DC voltage; (c) Rotor speed of DFIG; (d) Captured power of WT; (e) Inertia of DFIG. 
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Figure 9. Comparison of dynamic power flows before and after optimization of HDC: (a) System frequency under low wind speed; (b) DC voltage under low wind speed; (c) System frequency under medium wind speed; (d) DC voltage under medium wind speed; (e) DC voltage under high wind speed; (f) DC voltage under high wind speed. 
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Table 1. Initialization of HDC considering governor delay.
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	T (s)
	0
	0.2
	0.4
	0.6
	0.8
	1





	Δfmax (p.u.)
	–0.0042
	–0.0059
	–0.0075
	–0.0083
	–0.009
	–0.01



	HDC (s)
	3.10
	2.47
	1.95
	1.76
	1.62
	1.46
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Table 2. Steady state power flows under different wind speeds before and after load disturbance.
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Parameter

	
Pwt (p.u.)

	
ΣPG (p.u.)

	
ΣPL (p.u.)

	
ΔPwt (p.u.)




	
Wind Speed

	






	
Low

	
Before

	
0.5257

	
3.6804

	
4.1900

	
0.0646




	
After

	
0.5903

	
4.0725

	
4.6194




	
Medium

	
Before

	
0.7338

	
3.4678

	
4.1900

	
0.0645




	
After

	
0.7983

	
3.8593

	
4.6195




	
High

	
Before

	
1.2963

	
2.9085

	
4.1900

	
0.0643




	
After

	
1.3606

	
3.2987

	
4.1697
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Table 3. Steady state power flows under different wind speeds before and after optimization of HDC.
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Parameter

	
Pwt (p.u.)

	
ΣPG (p.u.)

	
ΣPL (p.u.)




	
Wind Speed

	






	
Low

	
Before

	
0.5903

	
4.0725

	
4.6194




	
After

	
0.6140

	
4.0522

	
4.6231




	
Medium

	
Before

	
0.7983

	
3.8593

	
4.6195




	
After

	
0.8219

	
3.8392

	
4.6232




	
High

	
Before

	
1.3606

	
3.2987

	
4.1697




	
After

	
1.3816

	
3.2812

	
4.6229

















	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2022 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
fHz)

@
100
95
%
955
%
215
Eo
965
9%
955
o R S R R N A R R )
©
®)
With SG and virtual inertia conirol by DC capacitor
T=0s—T=02s — T'=04s — T=06s — T=08s T=1s
With SG only

-T=08---T=





media/file4.png
G.M

...... iAP G,Mm
AR\,
APG,MI
Y »
Ly L 1, L m [





media/file18.png
Hprig (S)

O =W = NN

ke

i
l\)_

3 4 5
t(S)

(e)
—— Without frequency regulation by DFIG
—— Low wind speed Medium wind speed —— High wind speed






media/file3.jpg





media/file19.jpg
<199
S
=408
®HT 3 4 5 o0 1 2 3 4 s
‘© ‘©
@ ®
% 100
199 Sos
=] e
= 498 5
= o]
o3 3 4 5 o i 3 3 i
1) 1)
© @
e 100,
< 499
g
= 49.8]
4975 T3 d o 1 2 3 4 s
1) 1(s)
(@) ®

—— Before optimization —— After optimization





media/file7.jpg
P

Wt p
wima






media/file10.png
l Correction to stored Correction to Wind speed and

Load . :
disturbance — B kinetic energy in rotor rotor speed derated level
:Dynamic correctionto | o — — ——_—_—
I Hprig T— . .
Dynamic Equivalent inertia time IDifsizil oo’ o Correction to active
equation of — accelerating power power output
frequency || | '———————————
Y : .
Accelerating Power .ﬂow solution with p—
power DFIG integrated through
v VSC-HVDC
Frequency Load static Emg VSC-HVDC
variation > frequen.cy.
characteristic A A
y Output power Droop controls

of DC voltage
and frequency
at DFIG side

adjustment

A

Distribution of
accelerating
power

Equivalent inertia time
| ot Initialization
| to HDC
g Virtual inertia DC voltage security
|
|

control constraint






media/file14.png
f(Hz)

——T=0s

~—=T=0s---T=02s —— T=048 ——-T=068 ———-T=08s — -

Upe (kV)

50
49 95
499
49 85
49 8
4975
497
49.65
49.6
4955
495

100
99.5
99
98.5
98
97.5
a7
96.5
96
95.5

-
-

-

-
]

95

3 6 7
t(s)

(b)

With SG and virtual mertia control by DC capacitor

I'=02s

IT'=04s I'=06s
With SG only

I'=08s

IT'=1s

T'=1s





media/file11.jpg
Initialization to Hpc

¥

Improved dynamic power

flow analysis

HD(‘_HD(_A Hpc

Hpc=Hpc+ A Hpe

No

A Upc<-0.045pu

A Upc>—0.05pu






media/file6.png
Frequency regulation
by DFIG WFVSC £y P, GSVSC AC Bus of
) > =g PCC

J{ P =S I R
O @}# i L. E /P

| Virtual inertia control of
AC Bus of :
df Variable | ____DC capacitor ___ | D S |
wind tarm frequency | Accelerating power| |
control ! . |
AP, - 772 it I 4 Dynamic power !
A ! DFIG pe flow algorithm !
"_______________v_ _________________________ A e T \ 4 :
I
< AUL. < A
I

A < :
AP =K ppig A o " A« =Ks 0, AUpc Lo





media/file15.jpg
50 499
5% 97
_499 49.7 = 95
) ] 04 Z 0.1 04
S48 207
S
49.7
01 2 3 5 20 37 3 4 5
1(s) 1(s)
@ ®)
440 14
Z 420 12
£\
3380 F08
360 0.6
0o 1 2 4 s 0 1 2 1






nav.xhtml


  applsci-12-05447


  
    		
      applsci-12-05447
    


  




  





media/file2.png
r(t) 1 h(r)
Is+1






media/file20.png
—— Before optimization

After optumization

50 . 100,
o 49.9 £ 08
T =,
~ 49.8 — =
~ 06
49.7 l J - - - -
0o 1 2 3 4 3 0 2 3 4 5
t (s) f(s)
(a) (b)
0. 100,
_ 499 > 03
X i
z <
— 490.8 o
06 |
49.7 - - .
0 1 2 3 4 5 0 2 3 4 5
f(s) f(s)
(c) (d)
5. 100,
S
~ 49.9 2, 98
- 0
= 498 <)
' 06 |
Vi1 3 3 4 5 0 2 3 4
() f (s)
(e) (f)





media/file5.jpg
Frequency regulation .
by DFIG WFVSC h P GsvsC AC Bus of
—2 pec
Py
AC
R A
ACBusof | yarigple - / ;
wind fm | equency [Acecleratng power| |
an, gontrol . -} Dynamic pover | |
fow algorthm | |

o AUy of

g
5






media/file1.jpg
r(®)

h(t)

Ts+1






media/file16.jpg
0]
(e)

——  Without frequency regulation by DFIG

—— Low wind speed —— Medium wind speed —— High wind speed





media/file12.png
Initialization to Hpc

Improved dynamic power
flow analysis

Hpc=Hpc+ A Hpc

A UDC>—O.05pu






media/file9.jpg
Load

disturbance

| oo speed

Dy Correction to active
equation of
frequeney

ower output

Fower Tow slaion il
=
el DG g through
Vs
Tonl
Fregueney
aton = H
chrstraic

Output power C Droop controls
adjustment of DC volt

and frequency

at DFIG side

Distribution of

accelerating pover

Distribution of

accelerating
Ll Tnitalizaton | pow

Equivalent ineria time

10 Hoc
Virtual inertia DC voltage seeurity
control constraint






media/file0.png





media/file17.png
J (Hz)

49.9\
49.7\ —~
0.1 0.4 g
=
5
> 3 5
1(s)
(a)
o 1 2 4 5

99

95

N

z

99

97\
95 '
0.1 0.4
0 1 2 3 4
1 (s)
(b)
14—
1.27
1_
0.8
0.6 — — ,
0 1 2 4






media/file8.png
P

PWt‘

wt,ma






