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The kinetic energy stored in the doubly-fed induction generators (DFIG)-based wind farm can be utilized to sustain the dynamic system frequency. However, difficulties arise in determining the control gain to effectively improve the frequency nadir and smoothly return to the maximum power point tracking (MPPT) operation. This paper addresses a two-phase short-term frequency response (STFR) scheme to boost the frequency nadir and minimize the second drop in the system frequency based on a piecewise control gain. To achieve the first goal, a constant control coefficient, which is determined according to the initial operating conditions of the DFIG-based wind farm, is employed until the frequency nadir produces. To achieve the second goal, the control coefficient, which changes with time, facilitates to smoothly return to the MPPT operation. The effectiveness of the proposed two-phase STFR scheme is verified under various wind power penetration levels, wind speeds, and disturbances. The results reveal that the frequency nadir is improved, and simultaneously, it smoothly returns to the MPPT operation and minimizes the second drop in the system frequency.
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INTRODUCTION
During the past few years, the power grid with renewable power generations has been experiencing a reduction of the primary frequency response capability and system inertia response capability (Xiong et al., 2020)− (Xiong et al., 2021a; Xiong et al., 2021b). The reason is that conventional synchronous generators (SGs) are replaced by electronic converter-based renewable power generations, which cannot provide the system inertia response and primary response. This tendency continues to increase in renewable power generation-dominated power systems (Yang et al., 2018). Hence, renewable power generations are required to provide frequency response functions to boost the system frequency nadir (National Grid UK, 2010; EirGrid Grid Code Version 6.0, 2015).
Electronic converter interfaced variable-speed wind turbine generators (VSWTGs), e.g., doubly-fed induction generators (DFIGs), which are the most promising replacement for SGs, are able to provide frequency response functions for sustaining the dynamic system frequency by designing the control strategies (Dreidy and Mokhlis, 2017)− (Wu et al., 2019).
The frequency response functions include long-term frequency response (utilizing reserve power of the VSWTGs implemented by over-speed control, pitch angle control, or both of them) (Ye et al., 2019; Cai et al., 2020), and short-term frequency response (utilizing kinetic energy of the VSWTGs).
When performing long-term frequency response, the VSWTGs are forced to operate in deloading mode. Although it ensures a secure reserve power for supporting the system frequency, significant annual wind energy loss is inevitable. Furthermore, the slow response of the pitch angle control and increasing mechanical stress caused by frequent activations of pitch angle are not beneficial to participate in frequency support (Li et al., 2017; Yang et al., 2021a).
Short-term frequency response (STFR) sustains the dynamic system frequency based on two additional control loops: df/dt control loop and droop control loop. Vyver (2016) shows that even though the df/dt loop can emulate the inertia response of SG to boost the system frequency nadir, it creates a power system instability due to the noise in the system frequency. The droop control can emulate governor response of SGs and is taken into account as an alternative inertial control of VSWTGs (Li et al., 2017). The contribution of droop control is analyzed and with various constant control gains, it illustrates that the droop control with fixed gain is not suitable for various wind speed conditions and may cause stalling of the DFIG (Margaris et al., 2012; Hu and Wu, 2019). The variable control gain is, thus, suggested for boosting the frequency stability while preventing stalling of DFIGs (Lee et al., 2016; Hu and Wu, 2019). However, the control gain of Ref. (Lee et al., 2016) is a quadratic function of the rotor speed, and it is not feasible to be implemented in the DFIG. To avoid this, the linear control gain is suggested to provide approximated performance of the quadratic droop control gain (Hu and Wu, 2019).
After the frequency support phase, returning to the maximum power point tracking (MPPT) operation and rotor speed recovery may potentially create a second drop in the frequency (Garmroodi et al., 2018). To mitigate it, the authors reset the setting of the governor response to provide more output power from SGs (Xu et al., 2018). Another strategy employs energy storage systems to prevent the second drop in the frequency when returning to the MPPT operation (Wu et al., 2017). However, both strategies require additional investments for additional reserve power of SGs and energy storage systems (Bao et al., 2020). Furthermore, (Zhong et al., 2021; Kheshti et al., 2019) mention that the strategy for regaining the rotor speed and mitigating the second frequency drop should be considered during the MPPT operation recovery phase. However, it should be pointed out that the strategy to return to the MPPT operation or quit the frequency support phase has not been paid enough attention (Peng et al., 2020).
This paper presents a two-phase STFR scheme of a DFIG-based wind farm that effectively sustains the system frequency and smoothly returns to the MPPT operation while minimizing the second drop in the system frequency. For these objectives, this paper determines the control gain as a piecewise function, which remains fixed prior to the frequency nadir to boost the frequency nadir; the control gain then linearly decreases with time to smoothly regain the rotor speed after the frequency nadir. The performance of the two-phase STFR is investigated under three scenarios with different wind speed conditions, wind power penetration levels, and sizes of disturbance.
MODEL OF THE DOUBLY-FED INDUCTION GENERATOR
The extracted mechanical power (Pm) by the wind turbine from wind can be defined as a nonlinear function of air density (ρ), power coefficient (cp), wind speed (vw), and rotor radius (R), as in:
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where β and λ, respectively, represent pitch angle and tip-speed ratio.
As in Boukhezzar and Siguerdidjane (2011), cp(λ, β) used in this study is a function related to λ and β, which can be represented as:
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where
[image: image]
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To illustrate the dynamics between the induction machine and wind turbine, one two-mass model is implemented, as shown in Eqs 5−7. Among them, Ht, ωt, Tt, and Dt are, respectively, the inertia time constant, angular speed, torque, and damping constant of the turbine of the DFIG; Hg, ωr, Tg, and Dg are, respectively, the inertia time constant, angular speed, torque, and damping constant of the induction generator; and Ds, Ks, ω, and θs are, respectively, the damping constant, shaft stiffness, base value of angular speed, and torsional twist (Ajjarapu et al., 2010).
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As shown in Figure 1, the DFIG control system receives the measurements and determines the commands for a rotor-side converter (RSC) and grid-side converter (GSC) controllers. The top loop of the RSC controller focuses on maintaining the voltage of stator. Its bottom loop focuses on controlling the output fed to the power grid (see Figure 1). The top loop of the GSC controller controls the DC-link voltage (Figure 1). Its bottom loop regulates the requested reactive power (Fernandez et al., 2008).
[image: Figure 1]FIGURE 1 | Simplified doubly fed induction generator (DFIG) control topology.
FUNDAMENTAL FEATURES OF SHORT-TERM FREQUENCY RESPONSE STRATEGIES OF A DOUBLY FED INDUCTION GENERATOR
When performing inertia control of the DFIG, the additional power, ∆Pin, can be expressed as:
[image: image]
where fsys means the system frequency. HDFIG is the inertia constant of the DFIG and includes the inertia constants of induction generator and turbine.
Integrating Eqs 8, 9 can be derived as:
[image: image]
where fsys(t) and fsys(t+∆t), respectively, are the system frequencies at t and t + ∆t. ∆t is the time interval.
Rearranging Eq. 9:
[image: image]
In Eq. 10, it is shown that with the larger additional injected power, the system frequency deviation becomes less.
As in Lee et al. (2016), the available kinetic energy from DFIGs is represented as:
[image: image]
where ω0 and ωmin, respectively, are the rotor speed before disturbance and minimum rotor speed limit.
In addition, Eq. 11 can be utilized to calculate the released energy by substituting the minimum rotor speed during STFR for ωmin. STFR of DFIGs mainly relies on ω0, as shown in Figure 2. Furthermore, if the rotor speed decreases to ωmin during droop control, stalling of the wind turbine is caused by excessive release of the kinetic energy.
[image: Figure 2]FIGURE 2 | Available kinetic energy of a DFIG.
Conventional Short-Term Frequency Response of a Doubly Fed Induction Generator
The characteristics of the STFR with droop control are similar to that of the primary response of SGs. Unlike in the governor response, the droop control from DFIGs releases the kinetic energy from the rotating masses without reserve power.
When performing droop control, the power reference is expressed as follows:
[image: image]
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where ΔPdroop indicates the output of droop control loop, Kdr represents the control gain of the droop control, and fnom denotes the nominal system frequency.
According to Eq. 13, the short power injected to the power grid from the droop control loop strongly depends on Kdr, which becomes large so as to improve the frequency nadir.
As illustrated in Figure 2, the retained kinetic energy of a DFIG for various wind conditions is different, therefore, increasing the difficulties of setting the control gain for various rotor speeds. To mitigate this problem, Ref. (Hu and Wu, 2019) addresses a linear variable droop gain, which is expressed as:
[image: image]
where C indicates a constant and determines the contribution of the STFR of the DFIG.
As in Eq. 14 and Figure 3, there are two key features of the linear variable control gain. The first is that the linear variable droop gain is a monotonously linear function related to the rotor speed. This implies that the STFR becomes better with the increasing ωr. The second is that Kdr(ωr) is zero when ωr = ωmin, so that it effectively avoids the stalling of DFIGs. Nevertheless, in the initial stage of a disturbance, Kdr(ωr) becomes small with the decreasing ωr until the system frequency passes into the steady state (Figures 4A,B) so that the injected power from the DFIG decreases; therefore, the DFIG could not effectively improve the frequency nadir.
[image: Figure 3]FIGURE 3 | Diagram of conventional control gain when C = 60.
[image: Figure 4]FIGURE 4 | Diagram of the conventional droop control gain in the time domain.
Another point to be considered is that after the frequency support phase, the DFIG should return back to MPPT operation in order to regain the kinetic energy. For the conventional STFR scheme, to quit the frequency support phase and return to the MPPT operation, ΔPdroop in Eq. 12 and Kdr(ωr) in Eq. 13 instantly decrease to zero. This indicates that the power reference of the DFIG stepwise switches back to the MPPT operation. According to the swing equation, if ΔPdroop decreases to zero, the right hand side of Eq. 15 becomes negative; as a result, the system frequency decreases and produces a second frequency drop. The decreased shape of ΔPdroop judges the size of the second frequency deviation. Furthermore, a large drift in the rotor speed from its initial value consequently causes a significantly deep second frequency drop (Garmroodi et al., 2018). In some cases, the second drop in the system frequency may be lower than the first frequency nadir. This conclusion can be confirmed in the simulation results of this study.
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where Jsys is the moment inertia of the power system. Pload and PSG, respectively, mean the system load and total output power SGs.
Two-phase Short-Term Frequency Response of a Doubly Fed Induction Generator
This paper aims to 1) improve the frequency nadir during the frequency support phase, and 2) minimize the size of a second drop in the system frequency during the MPPT operation recovery phase. For these objectives, this paper determines the control gain as a piecewise function, which remains fixed prior to the frequency nadir and linearly decreases with time after the frequency nadir.
Frequency Support Phase of a Doubly Fed Induction Generator
Compared with the conventional STFR, to inject more output before the frequency nadir appears, the control gain in this study is defined as a constant prior to the frequency nadir, as in:
[image: image]
where C is a constant the same as in Eq. 14; t0 and tFN, respectively, represent the moment when starting up STFR and moment of the frequency nadir occurrence after a disturbance.
As illustrated in Figure 5 and Eq. 16, the initial value of the proposed control gain is proportional to the initial conditions of DFIGs and maintained fixed until the frequency nadir appearance (from A to A′ in Figure 5). For the conventional STFR, at the instant of detecting disturbance, the control gain is the same as in the two-phase STFR; after that, the control gain decreases with reducing rotor speed. Therefore, the proposed two-phase STFR is able to inject more power from DFIGs to support the system frequency compared with the conventional STFR.
[image: Figure 5]FIGURE 5 | Diagram of the proposed droop control gain in the time domain.
Maximum Power Point Tracking Operation Recovery Phase of a Doubly Fed Induction Generator
During the MPPT operation recovery phase, to compromise the second drop in the system frequency and the time of the rotor speed recovery, the ΔPdroop in Eq. 12 should gradually decrease to zero instead of stepwise decreasing to zero. To this end, a weighting factor of time shown in Eq. 17 is considered based on Eq. 16 to determine the control gain during the MPPT operation recovery. Thus, the control gain can be represented as in Eq. 18.
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After the frequency nadir appears, the control gain gradually decreases to zero so that the output power of the DFIG smoothly decreases to the MPPT curve (from A′ to B in Figure 5). This is the reason why the proposed two-phase STFR can minimize the secondary frequency drop while smoothly returning to the MPPT operation. Furthermore, the proposed two-phase STFR initiates the MPPT operation recovery significantly earlier compared with the conventional strategy so that it can ensure a similar duration of the restoration of ωr while minimizing the second drop in the system frequency.
In this paper, the frequency nadir detector is used to switch the control gain from Eq. 14–16 once the measured df/dt meets the following condition:
[image: image]
For the robust df/dt measurement, two low-pass filters are used in this study. When calculating the system frequency, a second-order low-pass filter is used for a phase-locked loop (PLL) in a VSWTG controller and its cutoff frequency is 1 Hz. In addition, when calculating df/dt, a first-order low-pass filter is used. If the calculated meets Eq. 19, the waiting counter increases by one; otherwise, it decreases by one. Once the counter equals five, the frequency nadir is detected. This way of detecting the frequency nadir may detect the frequency nadir earlier or later than the actual value. Therefore, special attention should be paid on selecting countermeasures against noise components to avoid the adverse impact on the performance of the proposed scheme caused by earlier or later detection of the frequency nadir.
Figure 6 shows the flowchart of the proposed two-phase STFR strategy, which includes four parts: disturbance detecting part, frequency support part, frequency nadir detecting part, and MPPT operation recovery part.
[image: Figure 6]FIGURE 6 | Flowchart of the proposed two-phase short-term frequency response.
Limitations of the Active Power Reference of a Doubly Fed Induction Generator
To obtain the realistic results while protecting VSWTGs, the power reference is limited by the limiter of maximum power (Plimit) and the limiter of the rate of change in power (ωrTlimit). The former limiter is set to 10% or 20% more than that of the nominal power of a VSWTG (Margaris et al., 2012; Bao et al., 2020). In addition, the setting of the latter limiter is 0.45 p.u./s (Hu and Wu, 2019; Zhong et al., 2021). The upper limit is the minimum value between Plimit and ωrTlimit.
MODEL SYSTEM
Figure 7 illustrates the model system to indicate the efficacy of the two-stage STFR scheme in EMTP-RV. It comprises two DFIG-based wind farms, static load, six SGs, and motor load. Total load consumption is 529 MW.
[image: Figure 7]FIGURE 7 | Model system.
Synchronous Generators
The model system includes two 200-MVA SGs, two 150-MVA SGs, and two 100-MVA SGs, as shown in Figure 7. The inertia constants of 100-MVA SG, 150-MVA SG, and 200-MVA SG are, respectively, set to 4, 4.3, and 5 s (Hu and Wu, 2019). In addition, six SGs are assumed as steam turbine generators with the tandem-compound, single-reheat IEEEG1 governor model (Byerly et al., 1973). The configuration of the governor model and its coefficients are, respectively, illustrated in Figure 8 and Table 1. IEEE X1 is used for voltage control.
[image: Figure 8]FIGURE 8 | Tandem-compound, single-reheat governor model.
TABLE 1 | Parameters of the governor model.
[image: Table 1]Doubly Fed Induction Generator
Two aggregated DFIG-based wind farms are modeled in this paper. To deliver the power to the main grid, two 72-MVA transformers and one 22 km 154-kV submarine cable are used (see Figure 7).
As illustrated in Figure 9, the defined stable ωr operating range of the DFIG ranges from 0.7 to 1.25 p.u. (Yang et al., 2021b); therefore, once ωr reaches 0.7 p.u., the STFR schemes are disabled to prevent the DFIG from stalling. The power limit of the DFIG is 1.1 p.u.
[image: Figure 9]FIGURE 9 | Power characteristics of the doubly-fed induction generator (DFIG) used in this study.
CASE STUDIES
The performance of the two-phase STFR strategy is investigated by comparing it with the conventional STFR strategy and MPPT operation under three scenarios with different wind conditions, wind penetration levels, and sizes of disturbance. The input wind speeds of first DFIG-based wind farm and second DFIG-based wind farm, which are denoted as DFIG1 and DFIG2, are, respectively, 7.5 and 9.5 m/s. At 40 s, SG4 supplying 90 MW for Case 1 and Case 2, and 120 MW for Case 3, is tripped as frequency disturbances. For the proposed and conventional STFR scheme, C in Eqs 14, 16, 18 is set to 60. Once the system frequency passes into the steady state, the conventional STFR scheme decreases the output power for returning to the MPPT operation. For the proposed two-phase frequency support scheme, MPPT operation recovery starts up when Eq. 19 is satisfied. Δt in Eq. 18 is set to 20 s so as to ensure a similar duration of the rotor speed recovery while minimizing the second drop in the system frequency.
Case 1: Wind Penetration of 19% and 90-MW Generator Trip
Figure 10 illustrates the results for Case 1. The frequency nadir for the proposed two-phase STFR, conventional STFR, and MPPT operation are 59.356, 59.344, and 59.095 Hz, respectively. The two-phase STFR has the highest frequency nadir because of the most power injection, as shown in Figure 10B. For the conventional STFR, the severe second drop in the system frequency occurs at 64 s because the MPPT operation recovery begins and the output power instantly decreases to the MPPT curve, as illustrated in Figures 10A,B. However, in the proposed two-phase STFR, even if it has a similar rotor speed recovery, no second drop in the system frequency is produced since the output power smoothly decreases to the MPPT operation curve. The nadir-based frequency response of the proposed two-phase STFR is better compared with the conventional STFR because of the less system frequency deviation.
[image: Figure 10]FIGURE 10 | Results for case 1. (A) System frequency. (B) Active power of the wind farm. (C) Active power of DFIG1. (D) Rotor speed of DFIG1, Control gain of DFIG1. (E) Locus of output versus rotor speed of DFIG1. (F) Active power of DFIG2. (G) Rotor speed of DFIG2. (H) Control gain of DFIG2. (I) Locus of output versus rotor speed of DFIG2
As illustrated in Figures 10C,F, in the conventional STFR, the output peak value for the DFIG1 is 24.4 MW, which is less than that of the proposed two-phase STFR by 0.7 MW due to the large control gain of the two-phase STFR. The peak value of the output power for the DFIG2 is the same as in the proposed two-phase STFR since the output power is limited by the torque limit.
During the frequency support phase, the released kinetic energies in the conventional STFR for the DFIG1 and DFIG2 are 0.633 and 1.577 s, respectively; the released kinetic energies in the proposed two-phase STFR for the DFIG1 and DFIG2 are 0.818 and 1.814 s, respectively, which are more than those in the conventional STFR, as illustrated in Figures 10D,G.
Figures 10E,I illustrate the locus of output power versus rotor speed for DFIG1 and DFIG2. It can be observed that the output power of the proposed two-phase STFR gradually decreases to the MPPT operation curve, whereas the output power of the conventional STFR instantly decreases to the MPPT operation curve; as a result, the proposed STFR can minimize the second dip in the frequency, but the conventional STFR results in a severe second drop in the system frequency.
Case 2: Wind Penetration of 28% and 90-MW Generator Trip
Figure 11 illustrates the results for Case 2 with a higher wind power penetration level of 28% compared with Case 1. To realize this, SG6 is out of service, while the capacities of both the DFIG1 and DFIG2 increase from 50 to 75 MW, respectively. Thus, the system inertia constant becomes less, and the primary frequency response capability becomes worse.
[image: Figure 11]FIGURE 11 | Results for case 2.
The frequency nadir for the MPPT operation is 58.933 Hz, which is less than that of low wind power penetration (Case 1); this is because of the reduced inertia constant and primary frequency response capability. In the conventional STFR, the first frequency nadir is 59.357 Hz caused by the disturbance. However, during the MPPT operation recovery phase, a severe second drop in the system frequency is caused, which leads the system frequency nadir decrease to 59.344 Hz. In the proposed two-phase STFR, the frequency nadir is 59.392 Hz, which is much more compared with that of the conventional STFR, as in Case 1. Furthermore, no second frequency drop is created. The reasons are that more active power is injected to the power grid, and the output power smoothly decreases to the MPPT curve. Moreover, as in Case 1, due to the higher-frequency nadir, the nadir-based frequency response for the two-phase STFR is more than the other schemes.
Case 3: Wind Penetration of 19% and 120-MW Generator Trip
Figure 12 shows the results for Case 3 with a severe disturbance compared with Case 1. Thus, the system frequency deviation becomes large, and more additional power should be compensated for the larger disturbance.
[image: Figure 12]FIGURE 12 | Results for case 3.
The frequency nadir for the MPPT operation is 58.745 Hz, which is less than that of small disturbance; this is because of the large power deficiency. In the conventional STFR, the frequency nadir is 59.028 Hz, which is less than that of the proposed two-phase STFR by 0.027 Hz. Furthermore, as in previous two cases, the nadir-based frequency response in the proposed two-phase STFR is large compared with that of the conventional STFR. A significant second frequency drop produces around 64 s; however, the proposed two-phase STFR can minimize the second frequency drop while ensuring the similar rotor speed recovery to the conventional STFR, as in Case 1 and Case 2.
Figures 13, 14 show the comparison results of the proposed two-phase STFR to the conventional STFR for the three cases. Since the control gain is fixed prior to the frequency nadir, the frequency nadir and nadir-based frequency response of the two-phase STFR scheme are higher than those of the conventional scheme under various wind power penetration levels and sizes of disturbance. Furthermore, since the control gain linearly decreases with time, the two-phase STFR scheme minimizes the second drop in the system frequency and smoothly recovers the DFIG to the MPPT operation.
[image: Figure 13]FIGURE 13 | Frequency nadirs for all cases.
[image: Figure 14]FIGURE 14 | Nadir-based frequency responses for all cases.
CONCLUSION
This paper proposes a two-phase STFR scheme based on a piecewise droop control gain for the DFIG-based wind farm. During the frequency support phase (prior to the frequency nadir), the droop control gain remains fixed to improve the frequency nadir determined by the initial DFIG operating conditions. During the MPPT operation recovery phase, the droop control gain linearly decreases with time to minimize the second drop in the system frequency and smoothly return to the MPPT operation.
Although the concept is applicable to VSWTGs (DFIG and full-scale VSWTGs), in this paper, we only use the DFIG to illustrate the concept. Results clearly indicate that the two-phase STFR scheme is beneficial in improving the frequency nadir and minimizing the second drop in the system frequency under three scenarios with different wind conditions, wind power penetration levels, and sizes of disturbance. Thus, the proposed two-phase STFR provides benefits to the system frequency stability.
A distributed model of the DFIG-based wind farm would have been more realistic compared with using an aggregated model. In the future, the coordinated control strategy between DFIGs in a wind farm would be designed based on a distributed model.
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