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With the proposal of carbon peaking and carbon neutralization, the penetration rate of wind power generation continues to increase. This paper focuses on the problem that doubly fed induction wind turbines are vulnerable to input “source” disturbances and have weak frequency modulation ability, which reduces the stability of the power grid. Based on the structural model of energy storage system embedded in doubly fed wind power generation system, it is compared the ability of super capacitor energy storage and releasing rotor kinetic energy to provide inertia response power and energy, and the feasibility of multi-energy coordinated inertia response is analyzed. Based on the inertia time constant of conventional synchronous generator set, the inertia time constant and actual inertia constant of energy storage doubly fed wind power generation system under variable wind speed are defined. An extended state observer is used to estimate the change of captured mechanical power caused by the change of wind speed, and a control strategy for doubly fed induction generator with super capacitor to participate in power grid frequency regulation is designed. Finally, considering the aggregation of wind power and the difference of the state of charge during the operation of distributed energy storage, the 3*3*3 wind farm model is established using Matlab/Simulink simulation software. The feasibility and advantages of the frequency modulation control strategy proposed in this paper are verified by building a power grid frequency modulation simulation involving wind farms and traditional generators.
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1 INTRODUCTION
At the 75th UN General Assembly, China proposed to strive to peak carbon dioxide emissions by 2030 (Li et al., 2021a; Xin, Shan, Li). To solve the contradiction between energy demand and carbon emissions, global wind power generation will reach 3.8 TW and the wind power generation of China will account for more than 50% (Sun et al., 2021). This change will change the dominant position of conventional synchronous machine power supply. With the rapid development of UHV(ultra high voltage) transmission and the widespread application of power electronic converter equipment at the distribution side (Xie et al., 2021). The “double high” characteristic will become more prominent and become an important technical feature of the new generation of power systems (Yuan et al., 2016). Double fed induction generator (DFIG), as one of the mainstream wind turbines (Li et al., 2022), decouples the rotor speed from the grid frequency during grid connected power generation, resulting in poor inertia response of the system. Therefore, how to enhance the ability of DFIG to participate in the power grid frequency modulation is a great significance for the stable operation of power grid (Tan et al., 2015; Peng et al., 2019).
Most of the existing studies on enhancing the inertia response ability of wind turbines focus on generator rotor control or additional energy storage device to improve the inertia response ability of DFIG. For generator rotor control, there are two methods commonly adopted (Kang et al., 2016; Liu et al., 2017; Altin et al., 2018; Chu et al., 2020; Li et al., 2021b; Xu and Wang, 2021; Si et al., 2022), one is to increase the electromagnetic torque to obtain additional instantaneous power to provide inertia response for system frequency modulation. The essence of this control method is to release the kinetic energy of the blade rotor to compensate for the energy imbalance when the grid frequency fluctuates. In literature (Xu and Wang, 2021), an improved torque limit-based inertial control (TLBIC) based on torque limits is proposed, when the system frequency changes, DFIG rapidly increases the active reference power to the torque limit and then smoothly decreases to the maximum power point tracking (MPPT) curve by exponential function. Improve frequency nadir by releasing less kinetic energy, while ensuring rapid frequency stabilization and reducing second frequency drop. In literature (Li et al., 2021b), a fuzzy adaptive control method for virtual inertia of wind turbines based on frequency response interval division is proposed. With the rapid change of damping frequency, the system frequency recovery is accelerated, and the rational distribution of finite rotor kinetic energy in the process of system frequency response is realized. In literature (Chu et al., 2020), a new inertia control strategy for wind turbines is proposed, which eliminates the influence of secondary frequency drop, and integrates the analysis of inertia dynamic characteristics of wind turbines into the frequency dynamic characteristics of the system. Literature (Altin et al., 2018) considers that the fixed design method of wind turbines with different sizes may cause the wind turbines to produce excessive inertia response in some cases. Therefore, it is necessary to study the optimal inertia response energy released in the same wind speed range. Literature (Liu et al., 2017) based on the study of traditional virtual inertia and short-term release of rotor kinetic energy method, an improved control method is proposed to achieve a proper balance between preventing frequency drop twice and restoring speed. In literature (Kang et al., 2016), a method of releasing rotor kinetic energy suitable for DFIG is proposed. In the early stage of inertia response, the release of kinetic energy is limited by the maximum torque to achieve the best inertia response effect. When exiting, the recovery speed of the rotor is slowed down to avoid a serious secondary drop in the grid frequency. However, it is still proposed in the literature that the problem of power grid frequency secondary drop will exist no matter how to optimize.
For this reason, some studies propose to change its maximum power point tracking (MPPT) curve and obtain power margin through over speed load shedding, which can avoid the second drop of the power grid. In literature (Si et al., 2022), it is suggested an enhanced primary frequency response strategy of a doubly-fed induction generator in association with pitch angle control. The DFIG works in de-loaded operation with a certain reserve power via pitch angle control prior to disturbances for frequency regulation. In literature (Ochoa and Martinez, 2016), for large-scale wind power systems, a simplified model of wind turbine is proposed to analyze the system frequency dynamic characteristics. Based on the function of grid frequency deviation and its time derivative, the virtual inertial controller of optimized power point tracking (OPPT) method is designed, and the instantaneous active power of the system is changed by changing the maximum power point tracking curve.
However, changing the optimal power curve of the wind farm will lead to the reduction of the sustainable power generation of the wind farm. Therefore, some studies suggest that additional energy storage devices (batteries, super capacitors, super conducting energy storage, flywheel energy storage, etc.) can be used to improve the inertia response capability of DFIG. Literature (Anping et al., 2018) starting from the inertial characteristics of macroscopic objects in the inertial reference frame, the concepts of electric potential energy and magnetic field energy inertia are introduced and their characterization methods are given based on the physical viewpoint that inertia is an inherent property of energy. According to the law of energy conservation, the calculation method of the equivalent moment of inertia of electric potential energy and magnetic field energy is given. Taking the power battery energy storage system as an example, the calculation method of the equivalent moment of inertia of the energy storage battery body and the energy storage converter is demonstrated. In literature (Yoo et al., 2019), the influence of energy storage on different parameters in power grid frequency modulation is analyzed, and the optimal method of control parameters of energy storage system with the increase of wind farm permeability is designed. In literature (Liu et al., 2015), the virtual inertia of the wind energy storage system is defined, and the capacity requirements of the energy storage device to assist the wind farm to compensate for the inertia is studied. Based on the fuzzy logic control, a control strategy using the energy storage device to compensate the inertia of the wind farm is proposed. In literature (Zhu et al., 2017), an integrated inertia control strategy for wind turbines based on DFIG is proposed. In the proposed scheme, Li-ion super capacitors are added to the DC link of the power electronics conversion system of the DFIG generator to increase additional energy storage capacity and minimize the maximum frequency deviation under specific operating conditions. In literature (Miao et al., 2015; Musarrat et al., 2018), superconducting energy storage is applied to wind power frequency modulation control and rotor speed recovery to enhance the inertia response ability of wind storage system. In literature (Liang et al., 2020), on the basis of variable proportional coefficient speed regulation and flywheel energy storage to achieve frequency support, a two-layer cooperative control scheme of flywheel energy storage and MPPT operating wind turbine to provide frequency response is proposed based on the theory of cooperative control. In literature (Miao et al., 2015), a coordinated control strategy based on wind turbine and energy storage system is proposed to compensate the inertia of wind farm, which can improve the temporary frequency support of wind turbine and overcome the problems of system frequency oscillation and secondary frequency drop. In literature (Choi et al., 2016), a hybrid operation strategy based on wind turbine and energy storage device is proposed. The wind turbine abandons the maximum wind energy tracking curve to obtain power margin, and the energy storage device adjusts the short-term frequency response by fast charging and discharging to ensure the stable operation of the power system.
For DFIG to participate in instantaneous frequency modulation of power grid, it is necessary to ensure both instantaneous power and energy balance in the whole frequency modulation process. This paper completes the following:
1) Firstly, A single-machine frequency modulation control method combining super capacitor and doubly-fed wind turbine is adopted. This Architecture is called SCESS-DFIG in this paper. Based on the energy-power perspective, the inertia response capability of the single-machine energy-storage DF2) IG at different speeds is studied, and the instantaneous adjustable range of the energy-storage DFIG at different speeds is determined. According to the research results, the method of multi-energy sources (rotor kinetic energy and energy storage) cooperatively controlling and participating in the frequency modulation of the power grid is more feasible.
2) Secondly, considering the instantaneous influence of wind speed variation on inertia response, the inertia time constant of energy storage DFIG under variable wind speed is defined. The influence of wind speed change on the inertia response of the fan is classified into “inertia, over inertia, negative inertia” according to the effect of the influence. The inertia response capacity configuration of SCESS-DFIG is determined by considering wind disturbance.
3) An expanded state observer (ESO) is established to estimate the instantaneous mechanical energy change captured by the wind turbine, and a multi-energy cooperative control strategy based on energy storage is designed using the estimated value and the state of charge (SOC) of the energy storage device. The control strategy can rationally utilize or suppress the influence of wind speed variation, and enhance the inertia response ability of energy-storing DFIG. Matlab/Simulink was used to build the frequency modulation simulation of the energy-storage DFIG to verify the proposed control strategy.
2 ANALYSIS OF ECONOMY AND OPERATION CHARACTERISTICS OF SCESS-DFIG
2.1 Architecture and economic analysis of super capacitor energy storage in wind power frequency modulation control
The topology of super capacitor combined with DFIG is shown in Figure 1. It is mainly divided into (a) Centralized energy storage power station and wind farm architecture; (b) Distributed SCESS-DFIG architecture. Compared with the architecture adopted in Figure 1, the energy-storage DFIG architecture shown in Figure 1 has the following advantages:
[image: Figure 1]FIGURE 1 | Architecture of energy storage system participating in wind farm power regulation and economic comparison between them.
Economic analysis of super capacitor energy storage system: In the process of DFIG operation, the instantaneous power of the grid-side converter is related to the mechanical power captured by the wind turbine, and it does not operate at full load in real time. Therefore, the spare capacity of the grid-side converter (GSC) of DFIG can be used to replace the AC-DC converter in the traditional super capacitor energy storage system. This design can greatly optimize the economy of energy storage device assisting wind power system in participating in power grid frequency modulation. According to (Sun et al., 2019; Yan et al., 2020), the summary and topology analysis are summarized. Figure 1 and Figure 1 shows the comparison of investment in cooperative frequency modulation between wind power plants (100 MW, cost about 760 million CNY¥) and energy storage systems (8 MW × 30 min) under different architectures. If the architecture as shown in Figure 1 is adopted, the wind farm needs to invest about 21.3 million CNY¥ for the configuration of the energy storage system, including the energy storage device, grid-connected inverter, DC-DC converter, basic field construction, communication system and other configuration costs. However, the energy storage DFIG architecture as shown in Figure 1 reduces the converter investment by about 5.1 million CNY¥, which is about 15.96% of the total investment of the energy storage power station.
Optimize the economy of civil engineering, communication system and other supporting facilities: as shown in Figure 1, the investment costs required under different combined wind storage architectures are summarized according to (Sun et al., 2019; Yan et al., 2020). Since each doubly-fed wind turbine has an independent energy storage device, the DC converter control circuit and dual PWM control circuit can be integrated in a single control board to achieve a highly integrated design of wind storage control. At the same time, the energy storage type DFIG can be installed inside the wind turbine without additional infrastructure land, which saves about 25.35% of the total system investment (about 5.4 million ¥).
In addition, as shown in the third column of Figure 1, the generator set with energy-storage DFIG architecture can adjust the control strategy according to its own situation, coordinate the energy relationship between the rotor kinetic energy and the super capacitor energy storage, and improve the energy utilization rate and service life of the super capacitor energy storage device. This can further optimize the economy of frequency modulation of the system. Thus, for a wind farm with 100 MW capacity, the architecture of energy-storage DFIG can save 41.16% of the energy storage system cost.
For a power generation system, it is necessary to solve the problem of system performance while considering the economy. In the following, studies will be conducted to ensure that the system has the ability of frequency modulation under full working conditions, coordinate the distribution of the kinetic energy of the wind turbine rotor and the weight of the energy storage system, and enhance the stability of the system and optimize the energy utilization efficiency while suppressing the influence of wind speed.
2.2 Analysis of inertia response capacity of SCESS-DFIG
There are two main energy sources for SCESS-DFIG to participate in power grid frequency modulation: mechanical energy (kinetic energy of wind turbine blades or wind energy captured by load shedding) and electric energy (energy stored by super capacitor). The former can extract additional rotor kinetic energy by controlling the rotor-side converter (RSC) power. Its advantage is that it has a faster response speed and does not need to be configured with additional equipment. However, the disadvantages are also obvious. If the kinetic energy of the blade is released in a long time scale, the wind energy captured by the wind turbine will be reduced, which is easy to cause the second drop in the grid frequency. Super capacitor energy storage can provide stable frequency modulation energy and enhance the inertia response ability of wind turbines. However, its response ability is not only affected by the capacity of the energy storage device configured, but also by the capacity of the converter and GSC configured. The following will analyze the inertia response capability of the two turbines at different speeds from the perspectives of energy and power.
2.2.1 Analysis of inertia response capacity based on power angle
As shown in Figure 2, the inertia response capability provided by rotor kinetic energy control and energy storage is compared respectively. Figure 2 shows the 3D diagram when the inertia time constant H is three and the rotor kinetic energy is released by control to provide the inertia response energy under different slip rates and wind speed variation. It can be seen from the figure that the higher the rotor speed is, the greater the inertia response power can be provided instantaneously through the rotor kinetic energy. Figure 2 shows the inertia response power provided by the super capacitor under different slip rates and wind speed variations. When the value of slip is very small, the GSC absorbs power, and the maximum instantaneous theoretical release power of the super capacitor is close to the rated power two times. As the rotor speed increases, the DFIG shifts from the sub-synchronous speed condition to the super-synchronous speed condition, and the instantaneous theoretical maximum released power of the super capacitor decreases continuously.
[image: Figure 2]FIGURE 2 | Investment cost under different wind storage coordination structures.
The range of instantaneous output power PSD of SCESS-DFIG is:
[image: image]
Where, ωs is the stator angular velocity, ωm is the angular velocity of the DFIG rotor, ω Max is the highest speed of DFIG, PDFIG is the instantaneous power of DFIG, and PDFIG_N is the rated power of DFIG. Eq. 1 is not only applicable to the sub-synchronous speed, but also to the synchronous and super-synchronous speed. Simplification 1) can be rewritten as shown in Eq. 2. If energy storage is considered to have sufficient capacity, the power range of energy-storing DFIG is essentially only related to rotor speed.
[image: image]
The relationship between the output power of doubly-fed wind turbine and rotor speed at different speeds:
[image: image]
kopt is the proportional coefficient of the maximum power tracking curve; ω1 is the angular velocity of cutting in; ω2 is the electric angular velocity when entering the constant speed zone; ω3 is the electric angular velocity when entering the constant power region. Substitute 2) into 3) to obtain the power operating range of SCESS-DFIG under full working conditions.
The instantaneous power expression of SCESS-DFIG in [ω1, ω2] region is:
[image: image]
The instantaneous power expression of SCESS-DFIG in [ω2, ω3] region is:
[image: image]
Thus, the maximum power range of the super capacitor can be obtained: In the region [ω1, ω2], the maximum value of the power released and absorbed by the super capacitor is:
[image: image]
In the region [ω2, ω3], the maximum value of the power by the super capacitor is:
[image: image]
As shown in Figure 3, power curve comparison between DFIG and SCESS-DFIG under full working conditions can be obtained according to Eqs 3–7. The upper area of the DFIG power curve represents the power range released by the super capacitor, and the lower area represents the power range absorbed by the super capacitor.
[image: Figure 3]FIGURE 3 | Comparison of DFIG and Energy storage type DFIG power operation under full operating conditions.
2.2.2 Comparative analysis of inertia response capacity of different energy sources based on energy
Figure 4 shows the rotor speed or the number of super capacitor modules required when the active release of rotor kinetic energy and the super capacitor energy storage system have different inertia response constants under different wind speed variations. The parameters used in this paper are given in the Appendix. Figure 4 shows that if the inertia response energy is provided only by the rotor kinetic energy, the rotor speed needs to reach 2000 rpm when the inertia time constant H = 3, which is already beyond its maximum operating speed for the two-pair motor. As can be seen from Figure 4, with the increase in the number of super capacitor modules, the energy possessed by the super capacitor increases continuously.
[image: Figure 4]FIGURE 4 | Minimum speed or number of modules required for inertia response constants of different methods.
The theoretical analysis in this section shows that the kinetic energy of the blade released by active control and the energy of the super capacitor can be complementary at different speeds. The energy demand of the super capacitor can be reduced through reasonable coordinated control without reducing the economy of the doubly-fed wind turbine under normal conditions.
3 GRID FREQUENCY INERTIA RESPONSE CONTROL WITH SCESS-DFIG CONSIDERING WIND SPEED VARIATION
3.1 Definition of SCESS-DFIG inertia time constants taking into account wind speed variation.
The inertia time constant H is usually used to represent the influence of the inertia on the dynamic behavior of grid-connected generator sets. For the doubly fed induction generator, the inertia time constant H is described as shown in Eq 8:
[image: image]
EK is the kinetic energy stored in the rotor of the simulated synchronous generator at rated speed.
Theoretically, according to (8), the equivalent inertia time constant HSD_N of SCESS-DFIG under wind speed change can be defined as:
[image: image]
The ESD is the total inertia response energy of SCESS-DFIG, ESC is the energy of inertia response provided by the super capacitor, EKR is the kinetic energy of DFIG blade, △Ewind is the energy change of DFIG system caused by wind speed change. Hsc is the equivalent inertial time constant of the super capacitor, HKR is the equivalent inertia time constant of kinetic energy of DFIG rotor, Hwind is the equivalent inertia time constant of wind speed change. However, HSD_N is the maximum value of inertia time constant of the wind turbine with energy storage in theory, but absorbing the kinetic energy of the wind turbine rotor will temporarily improve the inertia response ability of the system, but it is easy to cause the second drop of the grid frequency.
The expression of super capacitor energy in Eq 9 can be expressed as follows:
[image: image]
USC_N is the rated voltage of the super capacitor.
The expression of rotor kinetic energy in Eq. 11 can be expressed as follows:
[image: image]
JDFIG is the virtual equivalent moment of inertia of SCESS-DFIG, ΩDFIG is the initial mechanical angular velocity of DFIG blade.
In the actual operation process, Eqs 10, 11 can be rewritten as the following:
[image: image]
USC is the initial voltage of the super capacitor, and USC_min is the minimum voltage threshold of the super capacitor.
[image: image]
ΩDFIG_min is the lowest threshold of the mechanical angular velocity of the DFIG blade. Ω△w is the change of mechanical angular velocity of the blade under the influence of wind speed in the process of inertia response.
For energy storage, the maximum charging energy of the super capacitor E'SC_chargemax and the maximum discharging energy E'SC_chargemax can be written as:
[image: image]
Therefore, the adjustment range of inertia time constant of energy storage in the system can be set as [H'SC_min, H'SC_max], and the expression is as follows:
[image: image]
Assuming that the inertia response time is t, the change of energy at the “source” side due to the change of wind speed in the process of inertia response is shown in Eq. 16:
[image: image]
Where, △Pmppt is the change of generator output power。
According to Eqs 12–16, the inertia response constant H'SD of the SCESS-DFIG can be redefined as follows:
[image: image]
E'SD is the total energy of inertial response provided by energy storage DFIG, E'SC is the energy of inertial response provided by energy storage, E'KR is the kinetic energy provided by DFIG blades, and △E’wind is the energy change caused by wind speed change to DFIG system. H’sc is the actual equivalent inertia time constant of the super capacitor, H'KR is the actual equivalent inertia time constant of DFIG rotor kinetic energy, and H’wind is the actual equivalent inertia time constant of wind speed change.
In order to enable SCESS-DFIG to have rotational inertia like traditional synchronous generator sets, the relation of its inertia time constant HSD is as follows:
[image: image]
J'SD represents the virtual equivalent moment of inertia of DFIG with actual energy storage.
The inertial response power ΔPSD can be obtained through Eq. 18:
[image: image]
ωg is the electrical angular velocity of the power grid.
According to Eq 19, HSD can be written in a form related to the virtual moment of inertia JSD and the rated grid angular velocity ωgN:
[image: image]
Substituting Eq. 20 into Eq. 19, the relationship between the ratio of inertia response power of SCESS-DFIG and its rated generation capacity, inertia time constant and the unit value of the change rate of electrical angular frequency of the power grid can be obtained after sorting:
[image: image]
After sorting, the relations between the inertia response power unit value [image: image], HSD_s and the grid angular velocity unit value ω*g are obtained as shown in Eq 22 can be obtained:
[image: image]
3.2 Influence analysis of wind speed variation on SCESS-DFIG inertia response
State Grid Corporation points out in “Technical Regulations on Wind Farm Access to Power System” that wind farms should have the ability to regulate active power, and stipulates that the change of active power cannot exceed the regulations when wind farms are connected to the power system. This makes the influence of wind speed variation on inertia response reliable. The maximum change of active power of wind farm in 1 min is about 10% of the rated capacity of wind farm, while the time scale of inertia response is lower than 1 min. In this paper, it is assumed that the power change during the inertial response does not exceed 10% of the rated power (GB/T 19963–2011, 2011).
As shown in Figure 5, the 40 wind generators are divided into eight groups, the curves of mechanical power and electromagnetic power captured by a single DFIG and the whole DFIG are given under different random wind speeds. It is not difficult to find from Figure 5 and Figure 5 that the random wind speed has an impact on the captured mechanical power of the wind turbine and the electric energy output of the system. Due to the moment of inertia of the blades, the latter has a certain lag filtering effect compared with the former. By analyzing Figure 5, it can be seen that the overall power of the wind farm is also affected by the change of wind speed. Although multiple units have aggregation effect, the overall output power will still fluctuate. If the grid frequency drop occurs at 2 s, the power fluctuation caused by the 2 s–10 s wind speed change in Figure 5 can be divided into three regions. In region 1, the wind farm power increases with the wind speed change, which plays a positive inertia response to the grid frequency, which is beneficial to the grid stability control. In the process of wind speed variation from 5.5 s to 8. 5 s, the output power of the wind farm is lower than the initial time of frequency modulation, which plays a negative inertia response to the frequency variation of the power grid, aggravating the power frequency imbalance and power sag of the power grid, which is harmful to the stability control of the power grid. As shown in Figure 5, the output power of the wind farm increases after 8.5 s, and the frequency change rate of the power grid is low at this time, and the power change of the wind farm is easy to cause over-inertia response.
[image: Figure 5]FIGURE 5 | The curves of captured mechanical power and generated power of single machine and wind farm under different wind speeds and the influence of wind speed variation on inertia response.
The essence of SCESS-DFIG simulating the inertia response characteristics of conventional generator sets is to virtual a moment of inertia, which is not only a rotating body with mass, but the moment of inertia coupling its kinetic energy with the frequency of the power grid. When simulating the virtual moment of inertia, as shown in Eq. 8, when other parameters are fixed, the kinetic energy determined by the moment of inertia is associated with the inertia constant. As can be seen from the description in the previous section, H can be regarded as a time, that is, the time for continuously providing the inertia response power. However, according to (18), it can be concluded that the magnitude of the inertia time constant will also have an impact on the magnitude of the instantaneous inertia response power. For a conventional generator set, its moment of inertia is fixed, and its moment of inertia time constant H is also fixed. As a result, both the instantaneous inertia response power and the inertia response duration of the conventional generator set are passive and unadjustable. However, the SCESS-DFIG can separate the two, that is, the instantaneous inertia response power and duration can be adjusted, and to a certain extent, the mutual constraints of the two can be avoided. As shown in Figure 5, the influence of wind speed variation on fan inertia response is classified into “inertia, excess inertia and negative inertia” according to the effect of the influence.
3.3 Analysis of inertia response capacity allocation in SCESS-DFIG
In engineering practice, when energy-storing DFIG participates in the process of power grid frequency adjustment, the power grid frequency can only be in a limited area fmin to fmax. fmin with the fmax is different from 50 Hz about 2–3 Hz. It is expected that SCESS-DFIG has the same virtual moment of inertia as the traditional generator. For an ultra-short time scale, the instantaneous release power increment and periodic energy increment of SCESS-DFIG are the same as those of the simulated conventional generator, which means that they have the same inertia effect on the frequency support of the power grid. Therefore, the energy storage system taking into account wind disturbance should be theoretically analyzed in terms of power and energy.
3.3.1 Theoretical analysis of inertia response power capacity considering wind disturbance
In order to obtain the typical value of instantaneous power, a comparative analysis between TJ, HSD_s and △t is required. It can be considered that the time for wind power to participate in inertia response relying on SCESS-DFIG is equal to that. SCESS-DFIG provides the power capacity of frequency inertia response is:
[image: image]
In the actual operation process, it is affected by the change of wind speed. The average active power △PSD_a of SCESS-DFIG participating in the inertial response process of the system is shown in Eq. 24:
[image: image]
Therefore,H'SD should be controlled in the actual control to make the system output power close to the typical value △PSD, as shown in Eq. 25:
[image: image]
3.3.2 Energy matching analysis of inertia response to wind disturbance
The maximum rotor kinetic energy that can be released by the synchronous generator during the inertial response is:
[image: image]
When the generator is operating at rated speed, the kinetic energy stored in the rotor will be released during △t when the grid frequency drops to the lowest value f*min as follows:
[image: image]
According to the above analysis, in the process of inertial response, if SCESS-DFIG releases the same energy as the synchronous generator, △ESD = △ESG_K, and the performance of inertia response in the energy perspective is similar. It is assumed that the time for the wind farm to participate in the inertial response of the system by relying on energy storage is consistent with the inertial time constant of synchronous power generation, namely TJ = 2HSD = △t. The typical value of inertia response energy matching in SCESS-DFIG can be represented by Eq. 28:
[image: image]
The actual operation process is affected by the change of wind speed. The energy of energy-storing DFIG participating in the inertial response process of the system is △ESD_a, as shown in Eq. 29:
[image: image]
In the actual control, the system should control H'SD so that the inertia response energy provided by the system is close to the typical value △ESD, which is shown in Eq. 30:
[image: image]
In the actual operation control process, considering the compensation of the effect of the wind speed change and the regulation of H'SD, it is necessary to grasp the real-time mechanical power captured by the fan. In the next section, the expanded state observer (ESO) will be established through the equation of motion of DFIG to estimate the instantaneous captured power of the wind turbine.
4 OPTIMAL CONTROL STRATEGY OF GRID FREQUENCY INERTIA RESPONSE BASED ON SCESS- DFIG CONSIDERING WIND SPEED VARIATION
4.1 Mechanical power estimation of fan capture based on ESO
The influence of wind speed and torque limit are taken into account in the above section. Considering the torque constraint of mechanical structure, the instantaneous captured mechanical power of wind turbine needs to be estimated and applied to the control strategy. Based on the traditional observer, ESO expands the total disturbance affecting the controlled output of the system into a new state variable, and then estimates the state variable and the total disturbance of the system (Liu et al., 2016; Zhao and Guo, 2017).
Considering a class of uncertain non-linear dynamic systems shown in Eq. 31:
[image: image]
Where x is a state variable; [image: image], [image: image], …–[image: image] is the related variable of x; t is time constant, w(t) is unknown external disturbance; w(t) is the control input; b is the control input coefficient. (31) can be extended to the state space of n order and transformed into a standard single-input single-output dynamic system as shown in Eq. 32:
[image: image]
xn is a dilated state that quantifies the effect of perturbations on the system. Considering the interaction between states and perturbations in a single extended dynamic system, an ESO can be established for Eq. 32 as shown in Eq. 33 below.
[image: image]
Where, [image: image] is the estimated value of xj state (j = 1,2,3. . . n−1), is the estimated value of the expanded state xn, and the function [image: image] is the non-linear feedback of the system (j = 1,2,3. . . n). Actual control, do not need to assume [image: image] function is continuous or discrete, is a known quantity and unknown quantity, as long as [image: image] is bounded in the system operation, b and parameters are known, the total can choose the appropriate parameter β0j, the extended state observer to estimate object real-time state of the xj and the expanding xn.
The expression of the function [image: image] is shown in Eq. 34:
[image: image]
As the wind energy captured by the wind turbine is an internal state quantity, it cannot be directly sampled and measured by the sensor. The rotor speed of the variable related to the captured mechanical power of the wind turbine is controlled digitally by the encoder sampling output signal, which is easy to cause interference to affect the differential value of the speed dωm/dt, and the captured mechanical power cannot be calculated directly according to the dynamic equation. The purpose of using ESO in this paper is to estimate the real-time state of the input mechanical power of the wind turbine only according to the dynamic response characteristics of the generator without passing the dωm/dt of the rotor speed, and the estimation result is used as a control input for the inertia response control of the SCESS-DFIG.
[image: image]
Since (38) is a non-linear differential equation, it cannot be directly estimated by using the expanded state observer, so it is necessary to transform the differential of speed and speed into the form with only the differential of speed:
[image: image]
After finishing, it can be rewritten as the standard first-order differential form about ω2m:
[image: image]
The wind captured power and the mechanical loss power are combined into PSD_M, which is the actual input mechanical power of the generator. After expanding the state of ω2m Eq. 38 is obtained:
[image: image]
Set z1 in Eq. 38 as ω2m, the dilated state (interference) z2 = PSD_M/JDFIG, input u1 = PSD_es + PSD_rsc, input coefficient b1 = −1/JDFIG, thus the dilated state observer can be constructed as follows:
[image: image]
Where [image: image] and [image: image] are the estimated values of PSD_M and ω2m, respectively. The control parameters α1, δ1, β01 and β02 will affect the accuracy of the expanded observer for the input mechanical power of the generator.
In the process of estimating the input mechanical power PSD_M by the extended observer, the required parameters mainly include JDFIG, ωm, stator side power Pes and RSC power PSD_rsc. JDFIG is intrinsic parameters, the rest of the variables can be after speed, voltage, current sensor detection through simple to calculate, this makes the extended state observer for implementation, and can not through the generator differential mid-value directly estimate the rotational speed of the motor input mechanical power, enhance the anti-interference ability of the system of measurement noise.
As shown in Figure 6, after accurately estimating the input mechanical power of the starting motor by ESO, it can be used as a reference for the control of the output power of the generator.
[image: Figure 6]FIGURE 6 | The working principle of the ESO for the mechanical power estimation.
Therefore, the constant value of inertia time caused by wind speed change in Eq. 16 can be rewritten as follows:
[image: image]
4.2 Optimal control strategy of grid frequency inertia response based on energy storage DFIG considering wind speed variation
As shown in Figure 7, when the capacity configured by the super capacitor and the kinetic energy of the rotor are different, the capability of providing inertia response is different. The inertia time constants can be divided into[HSD_min, HSD_1], [HSD_1,HSD], [HSD,HSD_2], [HSD_2,HSD_max] according to the frequency regulation ability. In the actual control process, according to H’sc、H’wind、H'KR of the actual state regulation system H'SD, the system has better inertia response ability under the operating wind speed.
[image: Figure 7]FIGURE 7 | Power control flow chart of inertia response based on actual system running state.
As shown in Figure 7, the system states can be divided into six types according to the four regions, and the operation strategies of each state are explained below. Among them, ①∼③ is the inertia response control strategy under the condition of wind speed decline,①when (H’sc + H’wind) in [HSD_1, HSD], the overall inertia time constant of the system is within a reasonable range, so kinetic energy of the blade does not need to be absorbed in this region, and the actual inertia time constant of SCESS-DFIG is H'SD = H’sc + H’wind and H'KR = 0; ② (H’sc + H’wind) in [HSD_min, HSD_1], the system is in the weak inertia characteristic due to the influence of wind speed. At this time, relying only on energy storage cannot provide reliable inertia response. Therefore, in order to avoid deviation from the MPPT curve, only part of the rotor kinetic energy is absorbed to make H'SD = HSD_1; ③ (H’sc + H’wind) less than Hmin, the system is in the characteristic of strong and weak inertia. In this case, the system needs to release all the stored energy (energy storage and rotor kinetic energy) to make the system inertia time constant H'SD = Hmin, so that the system can provide the inertia response support required by the load system under the influence of wind speed. ③ (H’sc + H’wind) less than Hmin, the system is in the characteristic of extremely weak inertia. In this case, the system needs to release all the stored energy.
(energy storage and rotor kinetic energy) to make the system inertia time constant H'SD = Hmin, so that the system can provide the inertia response support required by the load system under the influence of wind speed. ④∼⑥ is the inertia response control strategy when the wind speed rises. ④(H’sc + H’wind) in [HSD,HSD_2], the overall inertia time constant of the system is in a reasonable range, so kinetic energy of the blade does not need to be absorbed in this region, and the actual inertia time constant of SCESS-DFIG should be H'SD = H’sc + H’wind and H'KR = 0; ⑤when (H’sc + H’wind) in [HSD_2,HSD_max], the system is in the extremely inertia characteristic. At this time, the system needs to depend on energy storage to adjust H’sc to make system H'SD = HSD_2. ⑥. When the (H’sc + H’wind) greater than HSD_max, the sudden rise of wind speed makes the system have too strong inertia response, and in this case, it still needs to rely on H’sc and H'KR to make system H'SD = Hmax.
Figure 8 shows the control block diagram of the rotor-side converter and the DC-DC converter of the super capacitor in the SCESS-DFIG power generation system. In the figure, the sampling points and sampling quantities of the system are marked. The instantaneous power commands of the super capacitor and DFIG are obtained through the above flow chart and given to the RSC and DC-DC converters, respectively, so that the system can complete the frequency modulation control.
[image: Figure 8]FIGURE 8 | Control block diagram of RSC and DC-DC converter in SCESS-DFIG.
5 THE SIMULATION VERIFICATION
Figure 9 is inertia response simulation model architecture of SCESS-DFIG with variable wind speed. The simulation model shown in Figure 12 mainly includes wind farm (27 units with rated power of 2.5 MW the states and working conditions of different DFIG are shown in Table A1), synchronous generator (rated power of 220 MW), and conventional load L1, sudden load L2. The model of the wind farm includes the parameters given by different wind speed changes, rotor speed and super capacitor SOC. The initial rotor speed is divided into low, medium, high wind speeds. The influence of wind speed change is rising (positive inertia), steady (no influence) and falling (negative inertia). The super capacitor SOC is high (100%), medium (85%) and low (70%). A 3 × 3 × 3 simulation model of 27 units is built. The electrical parameters of the SCESS-DFIG in the simulation are shown in Table A2 below. In the initial stage of the simulation system, the system frequency remains stable under steady load, and the load is L2 at 2 s When the system is cut in, the system frequency drops, and at this time, the combined wind storage system and the thermal generator set start to adjust the frequency. The simulation results are shown as follows.
[image: Figure 9]FIGURE 9 | Three-dimensional simulation model architecture of SCESS-DFIG inertia response with variable wind speed.
TABLE A1 | 27 units with rated power of 2.5 MW the states and working conditions of different DFIG.
[image: Table A1]TABLE A2 | Parameters of the doubly-fed induction generator model in the simulation.
[image: Table A2]Figure 10 shows different wind speed curves given by the wind turbine, which are divided into low wind speed, medium wind speed and high wind speed. Figure 11 shows the frequency variation curves of the power grid system under the condition of sudden load with different control strategies. In ①, the wind power system does not have the capacity of inertia response; In ②, the control strategy that the wind storage frequency modulation system can coordinate the inertia response and has no recovery link in the process of inertia response; In ③, the super capacitor in the wind storage system provides the inertia response power independently and has no recovery link in the inertia response process; In ④, the control strategy of multi-energy coordination of inertia response and recovery link in the process of inertia response in the combined frequency modulation system of wind storage; In ⑤, the super capacitors in the wind storage system independently provide the inertia response power and there is a recovery link in the inertia response process; In ⑥, the control strategy of the wind turbine provides the inertia response by releasing the kinetic energy of the rotor.
[image: Figure 10]FIGURE 10 | Different wind speed curves given for SCESS-DFIGs.
[image: Figure 11]FIGURE 11 | The simulation results.
It can be seen from Figure 11 that if the DFIG does not have inertia response, the power grid frequency drop depth reaches 48.30 Hz at most. When only the rotor kinetic energy release of the DFIG is used to provide the inertia response power, the grid frequency drop reaches 48.35 Hz. As can be seen from the figure, the lowest point of the system drop has a certain delay, which is mainly due to the release of rotor kinetic energy, which causes the wind turbine to fall out of the MPPT curve, and the capture of mechanical power leads to the loss of power generation. When the super capacitor is used to independently perform the frequency regulation, the deepest drop of the grid frequency reaches 48.46 Hz. As shown in Figure 11, the simulation results show that when the DFIG and the super capacitor are combined in frequency regulation, the deepest drop of the power grid frequency reaches 48.68 Hz. The power grid frequency of control strategy ③⑤ is affected by the converter capacity and real-time SOC, and its frequency modulation capability is weaker than that of control strategy ②④. Because the control strategy②④adopts the frequency regulation strategy based on super capacitor and supplemented by the release of rotor kinetic energy, the effect of mechanical energy capture is much smaller than that of the control strategy ⑥, which will not affect the normal operation of the wind generator.
Figure 11 shows the total output power of the super capacitor under different control strategies. Since the wind turbine releases part of the rotor kinetic energy, the converter has more power margin, and the output power of the super capacitor is higher than that of the control strategy ③⑤. Figure 11 shows the total output power based on the release of rotor kinetic energy under different control strategies. The control strategy ⑥ releases a large amount of rotor kinetic energy at the initial stage of inertia response. Control strategy ②④ releases a small amount of rotor kinetic energy to supplement the inertia response of the system. Figure 11 shows the total electric power curves of the inertia response process under different control strategies. This part of power is generated by the electromechanical energy conversion of the wind turbine, and does not include the regulating energy of the super capacitor. Due to the instantaneous absorption of a large amount of rotor kinetic energy, the wind turbine can increase the output power at the initial stage of inertia response to meet the demand of frequency modulation. However, with the release of rotor kinetic energy, the speed of the wind turbine slows down, resulting in a sudden drop in the output power of the wind turbine captured wind energy out of the MPPT curve. The control strategy ②④adopt the method of frequency modulation coordinated by super capacitor compensation and rotor kinetic energy, so in the inertia response stage (starting from point A), the wind turbine releases part of the kinetic energy, and the total power output of the wind turbine is greater than that of the control strategy ③⑤. When the rotor kinetic energy is released, the output power of the fan of the control strategy ②④ is lower than that of the control strategy ③⑤ for a short time at point B. However, in the overall inertia response process, the output energy of the control strategy ②④ is higher than that of the control strategy ③⑤, and the output power of the control strategy can provide more frequency modulation power in the frequency decreasing stage. Figure 11 shows the comparison of inertia response power curves based on different frequency regulation control strategies. The output power of control strategy ②④ in the process of inertia response is the largest among the six control strategies, and its inertia response regulation ability is the strongest. Compared with the control strategy ②, the super capacitor will absorb the power when the frequency change rate of the power grid increases. This has an adverse effect on the frequency recovery of the system. Figure 11 shows the total output power curves of the wind storage system under different control strategies. Compared with the other five control strategies, the control strategy ② can provide the maximum inertia corresponding power without affecting the recovery of the system. Figure 11 shows the comparison of output power curves of thermal power plants based on different frequency modulation control strategies. Figure 12 shows rotor speed, DFIG output power, wind storage system output power, super capacitor SOC, super capacitor output power, and kinetic energy release power of a single rotor of SCESS-DFIG for No.1, No.3, No.9, No.18, and No.27.
[image: Figure 12]FIGURE 12 | State operation curves of some SCESS-DFIGs under different working conditions.
6 CONCLUSION
This paper focuses on the problem that the DFIG has weak frequency regulation ability and is susceptible to “source” disturbance. Based on the inertia time constants of conventional synchronous generators, the inertia time constants and the actual inertia constants of the dual-fed wind power generation system under variable wind speed are defined.
The specific conclusions are as follows:
1. By analyzing and comparing the cost of different wind storage combined frequency regulation topologies and related parts, it is determined that the wind storage power generation architecture adopting distributed energy storage has higher economy.
2. According to the damping effect of different wind speed changes on the grid frequency changes during the frequency regulation process, the influence of instantaneous power changes on the inertia response of the generator set is divided into “negative inertia”, “positive inertia” and “excess inertia”.
3. By comparing the capacity of providing inertia response power and energy with different energy sources, it is determined that a single energy source cannot meet the inertia response demand of wind power system. The feasibility of multi-energy coordinated control to improve the inertia response capacity of SCESS-DFIG is demonstrated.
4. Considering the influence of wind speed variation and the protection of speed, an expanded state observer is established to estimate the variation of captured mechanical power caused by wind speed variation, and the results are applied to the design of frequency regulation control strategy.
5. Using the state of the generator rotor, the SOC of the super capacitor, and the estimation of the change of the captured mechanical power as the optimization conditions, a control strategy for the SCESS-DFIG to participate in the frequency regulation of the power grid is designed. The feasibility and advantages of the proposed frequency regulation control strategy are proved by constructing a 3 × 3 × 3 wind farm model, which includes the initial wind speed, the state of charge and the wind speed variation trend.
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