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Abstract

:

The concept of hybrid wind power plants (HWPPs) that consist of wind, solar and batteries has received a lot of attention, since HWPPs provide a number of advantages thanks to the complementary nature of wind and solar energy and the flexibility of batteries. Nevertheless, converter-based technologies, as interfaces of HWPPs to the utility grid, contribute to the reduction of total system inertia, making the system more volatile and creating additional threats to frequency stability. To address these operational challenges, the capability of supercapacitors (SCs) to provide fast frequency reserve (FFR) is explored in this paper to enhance the frequency response of the HWPP. Two topologies for integrating SCs into the HWPP are proposed: (1) connecting SC to the DC link of wind turbine (WT) via a DC-DC converter interface, (2) directly connecting SC to the DC link of WT without converter interface. Frequency controllers at the asset level are proposed for these two topologies accordingly. The idea of the proposed frequency controller is to provide frequency response by varying SC voltage in proportion to frequency deviation, namely droop-based FFR. A practical SC sizing method for FFR provision is also discussed. The simulation results have shown, that in the case of frequency event, the proposed frequency controllers for SCs in both topologies positively contribute to the frequency of the system by reducing the rate of change of frequency by at least 5% and improving frequency nadir by at least 10%, compared to the case where the SC has no contribution to FFR. However, the capacitor size requirement for directly connected SC is more demanding in order to achieve the same level of improvement. The performance of frequency support has been highly related to total system inertia and control parameters. Therefore, any change to the severity of frequency events or control parameters calls for the reevaluation of the capacitance.
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1. Introduction


To cope with environmental issues like climate change and global warming, a number of agreements in both national and international levels have been established, to highlight the necessity to reduce greenhouse gas emission and to promote the development of RESs [1,2]. Denmark, in the latest energy agreement [3], has committed to 50% of energy demand being from RES by 2030 and phase out all fossil fuels by 2050. As a consequence of increasing rates of variable RES in power systems, new challenges and obstacles have emerged. The replacement of conventional power plants with RES technologies reduces dispatchable capacity and introduces varying generation, thus making power systems more volatile. Besides, the majority of RES sources, like DFIG-based (IEC 61400-27-1 Type 3) and PMSG-based (IEC 61400-27-1 Type 4) WTs [4] and solar photovoltaics, are connected to the grid via the converter interface, having limited contribution to system inertia. The great reduction in total system inertia creates additional threats for power system stability and security. One of the main problems appearing in low-inertia power systems is that, even small disturbances, and events can cause large frequency excursions and high ROCOF values, which activate involuntary load shedding. This issue leads to frequency instability of the power system, and blackout eventually.



As FCR, which is the existing frequency service for handling power imbalances, will face challenges of meeting performance requirements of the system, a new frequency reserve—FFR is introduced into the FAS markets [5]. FFR can be an instrument to reduce high ROCOF and large frequency deviation in a situation with very low inertia. It is also stated in [5] that in the Nordic synchronous area, 100 MW of FFR should be able to cover 20 GWs of kinetic energy in a low-inertia system. However, how to enable fast frequency support from generation sources to mitigate the impact of imbalance in low-inertia systems remains to be answered.



Recently, there has been an interest in combining different RES technologies forming utility-scale HWPPs due to the enhanced controllability and utilization of electrical infrastructure [6]. A number of conducted research studies and the first built HWPPs (Kennedy Energy Park, Australia; Kavithal project, India) have shown the expanded capabilities of HWPPs to participate in the FAS market as the FCR provider. However, in order to capture revenues from FFR, the methodology for enabling utility-scale HWPPs to provide FFR services needs to be explored.



There are multiple publications on developing controllers to provide frequency response from WTs, where the kinetic energy from the rotor of WTs are transmitted to the grid [7,8,9,10]. However, the provision of such support can stress the mechanical components of the WTs [11], leading to the instability of the WT, as well as its reduced lifetime. SCs, as short-term energy storage devices with high power density, are suitable to provide fast frequency support. Several studies have developed controllers for SCs coupled with the DC link of the WTs to relieve the mechanical stress of the WTs. One common type of frequency control for SC-integrated WTs is synthetic inertia control, which enables the WTs to exhibit an inertia response similar to a synchronous machine in response to frequency disturbances [12,13,14]. Another type is fast frequency control based on droop control. Authors from [15] have proposed fast frequency control for the type 3 WT with the SC directly connected to the DC link. A fast frequency control strategy is presented in [16], designed for the type 4 WT with the SCs directly connected to the DC link. To date, few papers have discussed fast frequency controllers for SCs coupled with the DC link of WTs considering two topologies, that is, connected to DC link with or without a DC-DC converter, and provided a technical comparison between the two.



Fast frequency controllers for SC-integrated WTs are proposed in this work with the following contributions: (1) a new fast frequency control strategy is developed to enable FFR provision from the SCs that are connected to the DC link of the WTs via a DC/DC converter; (2) a performance comparison of FFR provision between two SC integration topologies is firstly provided with the SC sizing requirement taken into account; (3) the coordination of the fast frequency controllers with upper control level is also discussed, making them suitable for either standalone WPPs or HWPPs, while the latter is the focus of this paper; (4) the impact of control parameters on the performance of FFR provision is evaluated via sensitivity analysis in a low-inertia system.



The outline of the paper is as follows: the HWPP dynamic model and control are briefly presented in Section 2. In Section 3, two types of SC integration methods are discussed, followed by the detailed design of SC frequency controllers, and then size calculation for SC. Thereafter, the developed controls are validated in Section 4 in a 12-bus power system, using RMS simulation with relevant case studies. Finally, Section 5 summarizes the key findings of the paper and outlines possible paths for future work.




2. HWPP Dynamic Modeling and Control


2.1. HWPP Model


A model representation of the co-located HWPP is presented in Figure 1. The HWPP is connected to the grid using a 176 MVA 230/20 kV transformer. Medium voltage 20 kV terminal is used as PCC, where separate power plants—a WPP, a SPP and an ESS are connected. All the modeling and control for the HWPP has been done using power system analysis tool DIgSILENT PowerFactory [17].



WPP has been modelled by combining a synchronous generator and a back-to-back converter. The synchronous generator model represents 60 parallel-connected 2 MW Type 4 WTs, which are connected to a generator side AC-DC converter via a shunt reactor. The generator side converter has a rated power of 150 MVA. It works in P-Vac control mode and is connected to the 5.4 kV DC link capacitor. Another 150 MVA DC-AC grid side converter is responsible to deliver power from the DC link to the grid. It works in Vdc-Q mode and is connected to the PCC via a 132 MVA 3.3/20 kV transformer. SPP has been modelled using a built-in photovoltaic system element in PowerFactory. It consists of a current source and a DC-AC converter. The rated power of the SPP is 40 MW and is connected to the PCC via a 45 MVA 0.69/20 kV transformer. ESS has been modelled as a built-in battery storage element in PowerFactory, which contains a 10 MW/20 MWh battery and a DC-AC converter with a rated capacity of 10 MVA. The ESS is connected through a 13 MVA 0.6/20 kV transformer to the PCC.




2.2. HWPP Control


An HWPP level controller is mainly responsible for controlling and managing individual power plants, and a simplified block diagram is provided in Figure 2. A total available power of the HWPP (neglecting ESS) is the sum of the available power of SPP and WPP, which are calculated using their MPPT blocks. Control functions block takes available power signals together with the control mode from system operators (0, 1 or 2 representing no limitation, delta or balance control accordingly) [18] and adjusts power reference to the HWPP. The marked red area in Figure 2 represents the frequency controller of the HWPP. The FCR block has been implemented and it consists of both droop and ROCOF controllers. The FRR block is built for the implementation of frequency restoration reserve provision. Both of these frequency controllers generate power adjustment signals   d  P  F C R     and   d  P  F R R    . These signals are summed up with initial power reference to generate power reference input   P  r e f _  i n     to the PI controller, which gives the final power reference of the HWPP to the dispatch block. It should be remarked that, frequency controller for the SC integrated in the WT is implemented in the asset level other than the HWPP control level, therefore being suitable for scenarios with or without the HWPP control. However, to coordinate with FCR and FRR in the HWPP control, the FFR response needs to be estimated and added as a compensation signal   d   P ^   F F R     to the PI control at the HWPP control level. Such a scheme ensures that the counteraction between the asset level and the HWPP control level is avoided. Furthermore, for simplicity, FCR and FRR control have been disabled in this paper when evaluating the performance of a newly implemented FFR.



Then, the dispatch block using signals of available power, state of charge of the battery and power reference allocates power setpoints for separate assets based on a set of rules (rule-based control). Generating priority is given to SPP, meaning that in the case of excess power, WPP is curtailed first. Furthermore, if ESS is not fully charged, it is used to store excessive power, reducing the loss of energy. In no limitation mode and delta control mode, ESS is not discharged, so that its power and energy are kept to provide frequency support. Only in balance control mode where power setpoints for the HWPP are higher than the total available power from RES, ESS is utilised for power generation.





3. Fast Frequency Response Using Supercapacitor


3.1. Supercapacitor Integration


The model, where an SC has been added to the DC link of a WT in order to provide droop based FFR response, is shown in Figure 3. It is important to highlight that in such a configuration, the DC link is similar to a DC bus, where more than one power source is connected (WT and SC). SCs can be connected to the DC link via a DC-DC converter (Figure 3a) or directly connected to the DC link without converters (Figure 3b). The use of the DC-DC converter allows flexible control of SC with a wider range of voltage levels, but increases the capital costs due to the addition of the converters. On the other hand, the direct connection of SC requires lower cost, but the SC has to be of larger size to provide the required frequency support with the limited allowable voltage deviation at the DC link.




3.2. Frequency Control Design


The control diagram for WT generator side converter is presented in Figure 4a. The generator side converter works in P-Vac mode and is responsible for the control of active power flow from the WT to the DC link, as well as the regulation of the rectifier terminal voltage. P controller receives a power reference signal from the HWPP controller and compares it with power measurement in the rectifier terminal. Errors between the signals are fed into a PI controller, whose output is the d-axis current reference   i d  . The voltage control of the generator is realised in a similar manner. The output of the voltage controller is the q-axis current reference   i q  . Both power and voltage measurements as control feedback are passed through a low pass filter to eliminate high frequency noises. Finally, both d-axis and q-axis current reference signals go through a current limiter block, which assures that the converter is not forced to work above its nominal power, and then are sent to the converter with a built-in inner current controller.



The controller of the WT grid side converter is presented in Figure 4b. The grid side converter works in Vdc-Q mode. Since the generated power from both WT and SC affects the DC link voltage, the grid side converter regulates the DC link voltage by changing the d-axis current reference and delivers the power to the main grid from either source. Besides this, the grid side converter also controls the reactive power of the AC terminal by adjusting its q-axis current references. By doing so, such control allows the grid side converter to provide voltage support to the grid. A similar current limiter specifies the lower and upper limits of the d and q axis current references, so that apparent power does not exceed the rated power capacity of the grid-side converter.



SC built in the DC link of the WT is supposed to provide droop based FFR. Given the control for WT, two additional frequency control designs are proposed to accommodate two SC integration methods; that is, with or without a DC-DC converter, respectively. Considering that SC is connected into the DC link with the converter, the DC-DC converter is responsible to control the current output of the SC. The converter takes as the input the signal  α , which corresponds to the ratio of the voltages on the controlled side and uncontrolled side. The value of  α  is calculated as follows:


  α =   V  S C r e f    V  D C m e a s    =    V  S C n   − Δ  V  S C     V  D C m e a s     



(1)




where   V  S C r e f   —voltage reference of the SC [kV],   V  S C n   —SC nominal voltage [kV],   Δ  V  S C    —corrective voltage signal [kV],   V  D C m e a s   —measured DC voltage [kV]. In this case, the controlled side is the SC terminal, while uncontrolled side is the DC link. In the steady state, when frequency is at nominal value (  Δ f = 0  ), voltage at the terminal of SC is constant and equal to the nominal DC link voltage. However, when frequency deviates from the nominal value,   V  S C r e f    is regulated as described in Figure 5b, using a similar approach to droop control. It should be mentioned that as the SC power output depends on the derivative of the voltage (rate of change of voltage), the final frequency response seen from the grid is similar to inertia response. This means that SC power output eventually depends on the ROCOF. When frequency reaches steady state, regardless of what the steady-state value is, the power output from the SC will be equal to 0.



In such topology where SC is connected directly to the DC link, the DC link voltage is regulated by the grid side converter. By adjusting the DC link voltage reference, the charging or the discharging of the SC is controlled. This method is similar to the one implemented in [15], with minor differences. As shown in Figure 5a, the DC link voltage reference for the grid side converter is determined by   V  S C r e f   :


   V  D C r e f   =  V  S C r e f    



(2)




where   V  D C r e f   —DC link voltage reference [kV]. However, extra attention should be paid to this connection topology in terms of design consideration. The range in which the DC link voltage varies is limited by the inequality as follows:


   V  D C r e f   >  V  D C m i n   >  2   V  A C n ( l − l )    



(3)




where   V  D C m i n   —minimum DC voltage [kV],   V  A C n ( l − l )   —peak line-to-line voltage at the AC side [kV]. (3) guarantees that the grid side converter works with proper PWM. It also means that SC is not fully exploited if directly connected to the DC link compared to the SC with the DC-DC converter, where the SC can operate with much lower voltage (if not close to 0). To achieve the same response as the SC with a DC-DC converter, a much larger capacitor would be needed for SC directly connected to the DC link. Additionally, large capacitors in the DC link highly influence the closed loop converter dynamics and could create stability issues. Therefore, control parameters of both generated side converter and grid side converter need to be retuned for directly connected SC. In the end, which implementation method is preferred would depend on the costs of the SC and the DC-DC converter.




3.3. Size Calculation for Supercapacitor


Considering ordinary droop control, frequency and power are linked by the following equation:


  R =   Δ f /  f n    Δ P /  P n     



(4)




where R—droop coefficient [%],   Δ f  —frequency deviation from nominal frequency [Hz],   Δ P  —power deviation from power output at nominal frequency [MW],   P n  —nominal power of generating technology [MW]. For simplicity, the negative sign is removed from the conventional definition of droop coefficient, and   Δ f   is redefined as    f n  −  f  m e a s     (positive for an under-nominal frequency, and negative otherwise). Droop coefficient represents the percentage of change in frequency at which the generating unit changes 100% of its power output (  Δ  f  m a x   = R  f n   ). In order to link droop coefficient with SC frequency control, maximum SC voltage deviation percentage has to be defined as:


   d  m a x   =   Δ  V  S C m a x     V  S C n     



(5)




where   d  m a x   —maximum SC voltage deviation percentage [%],   Δ  V  S C m a x    —maximum allowable voltage deviation from SC nominal voltage for SC [kV]. The ratio between maximum voltage deviation and frequency deviation for a given droop coefficient result in the SC frequency control gain as follows:


   K  V f   =   Δ  V  S C m a x     Δ  f  m a x     =    d  m a x    V  S C n     R  f n     



(6)




where   K  V f   —frequency control gain [kV/Hz],   Δ  f  m a x    —maximum frequency deviation [Hz]. It should be mentioned that frequency error   f  e r r o r    is fed through a measurement filter with time constant   T  V f    before being multiplied by the calculated gain   K  V f   .



To decide on the capacitance of the SC, the energy released by the SC during FFR, provision is calculated as follows:


  Δ E =  1 2  C  (  V  S C n  2  −  V  S C m i n  2  )   



(7)




where   Δ E  —energy released by SC [  M W · s  ], C—SC capacitance [F],   V  S C m i n   —minimum allowable SC voltage, equal to    V  S C n   − Δ  V  S C m a x     [kV].   V  S C m i n    can be close to zero for SCs connected to DC link via a DC-DC converter, or otherwise should fulfil (3) for directly-connected SCs. Based on the definition of droop coefficient (4), the power generated by the droop based FFR is shown as follows:


  Δ P =   Δ f /  f n    R /  P n     



(8)




where   Δ P  —power output from SC [MW]. In order for the SC to fulfil the droop-based FFR requirement, the energy released by the SC should fulfil:


   1 2  Δ P × Δ T ≤ Δ E ≤ Δ P × Δ T  



(9)




where   Δ T  —support duration [s]. The left-hand side of the inequalities (9) assumes a triangular shape for the FFR response with the magnitude   Δ P   and the duration   Δ T  , while the right-hand side of the inequalities (9) assumes a rectangular shape for the FFR response with the same magnitude and duration. Therefore, the capacitance should be chosen to fulfil the following constraints by combining (7), (8) and (9):


    Δ f  P n  Δ T   R  f n   (  V  S C n  2  −  V  S C m i n  2  )    ≤ C ≤   2 Δ f  P n  Δ T   R  f n   (  V  S C n  2  −  V  S C m i n  2  )     



(10)







It can be seen that the design value of the capacitance depends on the rated power of the main entity (in this case WT), support duration, droop coefficient and maximum voltage deviation.   Δ f   is a design parameter that is decided by the estimated frequency deviation during the frequency event. For example, if   Δ f = 1  H z  , then it guarantees that as long as maximum frequency deviation is less than 1 Hz in the event, the SC will fulfil the frequency provision requirement without affecting the converter operation.   Δ f   can also be set directly to   Δ  f  m a x     and (10) can be simplified as:


     P n  Δ T    V  S C n  2  −  V  S C m i n  2    ≤ C ≤   2  P n  Δ T    V  S C n  2  −  V  S C m i n  2     



(11)




however, (11) can lead to the overdimensioning of the capacitor for frequency events with smaller frequency deviations than   Δ  f  m a x    . From (10) and (11), it is obvious that the capacitance required for the SC with a DC-DC converter is smaller, since a lower   V  S C m i n    is allowed compared to the SC with direct connection to the DC link.





4. Results


In this section, the designed HWPP model incorporating SCs is validated for the provision of FFR using a droop characteristic. The test system model is introduced at first. The responses from two types of SC integration strategies, that is, direct connection and connection via DC-DC converters, are then investigated and compared with each other in power system models with different inertia constants. Furthermore, the impact of different control parameters is inspected through sensitivity analysis. The base case in all the following case studies is the ’no control’ case, where the proposed frequency control is disabled, such that no fast frequency response is provided by the SC.



It is worth noting, that in all of the simulations, HWPP is working in no power limitation mode, and it is assumed that wind speed is constant at 12 m/s and solar irradiance at 1000 W/m   2  , leading to the constant production of 120 MW and 39.5 MW for WPP and SPP, accordingly. In this mode, battery does not provide power, as it is assumed to be used for other services.



4.1. Test System Model


The main grid used in the PowerFactory simulation is a generic 12-bus system [19] developed for wind energy studies, shown in Figure 6. This system represents a UK power system consisting of 4 major areas. Area 1 and 2 have the majority of the generation comprising thermal units G1 and G2 and a hydro unit G4 with mainly industrial and rural loads (L01, L02, L06). Another thermal power plant (G3) is located in Area 3, where a heavy industrial load is connected (L03). Area 4 represents the southeast part of UK and has Bus 5, where the rural load L05 and the analysed HWPP is connected. Additionally, Bus 5 has two major connections with Bus 2 and Bus 4 via 400 km and 150 km lines, respectively. In all of the cases, the same event is simulated, where 250 MW load L02 is increased by 50% (125 MW) at the simulation time t = 10 s if not stated differently in the following subsections. Changes applied to the 12-bus system and all the grid data are provided in the Appendix A.1.




4.2. Validation of Droop-based FFR via Supercapacitor


In this case, droop coefficient R is chosen to be 5%. Support duration   Δ T   is chosen to be 10 s. The rated power of WPP   P n   is equal to 120 MW. The maximum frequency deviation   Δ f   during the event is 0.5 Hz. For the directly connected SC, since the nominal voltage of the AC bus is 3.3 kV (line to line), the minimum allowable voltage for SC is chosen to be 4.8 kV (  3.3 ×  2  = 4.7 ≤ 4.8  ), considering reserving an extra voltage range. Therefore, the capacitor size for the directly-connected SC according to (10) results in:


  39.2  F ≤ C ≤ 78.4  F  



(12)







Similarly, for the SC with a DC-DC converter, the minimum allowable voltage for SC is chosen to be 1.1 kV considering 80% maximum voltage deviation. The capacitor size for the converter-connected SC according to (10) results in:


  8.6  F ≤ C ≤ 17.2  F  



(13)







As a result, the capacitor sizes in this study are chosen to be 51.4 F for the directly connected SC and 11.3 F for the converter-connected SC, in order to meet (12) and (13). For the purpose of comparison, the capacitor sizes are selected such that similar frequency responses are achieved between two different topologies.



Simulation results for the directly connected SC are shown in Figure 7. It is seen that, compared to the base case, the SC with its frequency controller improves the frequency nadir from 49.53 Hz to 49.58 Hz and the ROCOF from −0.14 Hz/s to −0.12 Hz/s during the event, while it has no impact on steady state. The minimum SC voltage reaches 5.03 kV, which ensures that the grid side converter functions properly. Active power and current, the responses of which are inversely proportional to the frequency, rapidly increase to their peak values at 2.8 kA and 14.7 MW, respectively, at 4 s after the event. Around t = 22 s, SC starts to absorb power as the frequency overshoots slightly and then reaches a steady state.



Simulation results for the SC with a DC-DC converter are shown in Figure 8. Likewise, compared to the base case, the SC with its frequency controller also improves the frequency nadir from 49.53 Hz to 49.58 Hz and the ROCOF from −0.14 Hz/s to −0.13 Hz/s during the event, without any impact on steady state frequency. The minimum SC voltage reaches 3.64 kV, much less than the directly connected SC, because of its smaller capacitance. The responses of active power and current are similar to the directly connected SC, having their peak values at 2.8 kA and 13.3 MW.



Based on the results above, two SC integration strategies have similar performance in terms of FFR provision. The selected capacitor sizes are sufficient for this particular frequency event with both SC topologies. However, the DC-DC converter allows a wider operating range of SC voltage and guarantees a similar frequency response with much smaller capacitance. The studied power system model has relatively high inertia constant H = 8.3 s, thereby exhibiting small frequency deviation. Low-inertia systems and more aggressive frequency control settings, with which simulation results differ, are covered in the following subsection.




4.3. Low-Inertia Systems


Droop coefficient R is kept constant at 5% in this case study. The power system model used in the previous case study is modified here to exhibit the behavior of a low-inertia system. The modifications are listed as follows:




	
replace thermal plant G3 with a WPP having the same size, leading to inertia constant H = 7.1 s.



	
replace both thermal plant G3 and hydro plant G4 with two WPPs having the same size, leading to inertia constant H = 5.7 s.








Figure 9 shows simulation results of FFR provision from the directly connected SC in systems with different inertia constants and Table 1 summarizes the improvement of frequency nadir and ROCOF compared to the base case, as well as the SC states. Compared to 0.05 Hz frequency nadir improvement in the previous case with H equal to 8.3 s, there are further improvements on frequency nadir in systems with lower inertia H = 7.1 s and H = 5.7 s, which are 0.09 Hz and 0.10 Hz, respectively. The system with the lowest inertia experiences the largest frequency nadir and ROCOF improvement. Since the minimum SC voltages seen in all cases are larger than the minimum allowable voltage for SC, the grid side converter works well with the proper DC voltage. However, it is worth pointing out that the minimum SC voltage seen in systems with H = 5.7 s already approaches a critical value, so there could be a malfunction in the grid side converter in a system with lower inertia.



Figure 10 shows simulation results of FFR provision from the converter-connected SC in systems with different inertia constants, and Table 2 summarizes the improvement of frequency nadir and ROCOF compared to the base case as well as the SC states. Likewise, further improvements on frequency nadir are indicated in systems with lower inertia H = 7.1 s and H = 5.7 s, compared to the previous case where inertia constant H equals 8.3 s. The system with the lowest inertia also experiences the largest frequency nadir and ROCOF improvement. Since the minimum allowable voltage for the converter-connected SC is much lower than the directly connected SC, the grid side converter works well with the selected capacitor size, providing similar frequency responses to the directly connected SC.




4.4. Sensitivity Analysis


4.4.1. Changing Droop Coefficients


In this case study, the influence of droop coefficients on the performance of the droop based FFR is analyzed for both the directly connected SC and the converter-connected SC in a low-inertia system (H = 5.7 s). Droop coefficients are varied between 3% and 5% in one percent increments, while the rest of the parameters are kept the same (  P n   = 120 MW,   T  V f    = 10 s). For the purpose of comparison, unlike the previous case studies, the same capacitance   C = 51.4  F   is used for both topologies.



Simulation results for sensitivity analysis of droop coefficients are shown in Figure 11, while a summary of main results is also provided in Table 3, with regard to the directly-connected SC. As expected, lower droop coefficients indicate better frequency responses, where higher frequency nadir is obtained, along with lower ROCOF. It is because smaller droop coefficients represent a more aggressive frequency control action with a faster discharging of SC. As the rate of change of SC voltage increases with lower droop coefficients, SC power output increases as well, leading to higher voltage deviations at the SC terminal (voltage nadir of 4.55 kV, 4.77 kV and 4.88 kV for droop coefficients 3%, 4% and 5% respectively). Notice that with R = 3%, oscillation occurs in frequency, SC output power and output current at around t = 18 s. The oscillation results from bad PMW of the grid side converter, which is caused by low SC voltage. This phenomenon is also aligned with the previous size calculation of the capacitor. Since the capacitance C is determined based on R = 5%, a selection process for the capacitance of the directly-connected SC based on (12) and (13) is called for, due to different droop coefficients.



Simulation results for a sensitivity analysis of droop coefficients is shown in Figure 12, while a summary of the main results is also provided in Table 4, with regard to the converter-connected SC. The same observations apply to frequency response, SC voltage, SC output power and output current. The performance of FFR provision is very similar to the directly connected SC. The main difference under this scenario is that no oscillation is observed for any droop coefficient thanks to the DC-DC converter, which allows a wider range of SC voltage and have only indirect effect on DC link voltage.



It could be concluded that lower droop coefficients further improve the performance of droop based FFR, including frequency nadir and average ROCOF, regardless of the SC integration methods. However, special attention needs to be paid to the selection of the directly connected capacitor if the proposed frequency control is redesigned with new droop coefficients, since the droop coefficient plays a role in capacitor size calculation.




4.4.2. Changing Time Constant


In this case study, the influence of time constant of the low-pass filter   T  V f    on the performance of the droop-based FFR is analyzed for both the directly-connected SC and the converter-connected SC in a low-inertia system (H = 5.7 s). Time constants are varied from 5 s to 10 s, 15 s and 20 s, while the rest of the parameters are kept the same (  P n   = 120 MW, R = 5%). For similar purposes, the same capacitance   C = 51.4  F   is used for both topologies.



Simulation results are summarized in Figure 13 and Table 5 for the sensitivity analysis of the time constant considering the directly-connected SC. From Figure 13, it can be seen, that with higher time constants, SC voltage is regulated at a much slower pace, with higher nadir and smaller undershoot for the directly connected SC. The peak active power provided by the SC in the case of   T  V f    = 5 s is 28.16 MW, more than twice as high as 12.57 MW in the case of   T  V f    = 20 s, although the capacitance is the same. Differences among cases are also reflected in the system frequency, where the highest frequency nadir and the lowest ROCOF are with   T  V f    = 5 s (49.48 Hz and −0.16 Hz/s), and lowest frequency nadir and the highest ROCOF with   T  V f    = 20 s (49.39 Hz and −0.20 Hz/s). It could be seen that the best case is with   T  V f    = 5 s, as the smallest delay is introduced to frequency feedback by the low-pass filter, leading to the largest voltage deviation and the fastest control action from the SC. However, for the directly connected SC, a faster control action under the case of   T  V f    = 5 s comes at the expense of low DC voltage that imperils proper PWM, and causes oscillations on system frequency and SC output current at around t = 17 s.



Simulation results are summarized in Figure 14 and Table 6 for the sensitivity analysis of the time constant considering the converter-connected SC. Figure 14 shows that with the converter-connected SC, the impact of the time constant follows a similar pattern to the directly-connected SC, where smaller time constants contribute to better frequency response, larger SC voltage deviation and faster control action. The highest frequency nadir and the lowest ROCOF is with the case of   T  V f    = 5 s (49.47 Hz and −0.17 Hz/s), and the lowest frequency nadir and the highest ROCOF with the case of   T  V f    = 20 s (49.39 Hz and −0.19 Hz/s). The SC voltage nadir reaches 4.7 kV in the case of   T  V f    = 5 s, making it the lowest nadir among all the cases due to the fastest frequency feedback. The peak active power provided by the SC in the case of   T  V f    = 5 s is 29.58 MW, more than twice as high as 12.28 MW in the case of   T  V f    = 20 s. Note that no oscillation is observed from simulation results with   T  V f    = 5 s, thanks to the extra DC-DC converter.



It could be concluded that smaller time constants improve the performance of droop-based FFR, including frequency nadir and average ROCOF, regardless of the SC integration methods. Similar to what has been concluded in the sensitivity analysis of droop coefficients, special attention needs to be paid to the selection of the directly connected capacitor if the low-pass filter is redesigned, since its time constant plays a role in capacitor size calculation as well.






5. Conclusions


The paper has developed fast frequency control strategies for the HWPP incorporating SC in the DC link of the WT for the provision of FFR, where droop-based FFR is implemented. Two topologies for integrating SC are considered: (1) direct connection to DC link and (2) connection to DC link through a DC-DC converter, and capacitor size calculation is discussed. The simulation results reveal that the proposed frequency control using SCs enhances the capabilities of HWPPs for providing FFR. The enhancement of FFR provision is even more noticeable under a system with lower inertia based on the study. According to a sensitivity analysis conducted in Section 5, droop coefficient and low-pass filter time constant both play a significant role in the performance of FFR provision.



In terms of the comparison between directly connected SC and converter-connected SC, both topologies guarantee improvement on both ROCOF by at least 0.1 Hz/s (5% compared to the base case) and frequency nadir by at least 0.05 Hz (10% compared to the base case), if the capacitor size is sufficient. However, for any given change on system inertia, droop coefficient and low-pass filter time constant, the size of the directly connected capacitor needs to be carefully selected to avoid low DC voltage that causes oscillations and malfunction of the grid side converter. Although the required capacitance for directly connected SC is generally larger than the converter-connected SC in order to guarantee the same performance, the preferred topology would eventually depend on the cost of DC-DC converters and additional capacitance. The detailed economic analysis will be covered in upcoming publications.
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Abbreviations


The following abbreviations are used in this manuscript:



	DFIG
	Doubly-fed induction generator



	ESS
	Energy storage system



	FAS
	Frequency ancillary service



	FCR
	Frequency containment reserve



	FFR
	Fast frequency reserve



	HWPP
	Hybrid wind power plant



	IEC
	International Electrotechnical Commission



	MPPT
	Maximum power point tracking



	PCC
	Point of common coupling



	PMSG
	Permanent synchronous generator



	PWM
	Pulse width modulation



	RES
	Renewable energy source



	RMS
	Root mean square



	ROCOF
	Rate of change of frequency



	SC
	Supercapacitor



	SPP
	Solar power plant



	WPP
	Wind power plant



	WT
	Wind turbine










Appendix A


Appendix A.1. Main Grid Data Configuration


In this section, the utility grid model is presented with the main parameters of generators, loads, transformers and transmission lines. One thermal power plant G2b has been added to the original model, and maintains similar characteristics to thermal power plant 2. Furthermore, this additional power plant is also connected to Bus 2. Table A1 includes the data for all the generators and loads. Table A2 shows the data for all the transformers while the data for transmission lines is included in Table A3.
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Table A1. Generator and load data for the utility grid.






Table A1. Generator and load data for the utility grid.












	Power Plant
	Units
	Total Capacity (MVA)
	Load
	Active Power (MW)





	1 (Thermal)
	6
	752
	L01
	300



	2 (Thermal)
	2
	320
	L02
	250



	2b (Thermal)
	2
	320
	L03
	350



	3 (Thermal)
	2
	384
	L04
	300



	4 (Hydro)
	3
	474
	L05
	100



	
	
	
	L06
	150
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Table A2. Transformer data of the utility grid.






Table A2. Transformer data of the utility grid.





	Transformer
	Type
	Capacity (MVA)
	Uk(%)
	Connection Group





	T1
	Autotransformer
	500
	13
	    Y n  −  Y n    



	T2
	Autotransformer
	500
	13
	    Y n  −  Y n    



	Tg1
	Step-up
	800
	12
	    Y n  −  Y n    



	Tg2
	Step-up
	350
	12
	    Y n  −  Y n    



	Tg2b
	Step-up
	350
	12
	    Y n  −  Y n    



	Tg3
	Step-up
	250
	10
	    Y n  −  Y n    



	Tg4
	Step-up
	400
	11
	    Y n  −  Y n    
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Table A3. Transmission line data of the utility grid.






Table A3. Transmission line data of the utility grid.





	Line (Bus-Bus)
	Length (km)
	Voltage (kV)
	R (Ohm/km)
	X (Ohm/km)
	B (uS/km)





	1–2
	100
	230
	0.0598
	0.476
	3.474



	1–6
	300
	230
	0.0598
	0.476
	3.474



	2–5
	400
	230
	0.0598
	0.476
	3.474



	3–4a
	100
	230
	0.0598
	0.476
	3.474



	3–4b
	100
	230
	0.0598
	0.476
	3.474



	4–5
	150
	230
	0.0598
	0.476
	3.474



	4–6
	300
	230
	0.0598
	0.476
	3.474



	7–8
	600
	345
	0.0316
	0.341
	4.600
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Figure 1. HWPP one line diagram. 






Figure 1. HWPP one line diagram.
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Figure 2. HWPP controller. 
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Figure 3. WT model with integration of SC. (a) WT model integrating SC via a DC-DC converter. (b) WT model directly integrating SC into DC link. 
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Figure 4. WT converter controllers. (a) WT generator side converter controller. (b) WT grid side converter controller. 
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Figure 5. SC controllers. (a) Controller for directly-connected SC. (b) Controller for converter-connected SC. 
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Figure 6. Generic 12-bus system topology [19]. 
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Figure 7. FFR provision from the directly-connected SC (from top to bottom: system frequency, SC terminal DC voltage, SC output DC power, SC output DC current). 
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Figure 8. FFR provision from the converter-connected SC (from top to bottom: system frequency, SC terminal DC voltage, SC output DC power, SC output DC current). 
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Figure 9. FFR provision from the directly connected SC in systems with different inertia constants (from top to bottom: system frequency (solid lines—cases with control, dash lines—cases without control), SC terminal DC voltage, SC output DC power, SC output DC current). 
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Figure 10. FFR provision from the converter-connected SC in systems with different inertia constants: (from top to bottom: system frequency (solid lines—cases with control, dash lines—cases without control), SC terminal DC voltage, SC output DC power, SC output DC current). 






Figure 10. FFR provision from the converter-connected SC in systems with different inertia constants: (from top to bottom: system frequency (solid lines—cases with control, dash lines—cases without control), SC terminal DC voltage, SC output DC power, SC output DC current).
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Figure 11. FFR provision from the directly connected SC with varying droop coefficients (from top to bottom: system frequency, SC terminal DC voltage, SC output DC power, SC output DC current). 
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Figure 12. FFR provision from the converter-connected SC with varying droop coefficients (from top to bottom: system frequency, SC terminal DC voltage, SC output DC power, SC output DC current). 
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Figure 13. FFR provision from the directly connected SC with varying time constants (from top to bottom: system frequency, SC terminal DC voltage, SC output DC power, SC output DC current). 
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Figure 14. FFR provision from the converter-connected SC with varying time constants (from top to bottom: system frequency, SC terminal DC voltage, SC output DC power, SC output DC current). 
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[image: Energies 14 03495 g014]







[image: Table] 





Table 1. Overview of simulation results of FFR provision from the directly connected SC in systems with different inertia constants.
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	Parameters
	H = 8.3 s
	H = 7.1 s
	H = 5.7 s





	Frequency Nadir Improvement (Hz)
	   0.05   
	   0.09   
	   0.10   



	ROCOF Improvement (Hz/s)
	   0.02   
	   0.02   
	   0.04   



	Minimum SC Voltage (kV)
	   5.03   
	   4.91   
	   4.88   



	Maximum SC Power (MW)
	   14.66   
	   18.05   
	   19.98   



	Maximum SC Current (kA)
	   2.79   
	   3.46   
	   3.82   
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Table 2. Overview of simulation results of FFR provision from the converter-connected SC in systems with different inertia constants.
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	Parameters
	H = 8.3 s
	H = 7.1 s
	H = 5.7 s





	Frequency Nadir Improvement (Hz)
	   0.05   
	   0.08   
	   0.09   



	ROCOF Improvement (Hz/s)
	   0.01   
	   0.04   
	   0.04   



	Minimum SC Voltage (kV)
	   3.64   
	   3.03   
	   2.88   



	Maximum SC Power (MW)
	   13.34   
	   15.83   
	   17.66   



	Maximum SC Current (kA)
	   2.80   
	   3.48   
	   3.85   
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Table 3. Overview of simulation results of FFR provision from the directly-connected SC in systems with varying droop coefficients.
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	Parameters
	    R = 3 %    
	    R = 4 %    
	    R = 5 %    





	Frequency Nadir Improvement (Hz)
	   0.15   
	   0.13   
	   0.10   



	ROCOF Improvement (Hz/s)
	   0.06   
	   0.05   
	   0.04   



	Minimum SC Voltage (kV)
	   4.55   
	   4.77   
	   4.88   



	Maximum SC Power (MW)
	   28.30   
	   23.97   
	   19.98   



	Maximum SC Current (kA)
	   5.43   
	   4.62   
	   3.82   
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Table 4. Overview of simulation results of FFR provision from the converter-connected SC in systems with varying droop coefficients.
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	Parameters
	    R = 3 %    
	    R = 4 %    
	    R = 5 %    





	Frequency Nadir Improvement (Hz)
	   0.13   
	   0.11   
	   0.10   



	ROCOF Improvement (Hz/s)
	   0.04   
	   0.03   
	   0.02   



	Minimum SC Voltage (kV)
	   4.52   
	   4.73   
	   4.85   



	Maximum SC Power (MW)
	   30.14   
	   24.09   
	   19.94   



	Maximum SC Current (kA)
	   5.87   
	   4.66   
	   3.83   
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Table 5. Overview of simulation results of FFR provision from the directly connected SC in systems with varying time constants.
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	Parameters
	   T Vf    = 5 s
	   T Vf    = 10 s
	   T Vf    = 15 s
	   T Vf    = 20 s





	Frequency Nadir Improvement (Hz)
	   0.16   
	   0.10   
	   0.08   
	   0.06   



	ROCOF Improvement (Hz/s)
	   0.06   
	   0.04   
	   0.03   
	   0.02   



	Minimum SC Voltage (kV)
	   4.74   
	   4.88   
	   4.94   
	   4.97   



	Maximum SC Power (MW)
	   28.16   
	   19.98   
	   15.22   
	   12.57   



	Maximum SC Current (kA)
	   5.41   
	   3.82   
	   2.92   
	   2.39   
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Table 6. Overview of simulation results of FFR provision from the converter-connected SC in systems with varying time constants.
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	Parameters
	   T Vf    = 5 s
	   T Vf    = 10 s
	   T Vf    = 15 s
	   T Vf    = 20 s





	Frequency Nadir Improvement (Hz)
	   0.14   
	   0.10   
	   0.07   
	   0.06   



	ROCOF Improvement (Hz/s)
	   0.05   
	   0.02   
	   0.02   
	   0.02   



	Minimum SC Voltage (kV)
	   4.70   
	   4.85   
	   4.91   
	   4.94   



	Maximum SC Power (MW)
	   29.58   
	   19.94   
	   15.18   
	   12.28   



	Maximum SC Current (kA)
	   5.74   
	   3.83   
	   2.90   
	   2.33   
















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











© 2021 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/file26.jpg
2

= 50|

¥

3405

£ o R

= Time [s]

s

X565

S

g %_

glﬁ

8% 0 15 2 2 % 3
Time [s]

g)ﬂ

B

% 10

HK

n'"aﬂ 10 15 20 25 30 35

- Time [s]

g

T4

g2

50

39

8o 0 15 2 25 30 3

Time [s]






media/file8.jpg
. e
"y o,
=
- Y .
. —
.
[ e
=
e Coment )
o

®





media/file27.png
Time [s]

i~
T 50 c | . . 1 1 —————T=5s [
7} ——— T T=10s
- |
S 405l — T=15s| |
E | | | | | | | T=20s
I 0 10 15 20 25 30 35 40 45 50
— Time [s]
>
=.5.5 [ I I | I I — T = H g [
{% ———T=10s
= o ———T=15s=
345 ] ] ] | ] ] T=EDS
a 0 45 50
= 30 —————T=5s [
= 20 —T=10s
g 19 ———T=15s
ggﬁ-v e T = 20 5
-0 45 50
%g ——————T=5s [
Ez— ——T=10s]||
5 (b -1 =15s |
3-2‘ | | | | | | _T=EDS:
A 0 10 15 20 25 30 35 40 45 50





media/file13.png
Bus 1 N L6 //
AN Area 2 G4 ' Bus4
~ /
Bus 9 300km AL 300km /
(slack) A SO L Bus 5 / L4
rea 1 Ny 5 Area 4/ y
Bus 1
I
G1 15 —( gi )—I—( :> | y
G2 | /" 150km —
L1 —— B
100km 400km | / Area 3
> | // 100km
|
Bus 7 | // Bus 8 Bus 3
— @ @
: 600km | | Bus 11
e —O—]






media/file12.jpg
Bus 12

Bus1

Bus9
(slack)

O

61






media/file18.jpg
8

DC Voltage [kv) Freauency [Hz]

8

Power [MW]

Time (5]

10 15 2 25 %0 3
Time [s]

10 15 20 25 20 3%
Time [s]

e i~ —

DC Current [kA]

1 15 20 25 30 3
Time [s]





media/file9.png
o
a
Y
M>
o
=
=
Y

PI Controller

I L
I AC voltage controller
[
[ /
[ :
VACref VAcCerror
[
I }/Z\ > PI Controller
! +
[ _
I VACmeas J
L3 KATst)
[
(a)
e s |
I DC voltage controller
I
[ /
! VDCref VDCerror '
: }/;\ > PI Controller
I +
: VDCmeas B J
I —)I K/(Ts+1)
[
Reactive power controller
> PI Controller

Qref @ Qerror

Current Limiter

Current Limiter

idref
Generator Side
| Converter (GenSC)
iqref
idref
> Grid Side
Converter (GridSC)
iqref






media/file14.jpg
3
3

No Contral
R=5%

40
40

35
35

25
Time [s]
25
Time [s]

20
20

15
15

10
10

a5

0 2
Time [s]
25

15

10

3

20

15

10

g

[zH] fouanbasy VM1 2BEUOA 00

Il

jamod

[wilwaung 0a

Time [s]





media/file20.jpg
Frequency [Hz]
3

Power [MW]

DC Current [kA]

DC Voltage [kV]

50|

SW

0 5 10 15 2 2 % 3%
Time [s]

5

4

3

o 5 10 15 2 2 % 3%
Time [s]

20,

O—A

o

o 5 10 15 2 2 % % 4 45 50
Time [s]

4

) a3

He7is

o H=57s[7|

2

" 5 10 15 20 2 % % 40 45 50

Time [s]





media/file23.png
N
- 50 J b ' ' ' ' ' No Control [J
o R = 5%
o R=4% [
%49'5 I | | | | | | — " R=3% ]
L 0 5 10 156 20 25 30 35 40 45 50
— Time [s]
<
';' 5.5 ! ! ! ! ! ! ! No Control H
% 5L R = 5% |
= R=4% [
z 4.5 | ] ] ] | | ] T H = 3'::,."6 -
o 0 5 10 15 20 25 30 35 40 45 50
Time [s]
< 30 ' | ' | | | | No Control | |
= 20 ———R=5% |
g 13 ——R=4% |
DC_-'-' 10 | | | | | | | ——R=3% |
0 5 10 15 20 25 30 35 40 45 50
— Time [s]
%‘ 6 ' [ ' [ [ [ [ No Control | |
5 3l R=s% |
E 0 — = 4
O -2 | | | | | | | ————R=3% ]
8 0 5 10 15 20 25 30 35 40 45 50

Time [s]





media/file5.png
PWPP ava

PSPP ava

Control mode

fHPP mea—+H—>

Control

PHPP ref

Functions

Frequency control

ﬁ‘(Z> "1 PI Control >

Measurement
Delay

A N~
o FFR dP FFR
”| Estimation
i dPFCR
> FCR | >
|
I dPERR
> FRR I >
1

SOCES

Dispatch

PWPP ref

»

PSPP ref

»

PESS ref

»





media/file15.png
5%

45

No Control

R

40

30 35

25
Time [s]

o

_
o ©
O o

4
[zH] Aouanbal

w0 O

15 20 25 30 35 40 45 50
Time [s]

10

o

o)
[AM] 8b.ijoA O3

| 1 W0 | | O
~ <
| 1O | 1O
< <
| 1 O L 1w
™ ™
| | O | 1 O
™M ™M
2
| O | 1w
_.n/_m <
_“

| 41 O | 1 O
N N
| e L HTe
< <
| 1O | 1 O
< <
| |5 | |5
] '®) | o

O o o < N O N

(Q\| ~ I

IMI]Jamog W] uelnd 2@

Time [s]





media/file19.png
N
> 0 H=83s| |
£ H=71s[
3495 H=57s|
@ |
L 0 45 50
— Time [s]
>
£55 | | | | | | | |
% X H=83s n
8 5t H=71s =
g H=57s
U 45 ] ] | ] ] ] I I
5 0 10 15 20 25 30 35 40 45 50
Time [s]
Z 20 . . | .
= H=83s
= 10 H=71s| 7
E 0 | . HI=5.?5 |
0 10 15 20 25 30 35 40 45 50
— Time [s]
gl 4 | | | | | | |
=l H=83s| |
= H=71s
39 H=57s
U _2 ] ] ] ] ] ] I I
a8 0 10 15 20 25 30 35 40 45 50

Time [s]





media/file28.jpg
L T h
T =105
H T=155
2405
g T=20s]
g o 0 5 2 2% % % W R
s
Zss
&
g 4
S
545
8% 0 15 2 2 %
Time [s]

£ 0,
£ |
3 10
20

10
<10y 0 15 2 2 % %

- Time [s]

N

z 4

2

50|

S

) 0 15 20 25 30 3%

Time [s]






media/file2.jpg
Main Grid
B0V Ay

VG

W i @
]

T
™ ™
ety VO (e
iy (m*'—l*f
N — L
== we| 2| T o
ety

T )





nav.xhtml


  energies-14-03495


  
    		
      energies-14-03495
    


  




  





media/file11.png
¥ el > Ky

+vY
=
~s
»
_+_
—_

fineas — 11 VDCref Vic error

VDCmeas
K/(Ts+1)

7 .

Frequency controller

PI Controller —>

DC-DC
converter

Y

Y
z
=

K/(Ts+1)






media/file6.jpg





media/file24.jpg
DC Voltage [kv] Freauency (Hz)
ey

Power [MW]
So388

fonso

DC Current [kA]

No Control
R=5%
R=4%
R=3%
s 10 15 2 2% % % @ &
Time ]
s 10 5 2 2 % %
Time s
No Control
R=5%
R=a%
R=3%
s 10 5 2 2 % 3% 40 & %
Time s
——— No Control
N R=5%
R=4%
R=3%
s 10 5 2 2 % 3% & &






media/file29.png
Time [s]

™
I; 50 ' | 1 ' ' | — T =5
; V: —  =10sp
w —_— 1 =158
%49.5 I I | | | | —T1 =208
™ 0 10 15 20 25 30 35 40 45
— Time [s]
-
55.5 [ | | | | | — = 5 g
= —————— | T=15s"
345 | | | | | | — T =20 5 [
A 0 10 15 20 25 30 35 40 45
Time [s]
= 30 ————T=5s [
= 207 ——T=10s
s "0l ———T=15s|
E_m —T=20s|
0 45
— Time [s]
iﬁ | | | | | | — = B g
c 4r ————T=10s/|]
= 2
50 ——T =155
U'E_ | | | | | | —T1 =20 5 [T
H 0 10 15 20 25 30 35 40 45






media/file10.jpg
®





media/file7.png
Main Grid . .
230 kV (AC) Main Grid
230 kV (AC)
Trl Trl
N;X gér&lg;‘l MYV Terminal
20 kV (AC)
Tr2 Tr2
ESS SPP ESS SPP
WPP LV Terminal WPP LV Terminal
3.3kV (AC) e 3.3kV (AC) R
1 1
1 1
1 N~ 1
. 1 ~~ 1
GridSC I 1 GridSC : I
Vdc-Q Control Mode — : Vde-Q Control Mode _ 1
[ — [
1 I : I
L ! 1 1
DC Link DC Link
5.4 kV (DC) S R 5.4 kV (DC)
. 1 — 1 — 1 1 1 — —
GenSC L= : | N i DC-DC converter GenSC : — 1 | |
P-Vac Control Mode 1 I — ! 1 SC Terminal P-Vac Control Mode 1 : L |
N ~ | '  DCLink ! p— I Voltage Regulation 1 ~ | | DPCLink _
: I Capacitor : : 1 I Capacitor  Super Capacitor
Rectifier Terminal ! = = = |= = = 4 - ==} = = =" SC Terminal Rectifier Terminal ! = = = |= = = a P
3.3kV (AC) 5.4 kV (DC) 3.3kV (AC)

Reactor C)

Generator Terminal
3.3kV (AQ)

—— Super Capacitor
| Reactor C)

Generator Terminal
3.3kV (AO)






media/file16.jpg
8 T8 2 8
£z

85| Jg 9 2 2
2

ag ag 8y ]

5 5 5
2 nns_.m%.aa>:n TR RA o
VI SBEIOA DA n)semog (Wil weund 0a

zh] Aouanbasy

Time [s]





media/file3.png
Main Grid

230 kV (AC)
Trl @
MYV Terminal
20 kV (AC)
Tr4
Tr3 Tr2 @
ESS LV Terminal WPP LV Terminal SPP LV Terminal
0.6 kV (AC) 3.3kV (AC) 0.69 kV (AC)
(V) Y] ()
ES Inverter WT GridSC PV Inverten
DC Link ‘
5.4 kV (DC) |
— ———— DC Link
WT GenSC I Capacitor
Y]
ESS Rectifier Terminal SPP
3.3kV (AC)
Reactor i)

Generator Terminal
3.3kV (AC)

WPP






media/file0.png





media/file22.jpg
Time [s]

£y o Contra
I R=5%
§ R=a%
Su0s Rosw
© 0 10 15 20 3 30 35 40 45 50
o Time Is]
z
Es5 o Contra
g R=5%
£ v R=4%
S R
8%% 1 15 20 25 30 35 40 4 50
Time [s]
£ ot
510
&0 Resm
o 0 15 2 2 % % @ % 0
- Time [s]
E
= NoContra
[ R=5%
£32 R
33| R=3%
8o 0 15 2 25 % 3% 40 & 0





media/file17.png
N
- I- | | | | | l | |
(>)~ 50 No Control
GC) R =5%
-
849'5 B | | | | | | l | B
L 0 10 15 20 25 30 35 40 45 50
Time [s]
S’
ﬁ ' | | | | | | |
%)5
54T -
5 3 | | | | | | | |
A O 10 15 20 25 30 35 40 45 50
Time [s]
E 20 I T I I I T I I
=
I:l 10 i /\ _
2
o O | | | . I | I 1
al
0 10 15 20 25 30 35 40 45 50
— Time [s]
g 4 I T I I I T I
GC) 2 /\ _
S 0
8 _2 | | ] | ] | ] |
A O 10 15 20 25 30 35 40 45 50

Time [s]





media/file4.jpg
Pwep st

Pirr_mes PHpp_ref|
2 o ]
Fo ! Pref PSPP_ref
Conl e S iy
ol Dispatch.
smain 'Hw’
T s
Threguney et g
.
— '
e 1 dPRRR N
et Mo —
1






media/file25.png
Time [s]

N
IZ 50 | ' ' ' ' ' == N0 Control
o — R =5%
@ — R = 4Y
54951 — R = ﬂn
D | | | | | R =3% i
I 0 10 15 20 29 30 39 40 45 a0
—_ Time [s
S [s]
;.5.5 — | | ] | ' ~—————— No Control {
E 51 — R =5%
= — R =4%
Z 4.5 | | ' - - R =3% :
o 0O 10 15 20 25 30 35 40 45 a0
Time [s]
g 30 | | | | | e [N CONtrol |
= 201 —R=5%
E "g I ——— R =4%
& -10 . | | . . . |——R=3% |
0 10 15 20 25 30 35 40 45 a0
E. Time [s]
= 3 i | | | | | — No Control []
E ol N — R = 5O ]
5 o —R=4% |
S -2 | | | | | | R = 3% ]
o 0O 10 15 20 29 30 39 40 45 a0






media/file21.png
-
= 2 H=83s | _
z H=7.1s [
2495F H=57s| -
Q€ |
L 0 45 50
— Time [s
S s}
i | | | | | | |
%5— H=8.3s| |
S 4 H=71s }=
> 3 = H=57s =
| | | | | | I I
E 0 10 15 20 25 30 35 40 45 50
Time [s]
gz[}— | I I I I I | | =
= H=83s
= 101 H=71s| ]
2 H=57s
D":_:' 0 | | | . | | | ]
0 10 15 20 25 30 35 40 45 50
— Time [s]
gl 4 | | | | | | |
= L H=83s| _
g H=71s
30 H=57s| |
U _2 | I I I I I I I
o 0O 10 15 20 25 30 35 40 45 20





