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Abstract

:

The work presented in this paper aims to show how modern wind turbines can help to control the frequency in a small grid which suffers from large power imbalances. It is shown for an exemplary situation, which occurred in Flensburg’s distribution grid in 2019: a major blackout, which occurred after almost two hours in islanding operation, affecting almost the entire distribution grid, which supplies approximately 55,000 households and businesses. For the analysis, a wind turbine model and a grid support controller developed at the Wind Energy Technology Institute are combined with real measurements from the day of the blackout to generate a fictional yet realistic case study for such an islanding situation. For this case study, it is assumed that wind turbines with grid support functionalities are connected to the medium voltage distribution grid of the city. It is shown to what extent wind turbines can help to operate the grid by providing grid frequency support in two ways: By supplying synthetic inertia only, where the wind turbines can help to limit the rate of change of frequency in the islanded grid directly after losing the connection to the central European grid. In combination with the primary frequency control capabilities of the wind turbines (WTs), the disconnection of one gen set in the local power station might have been avoided. Furthermore, wind turbines with primary frequency control capabilities could have restored the grid frequency to 50 Hz shortly after the islanding situation even if the aforementioned gen-set was lost. This would have allowed connecting a backup medium voltage line to the central European grid and thereby avoiding the blackout.
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1. Introduction


Modern power systems with high penetration of inverter-based renewables are bound to exhibit little system inertia [1]. To avoid unfavorable excursions of the grid frequency and high rates of change of frequency (RoCoFs), system operators will require the provision of grid frequency support from renewables. Such grid support is already mandatory in some grids for instance in Ireland [2], Québec [3], or India [4]. To fulfill these requirements, wind turbine (WT) manufacturers, as well as academics, have developed various methods of grid support for WTs. Control options developed by manufacturers are usually tailored to the needs of a specific grid (e.g., Enercon for Hydro-Québec [5]) while academia follows a more general approach. A good overview of current control strategies to provide synthetic inertia and primary frequency response is given by Díaz-González et al. [6] and by Fernández-Guillamón et al. [7]. In an electrical grid large power imbalances i.e., the difference between generation and consumption, can cause heavy excursions of the grid frequency. Such contingencies may be caused by the failure of a large power plant, a large line but also by a system split. The ENTSO-E regards a system split as a major threat for the continental European grid [8]. In case of a system split, the power imbalances may reach up to 40% of the generated power [9]. Just recently the European grid was split into two parts during which a blackout could be avoided [10]. However, a system split may cause a devastating blackout as in Italy 2003 (affecting 56 Million people) [11]. Blackouts may also be triggered by a combination of market effects and technical problems as recently seen in Texas [12]. In addition to technical solutions, a different market design may also help to mitigate such imbalance situations: Borowski [13] proposes a different model for the electricity market which may send price signals depending on the local situation and thus helping during times of high imbalances. Blackouts may have devastating economic effects: Yamashita et al. report a range for the lost gross domestic product between $3.53 and $39.7 for every undelivered kWh [14].



System splits may also occur locally, leaving a local, islanded grid without connection to the rest of the system. Such an incident occurred in Flensburg on 9 January 2019. On that morning, Flensburg’s electricity demand was covered by two coal-fired gen sets (Generator 7 & 9) and one combined cycle gen set in the local power station, of the latter only the gas-fired gen-set (Generator 12) was connected to the grid (see Figure 1).



Stadtwerke Flensburg (SWFL) operates the power station as well as the distribution grid in Flensburg. While exporting a large share of the generated power to Denmark, the connection to the Danish grid was lost due to a cable failure. Consequently, the connection to the German grid was also lost, leaving the islanded grid with a large power surplus. This caused a strong acceleration of the generator rotors resulting in a high RoCoF (see Figure 2b), which in return triggered protection systems of Generator 12. Such a combination of an initial event and following failures of other grid components has been often observed during a major blackout in the past [14].



Loosing Generator 12 was problematic as this generator unlike the two remaining generators is capable of providing primary frequency control (PFC). The loss of Generator 12 and the increase of the electricity consumption in the morning hours caused a power deficit. Consequently, the grid frequency slowly (see Figure 2a). Over the next 75 min, the SWFL used cascaded load shedding for parts of the city to stabilize the frequency but eventually had to disconnect almost all remaining customers from the grid. After stabilizing the grid frequency, a backup connection to Denmark was engaged to reconnect to the central European grid and to end the blackout, approximately three hours after the initial incident (see Figure 2a).



This paper investigates whether wind turbines (WTs) with grid support capabilities would have been able to prevent the blackout. For this purpose, it is assumed that WTs would have generated a part of the electricity on 9 January 2019; the power plant’s production would have been accordingly lower. In three different scenarios, the WTs would be equipped with different functionalities to support the grid frequency. The goal is to avoid the blackout either by keeping Generator 12 synchronized with the grid or by a fast reconnection via the back-up line to the Danish 60 kV grid.



There is plenty of literature on grid support with WTs. However, these publications usually test the developed controller with reference cases (e.g., [15]) or focus on a comprehensive study of grid behavior rather than the WT behavior [16]. Ela et al. study the WT dynamics during system disturbances with measured data but the considered data lacks the severity of a blackout event [17]. Therefore, this paper aims to close this gap by using real data of a severe incident in combination with a reasonable model to study the WT dynamics. Furthermore, the performance of the variable H controller developed at the Wind Energy Technology Institute (WETI) is shown during a localized event in a small grid. This allows not only accessing the control performance with respect to the WT but also with respect to grid frequency stabilization with little uncertainty for the wind conditions and grid participants.



Section 2 of this paper describes the used WT model, the controller capabilities, and the applied grid model. Furthermore, the blackout event and the simulated scenarios are described in detail. Section 3 presents and discusses the simulation results. Section 4 summarizes the findings.




2. Materials and Methods


2.1. Detailed Description of the Blackout


Historically, the local grid in Flensburg has a strong connection to the Danish grid via a large 150 kV cable/line connection to the Aabenraa power station. Furthermore, there is a 110 kV connection to the German grid via one phase angle regulating transformer (quadrature booster) and a 60 kV back-up connection to the Danish distribution grid (see Figure 1). The power station in the city consists of four gen-sets: three coal-fired steam turbines and one combined cycle gas turbine.



In the early hours of 9 January 2019, approximately 57% of the generated electricity was consumed in the city while the rest was exported to Denmark via the aforementioned 150 kV cable-line connection (see Figure 1). Generator 7 & 9 (coal-fired) and Generator 12 (gas-fired) produced the power.



At 06:18:55 there was a short-circuit between one of the phases in the 150 kV cable and earth. Protection relays triggered and isolated the faulty phase immediately (see Figure 2b). Approximately one second later an automatic reclose of the circuit breakers was attempted. As the short-circuit remained, the complete 150 kV cable was isolated by automatically opening the circuit breakers (see Figure 2b). Consequently, the connection to the German high-voltage grid was also lost and the distribution grid worked as an islanded grid with a massive surplus (approximately 43%) of generated power. This caused a strong acceleration of the generator rotors resulting in a high RoCoF (up to 1.8 Hz/s), which in return triggered protection systems of Generator 12. Hence, Generator12 disconnected itself from the grid approximately 70 ms after losing the 150 kV connection to Denmark. The sudden changes of the electrical torque caused oscillations in the generator rotors of the two remaining generators as typical for a directly connected synchronous generator after a sudden change of the operating point [18]. As Generator 7 & 9 did not work at rated active power at the moment of islanding, their power could be increased (see Table 1). This allowed stabilizing the frequency for some time (see Figure 2a). However, after approximately 15 min the electricity demand rose so much that cascaded load shedding was inevitable. The exact load shedding sequence is described in Thiesen and Jauch [19].



After the cascaded load shedding did not decrease the power demand sufficiently to increase the grid frequency back to 50 Hz, the SWFL disconnected almost the entire city. In the next 80 min, the operating points of the generators were adjusted such that the grid frequency eventually stabilized and the 60 kV back-up connection to Denmark could be engaged to resynchronize with the central European grid. In this paper, three strategies are researched, which could have helped to avoid the blackout. All scenarios work with a fictive case in which part of the power in the islanded system is produced by WTs instead of by the fossil-fueled power station:




	
Scenario I: WTs supplying synthetic inertia (SI) could have lowered the high RoCoF, which occurred immediately after the system split. This might have kept the gas-fired gen-set connected to the grid and thereby the grid frequency could have been controlled because Generator 12 is capable of PFC.



	
Scenario II: As in scenario I, the goal is to keep Generator 12 connected to the grid. In addition to scenario I, the WTs also supply PFC. As there was an excess of power in the islanded grid the WTs could have reduced their power rapidly and thus allowing a longer reaction time for Generator 12 than in scenario I.



	
Scenario III: In this scenario, losing Generator 12 is accepted. The goal is to increase the grid frequency back to 50 Hz in the first minutes after the system split and keep it there long enough to allow a reconnection with the central European grid via the 60 kV back-up connection to Denmark (see Figure 1). To achieve that the WTs must be able to provide PFC and they must be curtailed before the event. This scenario is similar to the situation in Ireland, where the system operator is allowed to require such curtailment during times of volatile grid frequency [2]. WT curtailment due to feed-in management is common in the federal state surrounding Flensburg [20]. Hence, in strong wind conditions, some level of curtailment is to be expected, which may be used for PFC provision. As in scenarios I & II, the WTs also provide SI.









2.2. Grid Model, Wind Turbine Model, and Frequency Support Controller


The behavior of the WT, its capability to provide frequency support in extreme situations, and the consequences for the WTs are the focus of this paper. Hence, a complex model of the WT is used in combination with a simple model of the grid for representing the behavior of the grid frequency.



2.2.1. Grid Model


In an AC power system, the grid frequency depends on the balance of generated and consumed power as well as the inertia of the grid [18]. The relation can be expressed by the so-called swing equation:


    δ  f  g r i d , t     δ t   =      P  g e n , t   −  P  l o a d , t     4    π 2    ·  f  g r i d , t     ·  J  g r i d , t      



(1)




where δfgrid,t/δt is the RoCoF, Pgen,t is the sum of all generated (and imported) power, Pload,t is the sum of all consumed (and exported) power, fgrid,t is the grid frequency and Jgrid is the sum of the inertia of all grid participants. The generation and consumption changes constantly. By contrast, the grid frequency changes typically only in a small interval (in extreme cases +/− 800 mHz [9]) and is therefore almost constant. The grid inertia changes only whenever grid participants (generators or rotating loads) are connected or disconnected. Furthermore, a self-regulation factor is considered for the loads: its power changes with 2%/Hz which is in line with ENTSO-E recommendations [9].




2.2.2. Wind Turbine Model and Frequency Support Controller


The WTs are simulated with the so-called 1st eigenmodes model developed at the WETI [21]. The model allows simulating the most important degrees of freedom of a WT, i.e., two-directional motions of tower and blades, as well as the torsional movement of the drive train. The flywheel in the model of the WT rotor [21] is disabled, such that the model represents a state-of-the-art WT. Furthermore, the power controller is adapted as described below to allow providing SI with the variable-H controller [22] and PFC as defined in the Irish grid code [2]. In this study, the parameters of the NREL 5 MW research WT are used [23].



The power controller of the WT is modified to allow SI and PFC provision (see Figure 3). Hence, the power reference for the WT is calculated using three terms as explained below (see also three shaded areas in Figure 3).



	
Power-vs-speed characteristic: If a WT operates in part load, there is an optimal combination of generator speed and generator power to maximize the aerodynamic performance of the WT. If all grid support functionalities are disabled, the power setpoint of the WT is determined by the optimal power (Popt).



	
SI provision: Whenever a non-zero RoCoF is detected the WT alters its power output from the optimal aerodynamic value to support the grid frequency. To provide a reliable SI provision and safe operation of the WT the variable H controller is used [22]. The power change is described by equation (2) [22]:


   P  S I   = − 2   ·    H  v a r   ·    P  r a t e d   ·     R o C o F    f  g r i d      



(2)




where PSI is the power change for SI, Hvar is the variable inertia constant and Prated is the rated power of the WT. The variable inertia constant scales with the operating point of the WT in accordance with the available kinetic energy stored in its rotation (see (3); [22]).


   H  v a r   =  H  d e m   ·     0.5   ·    J  W T     ·    (   ω  g e n  2  −    ω  c u t − i n  2   )    0.5   ·    J  W T     ·    (   ω  r a t e d  2  −    ω  c u t − i n  2   )     



(3)




where Hdem is the inertia constant to be emulated as defined by the grid operator, ωgen is the generator speed, ωcut-in is the generator speed at which the WT starts to produce power, and ωrated is the rated generator speed of the WT.



Figure 4a depicts the transient behavior of the WT during a negative RoCoF event. The WT leaves the steady-state value (point 1) by producing additional power (point 2). As the electrical power is temporarily higher than the aerodynamic power, the WT uses some of the kinetic energy stored in its rotation and the generator slows down (point 3). The power output of the WT is still higher than the optimal value according to the power-vs-speed characteristic but not necessarily higher than in point 1. When SI is no longer needed the WT falls back to the power-vs-speed characteristic (point 4). Assuming stable wind conditions the WT would return to point 1 as the aerodynamic power is now higher than the electrical power. Obviously, the exact behavior of the WT depends on several factors, most prominently the wind conditions and the severity of the frequency event. More detailed explanations of the aerodynamics during the transient operation of the WT can be found in [22].



	
PFC: In addition to SI, the WT also provides PFC for scenarios II & III. The controller is modeled based on the requirements in the Irish grid code during frequency-sensitive mode [2]. The grid operator is allowed to curtail the WTs to a certain percentage of the available power. This allows increasing the power output of the WT whenever the grid frequency drops below the insensitivity band (see Figure 5). The curtailment of the WTs is lowered in accordance with the so-called droop characteristic. For high frequencies, the curtailment is increased. The curtailment factor resulting from this power-vs-frequency characteristic is hereafter called ηPFC and is used to scale the output of the power-vs-speed characteristic. When the WT is curtailed in part-load operation, a prolonged curtailment will cause the WT to run at super optimal speed as the aerodynamic power exceeds the electrical power (see the shaded area in Figure 4b). Furthermore, a prolonged curtailment imposes a significant financial burden on the WT operator due to the lower energy yield.






When the grid frequency support is activated, the power reference of the WT, Pref, is calculated as a combination of the three effects described above: (see (4) and Figure 3):


   P  r e f   =  P  o p t   ·  η  P F C   +    P  S I    



(4)







The PI controller is used to derive the setpoint for the generator-converter model (PT1 element) from the power reference (see Figure 6 and [24]). The parameters for the generator-converter model and the PI power controller are taken from [24].





2.3. Detailed Scenario Description and Used Data


For the scenario development, data provided by the SWFL are combined with measurements taken at WETI. Table 2 gives an overview of the settings used in the different scenarios. The simulations for scenarios I & II start shortly before the initial short-circuit (see Figure 2b). By contrast, scenario III starts after the transient phase of the grid frequency (see Figure 2b), as the frequency measurement is unreliable during the voltage dips [25] and afterward dominated by the pole angle oscillations.



The assessment criteria for the three scenarios are:




	
Scenario I: the instantaneous RoCoF falls below 1 Hz/s within 70 ms.



	
Scenario II: the instantaneous RoCoF falls below 1 Hz/s within 70 ms & the grid frequency stays below 51.5 Hz for at least 30 s.



	
Scenario III: the grid frequency can be increased to 50 Hz and be stabilized within 50 Hz +/− 10 mHz for as long as possible.








For all scenarios, various simulations were conducted to define the minimum number of WTs, which still allowed fulfilling the assessment criteria (see Table 2). To fulfill these criteria, the WTs have to provide a high share of the power production in scenarios I & II. The simulation time is adapted to the assessment criteria of the scenarios. In addition, the effect of the frequency support on the WTs are shown.



2.3.1. Scenario Inputs


For each scenario, the power imbalance (i.e., the imbalance before the fictional WT power is added) and the grid inertia must be defined to solve (1), which allows calculating the grid frequency. Furthermore, the wind inputs must be defined.



The inertias of Generator 7 & 9 as listed in Table 1 are known from technical documentation provided by SWFL. This is also true for the inertia of the generator rotor of Generator 12. However, the inertia of the gas turbine had to be estimated with help of the known weight [26] and an assumed distance of the mass center to the rotational axis. The estimated inertia constant for the gas-fired gen-set (5.9 s) is in line with inertia values of gas-fired gen-sets reported in the literature [27]. The inertia provided by the loads is known from Thiesen and Jauch [19].



While the power production of the different generators at the power station is well known, there is a lot of uncertainty in the data for the loads. The data of the current measurements are mainly taken on the low-voltage side of the controllable transformer (see Figure 1) while the voltage measurements are taken on the high voltage side. Hence, the power imbalance cannot be calculated from the power calculated using these measurements. However, the power export is exactly known and can be used as an initial power imbalance for scenarios I & II. The power imbalance occurs once the export line to Denmark is fully disconnected (second nadir in the voltage measurements in Figure 2b). A constant power imbalance assumes that the power of the generators and the loads remain constant during the simulation. This is a conservative approach: a PFC power adjustment of Generator 12 as well as self-regulation of the loads would decrease the power imbalance and help to stabilize the grid frequency.



For scenario III, the self-regulation of the loads would hinder bringing the grid frequency back to 50 Hz. Hence, the load must be calculated from the available data and scaled with the grid frequency during the simulation. In a first step, the power imbalance can be calculated with the known grid inertia and the frequency measurements taken at WETI (fmeas) by solving (1) for the power imbalance. As the power production of Generator 7 & 9 is directly measured, the load is given as the difference between the total power production and the power imbalance (see (5) and Figure 7). Figure 7 shows how slowly the frequency declines. Hence, the calculated load power is most of the time slightly higher than the generator power but also falls below it occasionally.


   P  l o a d , t   =    P  g e n , t   −      f  m e a s ,   t + 1   −    f  m e a s ,   t     Δ t     ·   4    π 2    ·  f  m e a s , t       ·  J  g r i d , t    



(5)







Data provided by German Metrological Service, Deutscher Wetterdienst, is used to model the wind conditions in Flensburg on 9 January 2019. The hourly mean wind speed at the time of the system split was 7.9 m/s in 10 m height [28]. The wind speed at hub height can be calculated with a logarithmic wind profile [29]. It is assumed that the roughness length, z0, is 0.35 m, which is a reasonable value for the landscape and topography in the area around Flensburg [29]. Using this data the mean wind speed at the hub height (90 m) is 13 m/s. Furthermore, the turbulence intensity is assumed 0.12, which is also a reasonable value for the region. In a previous project, the measured turbulence intensity for 13 m/s average wind speed at the campus in the outskirts of Flensburg was 0.17 (based on the measurements in 50 m height) [30]. In the same project, the roughness length for the site was estimated at 1.7 m, which is a very turbulent site. Hence, the lower TI is reasonable due to the higher hub height [31] and the lower turbulence, which can be expected outside the city. Individual WTs are simulated by using independent turbulence seeds for each WT.



Currently, there is no large-scale WT directly connected to Flensburg’s distribution grid. Therefore, the analyzed scenarios are fictional. However, as the distribution grid also comprises some of the surrounding villages and dwellings, it seems feasible that WTs could be connected to the grid. Currently, there are several WTs with 25 MW installed capacity within a 10 km radius around the city center [32]. Furthermore, the installation of an additional 25 MW is planned [32]. These WTs are connected to a different medium voltage grid but show the potential for WT installations in close proximity to the city with cable length comparable to the ones in the existing grid.




2.3.2. Controller and Simulation Settings


For the frequency support controller, some settings must be chosen which are in reality defined by the transmission system operator. A reasonable approach is to choose an inertia constant, which the WTs have to emulate, in a similar range of fossil-fueled or hydroelectric power stations [33]. However, with increasing penetration of non-synchronous generation, higher inertia constants may need to be demanded to safely operate a grid in challenging situations [34]. It has also been shown that WTs can be safely operated with emulated inertia constants as high as 6 s [35] or even 12 s [24]. For this study, the demanded inertia constant was set to 12 s, which is in line with the aforementioned [24] and the findings in [34] for such high power imbalances.



Reducing the RoCoF to a value below 1 Hz/s in such a short time (100 ms) is very difficult, as the WTs have to react very fast. While the generator-converter-units have a very fast reaction time, the PI controller naturally dampens such drastic power changes. When the original settings as reported in [24] are used, the behavior of the PI controller is dominated by the anti-wind-up (AWU) loop of the integrator. Therefore, the power of the WT falls too slow to reduce the RoCoF below the threshold in the designated time. The original AWU considers the proportional controller output when limiting the integrator, such that the sum of the proportional and integral terms is the minimum power, Pmin (0 W). This has been changed such that the integrator is set to Pmin. As the sum of the proportional and integral terms can be negative, the limiter adjusts the controller output in such cases (see Figure 6).



The PFC controller settings are chosen in accordance with the requirements stated in the Irish grid code [2]. It has to be noted that these settings can change during the operation of the WTs depending on the status of the grid [2]. Especially the curtailment factor ηPFC valid for 50 Hz is adopted depending on the expected grid situation. Hence, a curtailment of the WTs as needed for scenario III would only be present in specific situations, when the grid is vulnerable. However, WTs can also be curtailed for other reasons, e.g., feed-in management, which occurs regularly in the federal state surrounding Flensburg [20]. Hence, some level of curtailment would have been likely considering the strong wind conditions on the day of the blackout even though the grid islanding was not foreseeable. In the third scenario of this study, the WTs were curtailed to 90% of the available power before the frequency event happened. For scenario II, no curtailment is needed as the power output has to be reduced to provide PFC. The droop factor is set to 2%, which is on the lower end of the range mentioned in [2] and [36] and causes a strong reaction to frequency deviations. The frequency insensitivity, i.e., the minimum detected deviation of the grid frequency for the controller to react, is set to 10 mHz [36] in scenario II and to 0 mHz in scenario III to facilitate bringing back the grid frequency to 50 Hz in the latter scenario.






3. Results


The results of the simulations show that it is theoretically possible to achieve the assessment criteria of the three scenarios with help of WTs. The results are discussed individually for each scenario below.



3.1. Scenario I


In this scenario, the eight simulated WTs lower the RoCoF below the 1 Hz/s threshold within 17 ms by reducing their power output (see Figure 8a–d). Hence, the RoCoF threshold could be reached in time even considering a time delay for detecting the frequency event due to measurement and signal processing delays in the WT. However, as the WTs only provide SI, the frequency support is not sufficient to stop the rise of the grid frequency. Hence, Generator 12 is likely to disconnect from the grid as soon as the grid frequency reaches 51.5 Hz approximately 1.5 s after the start of the islanding event (see Figure 8e,f). This time is obviously too short for the gas-fired gen set to activate its own frequency support.



The massive frequency support provides a heavy burden for the drive trains of the WTs. The almost instantaneous power reduction causes a strong temporary imbalance between the accelerating aerodynamic torque and the decelerating electrical torque. Hence, the generator speed rises rapidly and starts to oscillate with the 1st torsional eigenfrequency of the drive train (see Figure 9b). As a result, the pitch angle also oscillates. These oscillations last for approximately 10 s with decreasing magnitude. As the power setpoint of the WT is linked to the generator speed, the WT power also oscillates (see Figure 9b).



Furthermore, the WT is at risk of shutting down due to overspeed. A typical value for the allowed overspeed is in the range of 10% [30,35] and is marked in Figure 9b. The shown WT experienced a gust shortly before the event. Hence, the generator speed is already high and the pitch not at a steady-state value when the frequency support is demanded. As a result, the generator speed instantaneously exceeds the overspeed threshold. As this occurs only for various milliseconds, the WT would probably stay connected to the grid, which is favorable for a reliable frequency response [22]. For WT 5, 6 & WT 8 however, the power reduction coincides with stronger gusts causing longer periods of overspeed (see Figure 10 and Table 3). Depending on the settings in the WTs safety systems, this may cause an emergency stop of the WTs. Figure 10 also depicts the simulation results of the least affected WT 2. It is clearly visible how the negative gust at the time of the frequency event helps to avoid an extreme overspeed situation.




3.2. Scenario II


For scenario II, PFC is activated and the number of grid-connected WTs is raised to ten to keep the grid frequency below 51.5 Hz. As in scenario I, the RoCoF is pushed below the 1 Hz/s threshold in time by a rapid reduction of the power of the wind farm (i.e., 16 ms, see Figure 11a–d). As the power reduction persists, the grid frequency is stabilized within a few seconds and stays stable during the rest of the simulation (see Figure 11e,f).



Figure 12 shows how the SI and PFC work together to allow stabilizing the grid frequency: in the first moments after the system split, the SI controller provides a very fast frequency response, which decreases as the RoCoF approaches 0 Hz/s. The depicted PFC modification factor lowers the WTs power setpoint (see (4)) as the grid frequency rises. Eventually, an equilibrium is reached once the frequency response of the wind farm balances the power in the grid. To bring back the frequency to 50 Hz, more WTs would be needed. However, the stable frequency should allow keeping the gas-fired gen-set grid connected and using its frequency response to stabilize the grid frequency at 50 Hz.



As in scenario I, most of the WTs experience overspeed situations in the first seconds after the system split. The maximum generator speed and the duration for which the generator speed exceeds 110% of the rated speed are given in Table 4. Both values increased in comparison with scenario I. The increase is caused by the PFC, which keeps the generator power at a low level (see Figure 12 and Figure 13). As the pitch drive needs some time to adjust the pitch angle, overspeed occurs for most WTs. This problem is worsened when the frequency support coincides with a positive gust.



Examples of such coincidences are depicted in Figure 13. The WT 5, WT6, and WT8 experience a strong gust starting shortly before the power reduction for frequency support. Hence, the increase of the aerodynamic torque coincides with the decrease of the electrical torque. Consequently, the drive train is strongly accelerated. Furthermore, the drastic change of the electrical torque causes drive train oscillations with the 1st torsional eigenfrequency (see Figure 13c). The speed controller slows down the generator speed to rated speed after approximately 10 s and can stabilize the speed even though the WT operates at a low power setpoint and experiences heavy gusts. As in Figure 10 the least affected WT2 is also depicted. For this WT the highest speed occurs at the end of a gust starting shortly after the initial event. The power reduction at this time of the event is dominated by PFC, which explains the increase of the maximum speed compared to scenario I (see Figure 12).




3.3. Scenario III


As in scenario II, PFC and SI controller are active. The number of grid connected WTs is reduced to two and a pre-event curtailment to 90% of the available power is introduced. Hence, the wind farm is allowed to produce 9000 kW when the grid frequency is at 50 Hz. The results show that the WTs can bring the grid frequency back to 49.99 Hz within 15 s after the event by increasing the power up to 9500 kW (see Figure 14a,c). The RoCoF is limited to approximately +/− 0.05 Hz/s, which is a low, unproblematic value. The axes scales for Figure 14a are chosen such that it becomes visible how the power imbalance in the grid is dominated by the power output of the wind farm. The load fluctuations and the changing power production of the power plant are comparable small for most of the time. Due to the turbulent wind, the PFC controller fails to keep it in the 50 Hz +/− 10 mHz tolerance band during negative gusts (see Figure 14a,c). The effects of the strongest gusts are shown in Figure 15: The drop of the wind farm power causes a drop in the grid frequency. Consequently, the PFC controller allows the WTs to generate as much power as possible for the WTs (ηPFC = 1). This helps to bring back the grid frequency to the tolerance band around 50 Hz. After the initial recovery, the grid frequency is only for five seconds below 49.9 Hz, which is the threshold for possible load shedding. After reaching the tolerance band, the grid frequency is for 56 s out of the remaining 185 s simulation within the tolerance band (appr. 30% of the time). This could have been increased by heavily increasing the number of grid-connected WTs. However, in this scenario, a small share of WTs on the power production is deliberately chosen to show the strong effect PFC provision of a few WTs may have on grid frequency stabilization.





4. Discussion


The results show that WTs would have been able to support the grid to some extent. The provision of SI could have lowered the RoCoF below a critical threshold within milliseconds and thus have lowered the consequences for the conventional power station. However, as the frequency rises too fast above the 51.5 Hz threshold, it would not have been possible to keep the gas-fired gen-set (Generator 12) connected to the grid. The grid could have been stabilized if the number of WTs were increased to ten and the WTs would provide PFC in addition to SI. In this case, the WTs would have been able to balance the power in the grid effectively and limit the frequency to 50.8 Hz. Keeping Generator 12 synchronized would have allowed using its PFC functionalities to bring the grid frequency back to 50 Hz and to stabilize it. This would have allowed reconnecting to the central European grid. In this case, the blackout would have been avoided. However, both scenarios require a large share of the power being produced with WTs. In the third scenario, a much smaller part of the power production would have been provided by WTs. The small number of individual WTs in combination with the small grid makes the power balance in the grid very sensitive to gusts. The regular gusts prevent the WTs to keep the grid frequency continuously within the tolerance band. The effect of the gusts would be smaller in a larger wind farm, as spatial smoothing effects occur in larger wind farms [37]. The ongoing development of various energy storage systems [38] could make local storage systems affordable and thus help smooth the power production further. Finally, even the inertia of the WT rotor in combination with advanced control could be used to smooth the power output [39,40]. However, even in the shown scenario, the grid frequency stays very close to or in the tolerance band for longer periods. Thus, a reconnection to the central European grid might have been possible and the blackout may have been avoided.



The first two scenarios have no direct financial implication for the WT operation. Although the continuous provision of SI alters the power setpoint of the WT, the consequences for the WT performance are negligible [22]. The PFC in scenario II requires no pre-event curtailment and is therefore financially negligible. By contrast, scenario III requires a pre-event curtailment by 10%. Such a prolonged curtailment solely for frequency support is very costly. However, in the region around Flensburg curtailment due to feed-in management is very common. It may be possible to use such curtailed WTs as a PFC reserve as the time scope of frequency support and feed-in management differ [24]. Hence, a temporary frequency support would most likely not compromise the safety of the affected grid.



The overspeed problem, which occurred in scenarios I & II, could be addressed by directly integrating the speed controller in the frequency response logic. Another option would be to use Lidar data to foresee gusts and thus reduce overspeed. Whether both options yield better results and stable control of the WT may be part of future research.



Although the frequency support provides a heavy burden for the drive train, it is unlikely to cost much lifetime. Lifetime is influenced by fatigue loads and extreme loads. A system split occurs seldom. Therefore, the frequency response during such an event is unlikely to cause significant fatigue loads. Furthermore, the change of the electrical torque for frequency response is slower than during low-voltage-ride-through (LVRT), which is a typical extreme burden for the drive train [41,42]. Hence, frequency support in the researched scenario is unlikely to be more significant than LVRT events and consequently neither for fatigue nor for extreme loads relevant.




5. Conclusions


For three fictive, yet realistic scenarios, it has been shown to what extent WTs could have helped to avoid the blackout in Flensburg on 9 January 2019. WTs solely providing SI would not have been sufficient for keeping the grid frequency in an acceptable band. Hence, the WTs would also need to provide PFC. As expected the frequency support comes at a price: namely possible overspeed and speed oscillation issues when the power output is heavily reduced and a need for pre-event curtailment when the power is to be increased. Possible mitigation strategies have to be researched to weaken these effects.



While the study focuses on the real situation in Flensburg on the day of the event, the findings are also relevant for other cases. The power imbalance in the grid matches the worst-case scenario for a system split defined by ENTSO-E very well. The exact behavior of a WT during frequency support depends strongly on its operating point thus the shown effects are limited to similar wind conditions. Whether WTs in part-load operation (providing a similar share of the power production) could have stabilized the grid frequency is likely but not shown in the paper. This is due to the attempt to stick as closely as possible to the real situation in Flensburg on 9 January 2019.



Further limitations of the results concern the used grid model. As the focus of the paper is on the WT dynamics power balances are used to calculate the RoCoF and the grid frequency. Furthermore, the measurement of the grid frequency is not modeled which could affect the efficiency of the grid frequency support and certainly would have delayed the power reduction in scenarios I & II. However, as the assessment criterion (RoCoF < 1 Hz/s) is reached approximately 50 ms before the goal, a successful stabilization of the grid frequency is likely for scenario II. Finally, the reconnection to the Central European grid is not modeled but the research shows to what extent this reconnection could have been facilitated and a successful reconnection would have been likely. Hence, it is concluded that a blackout could have most likely been prevented for scenarios II & III through the grid support of the WTs.
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Figure 1. Schematic depiction of the distribution grid in Flensburg, the connected generators, export lines, and the aggregated loads shortly before the blackout on 9 January 2019. 
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Figure 2. (a) Grid frequency measured at the Flensburg power station on 9 January 2019. (b) Grid frequency and root mean square (RMS) value of the grid voltage measured at the Wind Energy Technology Institute (WETI) during the initial event on 9 January 2019. 
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Figure 3. Block diagram of the power reference for the WT including grid frequency support (primary frequency control (PFC) and synthetic inertia (SI)). 
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Figure 4. Power-vs-speed characteristic (blue line) of the NREL 5 MW wind turbine (WT) [23]. (a) The black quadrangle depicts the transient behavior of the WT when supplying SI. (b) The black shaded area depicts typical operating points of the WT when operating in curtailed mode with the simulated PFC controller. 
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Figure 5. PFC requirements during frequency sensitive mode in the Irish grid code [2]. 
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Figure 6. Block diagram of the power controller and the generator-converter model. 
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Figure 7. Example of the load power, calculated with the measured generator power and the grid frequency measured at WETI. 
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Figure 8. Results of scenario I: Power imbalance in the islanded grid and power of the simulated wind farm for (a) the full simulation time and (b) a zoom to the time of the event; (c,d) RoCoF and RoCoF threshold; (e,f) grid frequency and frequency threshold. Time axes of (e,f) are valid for the above subplots as well. 
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Figure 9. Results of scenario I for the 1st simulated WT: (a) Wind speed at hub height and electrical power of the WT; (b) generator speed, speed setpoint, overspeed threshold and pitch angle. 
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Figure 10. Simulation results of scenario I for four WTs: (a) Wind speed and rated wind speed; (b) Generator power; (c) generator speed, speed setpoint, and overspeed threshold. The time axis of (c) is valid for the above subplots as well. 
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Figure 11. Results of scenario II: power imbalance in the islanded grid and power of the simulated wind farm for (a) the full simulation time and (b) a zoom to the time of the event; (c,d) RoCoF and RoCoF threshold; (e,f) grid frequency and frequency threshold. Time axes of (e,f) are valid for the above subplots as well. 
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Figure 12. Results for scenario II. Generator power and the two frequency support functions: SI and PFC. 
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Figure 13. Simulation results of scenario II for 4four WTs: (a) Wind speed and rated wind speed; (b) Generator power; (c) generator speed, speed setpoint, and overspeed threshold. The time axis of (c) is valid for the above subplots as well. 
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Figure 14. Results of scenario III: (a) power imbalance in the islanded grid and power of the simulated wind farm; (b) RoCoF; (c) grid frequency, stable frequency, and frequency tolerance band. 
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Figure 15. Results of scenario III: Wind farm power (pu base = 10 MW), PFC modification factor ηPFC, and grid frequency during negative wind gusts. 
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Table 1. Specifications and operating points of the generator and the local consumers.
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	Grid Participants
	Power at Moment

of Islanding
	Rated Power
	Inertia 1
	Number of Pole Pairs





	Generator 7

(coal-fired gen-set)
	29.6 MW
	33 MW
	2293 kg·m2
	1



	Generator 9

(coal-fired gen-set)
	31.3 MW
	36 MW
	2223 kg·m2
	1



	Generator 12

(gas-fired gen-set)
	49.1 MW
	49 MW
	7320 kg·m2

(referred to grid speed)
	2



	Local consumers
	63 MW
	-
	1216 kg·m2
	-



	Power export
	47 MW
	-
	-
	-







1 The sources of the reported inertias are described in Section 2.3.1.
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Table 2. Overview of simulated scenarios and the used simulation and controller settings.
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	Category
	Scenario I
	Scenario II
	Scenario III





	Scenario goal
	Keep Generator 12 connected to the grid
	Keep Generator 12 connected to the grid
	Stabilize fgrid close to 50 Hz



	Assessment criteria
	Time until RoCoF falls below 1 Hz/s
	Time until frequency reaches 51.5 Hz
	Time until frequency reaches 49.99 Hz

Time within frequency insensitivity 50 Hz +/− 10 mHz



	Active controller
	SI
	SI & PFC
	SI & PFC



	Simulation time
	20 s
	60 s
	200 s



	Power imbalance
	Power export of lost export line
	Power export of lost export line
	Calculated from grid frequency measurements



	Grid inertia
	13,052 kg·m2
	13,052 kg·m2
	5732 kg·m2



	Number of WTs
	8
	10
	2



	Share of WTs in power production
	35%
	44%
	15%



	Wind characteristic
	turbulent
	turbulent
	turbulent



	Average wind speed
	13 m/s
	13 m/s
	13 m/s



	Turbulence intensity
	12%
	12%
	12%



	Hdem
	12 s
	12 s
	12 s



	Curtailment factor ηPFC before event
	Not used
	1 (no curtailment)
	0.9



	Droop factor
	Not used
	2%
	2%



	Frequency insensitivity
	Not used
	10 mHz
	0 mHz
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Table 3. Results of scenario I. Maximum speed and duration in overspeed for all simulated WTs.
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	WT Number
	Maximum Generator Speed

[% of Rated Speed] 1
	Duration in Overspeed [ms]





	1
	110.7
	316



	2
	104.8
	0



	3
	107.4
	0



	4
	110.7
	184



	5
	111.6
	864



	6
	115.8
	3090



	7
	108.2
	0



	8
	113.3
	1995







1 Rated generator speed is 1.183 pu.
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Table 4. Results of scenario II. Maximum speed and duration in overspeed for all simulated WTs.
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	WT Number
	Maximum Generator Speed

[% of Rated Speed] 1
	Duration in Overspeed [ms]





	1
	111.1
	517



	2
	106.2
	0



	3
	109.6
	0



	4
	112.2
	1296



	5
	113.6
	2791



	6
	119.5
	3901



	7
	110.7
	542



	8
	115.2
	3951



	9
	112.8
	2105



	10
	108.3
	0







1 Rated generator speed is 1.183 pu.
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