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Abstract

:

This paper concerns the feasibility of Fast Active Power Regulation (FAPR) in renewable energy hubs. Selected state-of-the-art FAPR strategies are applied to various controllable devices within a hub, such as a solar photovoltaic (PV) farm and an electrolyzer acting as a responsive load. Among the selected strategies are droop-based FAPR, droop derivative-based FAPR, and virtual synchronous power (VSP)-based FAPR. The FAPR-supported hub is interconnected with a test transmission network, modeled and simulated in a real-time simulation electromagnetic transient (EMT) environment to study a futuristic operating condition of the high-voltage infrastructure covering the north of the Netherlands. The real-time EMT simulations show that the FAPR strategies (especially the VSP-based FAPR) can successfully help to significantly and promptly limit undesirable large instantaneous frequency deviations.
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1. Introduction


Frequency is a systemic parameter, which ideally stays at a constant value, e.g., 50/60 Hz, at all voltage levels. However, when a power system is subjected to sudden perturbations, such as the loss of components, increase/decrease in load, or other events that cause load-generation imbalances, dynamic frequency excursions are excited [1].



The time evolution of the frequency of conventional power systems is usually bounded within well-defined technical limits. Acceptable Rate of Change of Frequencies (RoCoF) and maximum frequency deviations (a.k.a. frequency Nadir/Zenith) have been largely ensured due to the predominance of conventional power plants with heavy rotating synchronous generators [2]. On one hand, such heavy machinery has traditionally entailed an inherent opposition (i.e., high inertia within a time frame of several milliseconds) against steep RoCoF, whenever a sudden perturbation of the active power balance occurs [3]. On the other hand, conventional plants performing primary frequency control have traditionally offered enough headroom for proportional adjustment (within a time frame of several seconds) of their active power output to prevent the violation of the allowed Nadir/Zenith [4].



Due to environmental concerns, conventional power plants, especially fossil-fuel-fired plants, are being progressively phased out. This is leading to a significant reduction in the level of inertia and the absence of the major players of primary frequency control. In this context, the violation of the limits of RoCoF and Nadir/Zenith is a major cause of concern [1]. Currently, significant research efforts are devoted to the development of new active power–frequency control concepts, i.e., Fast Active Power Regulation (FAPR), in an attempt to improve the dynamic frequency support that could be offered by power electronic interfaced devices (e.g., voltage source converters—VSCs—applied in renewable plants, responsive demand, and controllable storage and compensation elements) [5,6].



To date, most of the established power electronic interfaced devices perform system-integration-oriented control actions under a grid-following approach, i.e., the network-side VSC unit adjusts the current injection according to the reference signal defined at the point of common coupling (PCC). In principle, there is no mechanical power used to directly support the system’s frequency control. Solar photovoltaic (PV) generation is a classic example of a fully decoupled (Type-4) renewable plant, in which the priority is to generate the highest possible amount of active power based on a so-called maximum power point tracking (MPPT) characteristic [7]. Since VSC-interfaced solar PV generation does not involve any rotating element on the DC side of the network-side VSC, the main option for fast active power–frequency control actions at the AC side of the network-side VSC is by modifying the MPPT, which entails a reduced margin for active adjustment [7].



Type-4 wind turbines are becoming a preferred option for new wind power plants. Due to decoupling from the power system by a back-to-back converter, wind turbines do not directly react to perturbations occurring in a power system. In this way, the natural inertia that could have been extracted from the wind turbine cannot be fully and promptly deployed [8]. Furthermore, the VSC units belonging to HVDC systems [9], or responsive demand (e.g., large-size electrolyzers [10]), could be involved in fast active power–frequency control. Nevertheless, the active power set points required to fulfil the required power transfer may restrict the headroom and speed of active power adjustment. Alternatively, hybrid resource-based solutions are receiving more attention for future developments, e.g., flywheels combined with tidal and biogas-based generation [11], and hybrid energy storage systems placed at renewable power plants [12]. Obtaining enough levels of headroom for effective fast active-power control, under highly variable operating conditions in systems with very high shares of VSC-interfaced devices, remains an open research challenge.



In view of the above review, this paper concerns an investigation of the feasibility and effectiveness of FAPR, when implemented and deployed in a renewable energy hub comprising a solar PV farm and a proton exchange membrane (PEM) electrolyzer. Unlike the current state of the art, the paper provides insight on the degree of improvement of the frequency response of a power system, as affected by individual and collective fast active power adjustment of the controllable elements belonging to the hub. Among the selected strategies are droop-based FAPR, droop derivative-based FAPR, and virtual synchronous power (VSP)-based FAPR. The FAPR-supported hub is interconnected with a test transmission network, modeled and simulated in a real-time simulation electromagnetic transient (EMT) environment to study a futuristic operating condition of the high-voltage infrastructure covering the north of the Netherlands.



The reminder of the paper is structured as follows: the characteristics of the test system are presented in Section 2, whereas the implemented energy hub is described in Section 3. The rationale behind the applied FAPR strategies is overviewed in Section 4. Numerical results are shown in Section 5. Finally, Section 6 summarizes the concluding remarks.




2. Description of Test Model of the North of the Netherlands Network (N3)


The test model was built by using RSCAD software and inspired future operational scenarios and expansion plans presented for the future Dutch power system [13]. In a hypothetical future scenario (e.g., the year 2030), the installation of a large-scale electrolyzer plant is assumed to happen in the north of Netherlands. This part of the network includes a large-scale generation center, the connection of large-scale offshore wind plants, and submarine HVDC interconnections with Norway (NorNed) and Denmark (COBRAcable) at Eemshaven and Eemshaven Oudeschip substations. Eemshaven Oudeschip is also a suitable location for a future 300 MW electrolyzer plant, as abundant renewable energy generated by the offshore wind farm can be converted into hydrogen gas. The electrolyzer plant can also support the power system stability by participating in ancillary services. The modeled system covers the extra-high voltage (EHV) infrastructure of voltage levels 380 kV and 220 kV, and the year 2030 is taken into account to create synthetic profiles of generation and demand. The system also features two 2250 MVA thermal power plants, each one equipped with two synchronous generation units. Additionally, renewable energy is exchanged via the HVDC inter-connectors with Denmark (COBRAcable) and Norway (NorNed), both operated at the rated power transfer capacity of 700 MW. Apart from this, the test N3 network houses 3058 MW onshore wind energy and 600 MW of offshore wind energy (Gemini wind park) distributed around the area, which further aggregates into their corresponding 380 kV substations.



The synchronous generators models illustrate dynamic behavior due to detailed steam turbine governors enabled with droop control, AVR (Automatic Voltage Regulators) and PSS (Power System Stabilizers). This supports dynamic control and the provision of ancillary services during disturbance and post-disturbance periods. Wind turbines were represented by generic models, which are available in the software. For this study, it is assumed that the HVDC inter-connectors did not participate in the regulation of the system. Additionally, the local demands were clustered and modeled as constant loads. Figure 1 represents the load flow results of an N3 network of scenario 2030 [13].




3. Modifications Performed in the N3 Network to Integrate Elements Equipped with FAPR


Three main modifications were undertaken in the N3 test system for the sake of the analysis of its frequency stability. Option 1: a 300 MW PEM electrolyzer with FAPR placed at EOS (cf. Figure 1). Option 2: a solar farm of 300 MW with FAPR. The loads in the N3 test system were increased according to the projected growth by year 2030. In this condition, the N3 test system was prone to congestion, and the occurrence of an active power imbalance excited dynamic frequency excursions.



3.1. Representation of a 300 MW Electrolyzer


Figure 2 illustrates the interconnection of the 300 MW PEM electrolyzer, which constituted an aggregated model representing a farm of 300 electrolyzers, with 1 MW electrolyzer model scaled up to a model of a 300 MW electrolyzer farm. The derivation and testing of the model can be found in [13].




3.2. Representation of a Type 4 Wind Turbine and Type-4 Solar PV Farm


Figure 3 represents the connection diagram of the Type-4 renewable power generation (i.e., wind or solar PV) plants indicated in Figure 4. Note that the generators of these plants are equipped with a battery energy storage system (BESS), which is connected to the corresponding back-to-back link by using a DC-DC converter. The FAPR strategy adjusts the BESS to provide fast active power–frequency support through the grid side converter.





4. Selected FAPR Strategies


FAPR constitutes a supplementary control acting on power electronic converters that link renewable generation, or storage, or controllable demand with an electrical power system. The input signal can be the measured system frequency and/or the deviation of active power. Next, a defined control structure dynamically adjusts the injection/absorption of active power in an attempt to quickly bound the frequency deviation resulting from a sudden active power imbalance.



4.1. Droop-Based FAPR


Frequency droop control adjusts the active power following a linear characteristic. Figure 5 illustrates the droop-based FAPR. Here, f represents the measured system frequency at the PCC. fref is the frequency set-point.



The error between the two input signals is passed through a deadband. According to some grid codes [16], the primary frequency controllers shall be activated when the frequency deviation is beyond 0.06% to 0.1% from its nominal value. Based on this, the deadband can be defined to be between 0.03 to 0.05. In this study, the deadband was chosen to be 0.03, to account for a high sensitivity of the controller. The resulting signal is multiplied with a proportional or droop gain 𝐾p. The value of 𝐾p is system dependent. It is tuned based on the possible energy extraction from the wind turbine considering both grid-side requirement and wind turbine-side requirement [5].




4.2. Droop Derivative-Based FAPR


Figure 6 illustrates the droop derivative-based FAPR. The set-point fref and the measured frequency f constitute the inputs of the controller. The frequency deviation Δf is passed through two parallel control loops: the first one is a droop controller, which works as described in the previous section. The actuation of the droop controller is active for the entire frequency containment period. The second loop is a derivative control, whose output is a derivative gain of the frequency error signal. The derivative controller is only active for the initial few milliseconds to a few seconds, and lasts until the frequency response stabilizes at the maximum allowed frequency deviation. The combined effect of the outputs of the droop-based loop and derivative-based loop produces ΔPref, which modulates the active power response of the device(s) to improve both RoCoF and maximum frequency deviation (e.g., Nadir).



The droop derivative FAPR strategy should be tuned (taking into account system-dependent dynamic properties) to cause a prominent ramping of the active power output at the AC side of a grid-side converter, whenever an over/under-frequency event occurs [5].




4.3. VSP-Based FAPR


Figure 7 depicts the VSP-based FAPR, which measures the power required at the bus at the PCC, and compares it with the the reference power. In this control scheme, 𝜁 is the damping factor and 𝜔n is the natural frequency associated with a second-order function. Both parameters are calibrated on a system-depedent basis to achieve a desired rate of active power injection and oscillation daming ratio [5].





5. Simulation Results


Table 1 shows the active power share in the considered futuristic operating condition. The performance of the FAPR is examined by taking into account a perturbation in the form of 200 MW sudden loss of Gemini wind generation. In the first case, only the electrolyzer performs under FAPR. In the second case, a solar PV farm of 300 MW kicks-in to perform FAPR.



5.1. Frequency Support through FAPR Implemented in Electrolyzer


The electrolyzer present in the N3 network was modified with the inclusion of droop, combined droop derivative, and VSP-based FAPR. Therefore, during the active imbalance event, the FAPR controllers are expected to reduce the active power absorption accordingly. Figure 8 represents the active power variation of the electrolyzer and Figure 9 depicts the resulting frequency improvement due to the action of each FAPR strategy. As observed from the base plot in both figures (cf. black curves), the electrolyzer on its own does not regulate its power demand to mitigate the resulting under-frequency. However, due to action of the droop-based FAPR, taking into account the resulting frequency deviation, the power demand of the electrolyzer was proportionally reduced, resulting in an improvement of the frequency Nadir. On the other hand, the droop derivative FAPR helps in achieving a faster active power reduction. This improves RoCoF significantly, and also, as a by-product, even an improvement of the frequency Nadir is observed. The last controller implemented was the VSP-based FAPR controller. Here, the VSP-based FPR is not integrated with the BESS, since the electrolyzer is a load, and the power regulation is exclusively performed by reducing the electrolyzer’s active power demand. The output of VSP is directly given to the active power reference input, as in the case of droop and combined droop derivative controller. Additionally, please note that the droop controller is always active in combination with the derivative and VSP for the entire time. The time duration and active power reduction applied by the derivative and VSP controller are different.




5.2. Frequency Support through VSP-Based FAPR Implemented in the Solar PV Farm


A 300 MW solar PV farm integrated with BESS and FAPR is taken into account. In this case, with a 200 MW sudden loss of Gemini wind generation, the solar PV farm provides support of a 10% increase in active power, i.e., 30 MW during 10 s. More support, in terms of higher active power injection and time of operation, is limited by the ratings of the BESS and grid-side converter. Figure 10 depicts the improvement in frequency due support of the solar PV farm.




5.3. Deployment of FAPR by the Different Controllable Sources within the Hub


Figure 11 shows that a higher degree of improvement in RoCoF and Nadir is achieved when FAPR acts in all controllable active power sources within the hub. Note also in Figure 11 that the frequency stabilizes at a relatively lower value when there is an uneven share of the fast active power adjustment. As shown in [12], this issue can be solved by performing an optimal and coordinated tuning of the FAPR strategies acting on the controllable devices. This aspect is also relevant for the design of an optimal transition between primary and secondary frequency control.





6. Conclusions


In this paper, the value of FAPR strategies for fast, active power–frequency support by renewable energy hubs was examined. Droop-based FAPR, droop derivative-based FAPR, and VSP-based FAPR were implemented and tested by performing a real-time EMT simulation on a hub comprising a solar PV farm and a PEM electrolyzer. The simulations conducted on a futuristic situation (year 2030) performed in a test system of the transmission network covering the north of the Netherlands showed that VSP-based FAPR is the most attractive option to quickly adjust the active power output of the solar PV farm and the PEM electrolyzer, resulting in the significant improvement of the RoCoF and the maximum frequency deviation. The simultaneous deployment of VSP-FAPR in each controllable active power source within the hub should be optimally tuned and coordinated to achieve a desired steady state of the frequency response after the occurrence of the maximum frequency deviation. Future studies shall investigate this aspect, as well as the design of an optimal transition between primary and secondary frequency control. The influence of emerging methods for data exchange and dynamic state estimation, e.g., [17,18], on the optimal deployment of FAPR shall also be investigated.
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Nomenclature




	RoCoF
	Rate of Change of Frequency



	BPMS
	Battery Power Management System



	BESS
	Battery Energy Storage System



	AGC
	Automatic Generation Control
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Figure 1. Example power flow profile of the N3 test system for year 2030 [13]. 
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Figure 2. Connection of the inverter interfaced 300 MW PEM electrolyzer [14]. 
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Figure 3. Layout of the Type-4 renewable generators belonging to the renewable energy hub [15]. 
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Figure 4. Screenshot of the RSCAD implementation of a renewable energy hub, including a solar farm and a PEM electrolyzer, with a theoretical expansion to include a Type-4 wind turbine [13]. 
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Figure 5. Schematic of the droop-based FAPR. 
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Figure 6. Schematic of the droop derivative-based FAPR. 
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Figure 7. Schematic of the VSP-based FAPR. 
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Figure 8. Shape of the power output of the PEM electrolyzer due to the action of FAPR. 
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Figure 9. Shape of the system frequency response due to the action of FAPR on the PEM electrolyzer. 
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Figure 10. Frequency response due to the support of a solar PV farm with VSP-based FAPR. 
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Figure 11. Frequency comparison plots in renewable energy system conclusions. 
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Table 1. Active power share in the N3 test system for year 2030.
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	Generator/HVDC Link
	Year 2030 Scenario





	GEMINI Wind farm (EOS)
	450 MW



	NorNed Connection (EEM)
	700 MW



	COBRAcable Connection (EOS)
	−700 MW



	GEN1 (EOS)
	3 × 430 MW



	GEN2 (EOS)
	2 × 430 MW



	GEN3 (EOS)
	233 MW



	Total
	3490 MW
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