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DECENTRALIZED MANAGEMENT OF DISTRIBUTED ENERGY RESOURCES FOR FREQUENCY SUPPORT -FINNISH PILOT

Modern societies depend on reliable availability of electricity while the disruptors of green transition, namely decarbonisation and decentralisation, are introducing new challenges in power system management. Power flows are becoming bi-directional and power production is increasingly intermittent in nature. This calls for new methods in planning and operating power systems. One of the new approaches to power system management is decentralisation also in terms of decision making. This is also sometimes referred to as edge computing. This approach acknowledges the increasing amount of complexity and data that is needed to operate power systems efficiently by forming sub-systems that communicate with the main system but are optimized locally. The approach of decentralization is taken to the realm of frequency regulation in this paper. We present a concept that has been developed in the University of Grenoble, France, and now tested in Finland. The proposed solution depends less on centralized management and more on local situational awareness.

INTRODUCTION

Societies in Europe are increasingly dependent on functioning power systems. Failures in the operation of power systems pose major risks as electrification of everything accelerates. Risks are severe for both, business and quality of life for normal households. One of the key components in the management of modern power system, where natural inertia is becoming a rare luxury, is the frequency regulation. Frequency is regulated more and more by controlling consumption assets as power production side is losing its controllability [START_REF] Ulbig | On operational flexibility in power systems[END_REF]. One approach to increase resilience of the power system is to decentralize the management of at least some key operational aspects so that the whole system is less vulnerable.

In this paper we compare the differences between centralized and semi decentralized management of frequency regulation. We also communicate results from a pilot that took place in Finland early 2022. In the pilot we demonstrated in action a process that is developed in the University of Grenoble, France. The process aims at improving resiliency of power systems through decentralized management of distributed energy resources for frequency regulation. The process includes dedicated hardware installed on site as well as software for decision making based on forecasted need for electricity at a given time and location.

FREQUENCY REGULATION

Power system frequency deviation is a measure of unbalance in the grid between power production and consumption. In Europe, the nominal frequency is 50 Hertz (Hz). This means that when consumption and production in the grid are in balance, the frequency is staying stable, and thanks to a Frequency Restoration Reserve (FRR) [EU balancing] close to 50 Hz. If load in the system increases but production does not, the frequency drops below 50 Hz. Respectively, if there is more production than there is consumption, the grid frequency rises above 50 Hz. [START_REF]Reserves and balancing power[END_REF] It is essential to maintain the grid frequency close to its nominal value. If the frequency increases too much, it may damage some equipment that are connected to the grid. Also, if the grid frequency drops too much, it might cause generators to go out of sync, possibly resulting in wide black outs. In addition to the FRR, a fast response from the system is expected in order to stop the frequency deviation. This scheme is called Frequency Containment Reserve (FCR) [3]. Obviously, and due to the various asynchronous grids in Europe, local regulation may apply as well as tailored made regulation values such as action times and delays. The next sections present specific case of Finland as well as the possibility to distribute such frequency support.

Frequency regulation in Finland

Frequency containment reserves are constructed differently in each jurisdiction, but they serve the same purpose everywhere which is to maintain grid frequency close to its nominal value. Frequency management typically consists of different steps that reflect the current state in the grid. These steps represent different reserve products that are procured by the system operator. Figure 1 presents the five different reserve products that are used by Fingrid, the Finnish TSO. The five products presented in Figure 1 Decentralised frequency management frequency is the same in all locations in a synchronized grid. For Finland, this means that sudden disturbances also in Sweden, Norway and Denmark will be visible in the grid frequency measured in Finland. So, in theory, frequency regulation could be managed by measuring grid frequency only from one node in the Nordic synchronous grid. Once the frequency would deviate from its normal range, a control signal would be sent from this centralized measuring point to all participating assets around the Nordics.

Respectively, in the opposite solution all participating assets would be equipped with frequency measuring devices and edge computing capabilities for continuously assessing flexibility capacity and making bids on participation towards reserve markets. This is possible whenever the asset is able to modulate on a given range (with upward and downward action) almost linearly its power. This would represent the most resilient system possible, as the individual assets would not be dependent on any centralized body of decision making. However, with the increasing need for flexibility, the industry is looking for smaller and smaller energy resources to be integrated in the flexibility schemes. The monetary benefit of participating in flexibility market should cover up the investment and operating costs in a reasonable time span. Figure 2 illustrates the two opposing solutions for fully centralized and fully decentralized frequency management.

Figure 2.Comparing centralized and decentralized architectures

In reality, the solution will need to be somewhere in the middle. Fully centralized frequency measurement and decision making would naturally be the cheapest one, as there would need to be only one device measuring the frequency and one operating system dispatching the units to participate. However, that system would be extremely vulnerable to disturbances in the operating system or in the communication channels from the operating system to participating assets. On the other hand, fully decentralized management would definitely be most robust. But as the industry is integrating smaller and smaller asset sizes to participate, there will be a limit after there is no point to equip individual assets with all the measuring and decision-making capabilities. The major issue with small assets is the on/off feature that need to be considered. Indeed, only groups of on/off devices are able to mimic the promised linear relation between frequency and power.

In addition to cost-effectiveness and robustness of the two opposing solutions, there are also other interesting factors to be considered. For example, if the synchronized system is for some reason split into two or more separate areas, for example, due to a fault in interconnection, it is not anymore trivial where the frequency is measured. This is increasingly important thing to consider, as intentional or unintentional islanding is seen happening in the future with changing power flows and dynamics in the modern grids.

PRIMARY SUPPORT

Due to the increasing interconnection of Distributed Renewable Energy Sources (DRES), power flows are more and more bidirectional, inertia in the system is decreased and frequency deviations more in common which can reduce self-healing reactions of our modern power systems. To tackle this challenge, Primary Support was developed.

System architecture

Primary Support is a patented process that was developed prior to the DREAM EU project in order to support DRES interconnection and to enhance the resiliency of the grid [START_REF]European Patent Method to Stabilize a Power Grid Using Load Shedding[END_REF]5]. As a proof of concept and demonstrator, it is including both a coordination platform (cloud approach) and some EnergyBoxes (edge) distributed close to the DER. The system is a solution between the two extreme options of decentralization and centralization illustrated in Figure 2. Primary Support is dependent on communication system between the coordination platform and EnergyBoxes, but only once in an hour, when dispatch signal is sent from the coordination system to EnergyBoxes. After assigning specific EnergyBoxes to operate in frequency support mode, the individual EnergyBoxes can operate on their own, regardless of the coordination platform. Concerning EnergyBoxes, the structure is composed with three major elements, illustrated in the Figure 5, below: 

Operational logic

The final goal of Primary Support is to stabilize the frequency deviation of the network by controlling the active power of distributed loads / sources whenever an unbalance occurs in the grid. 

TEST SETUP

For the validation purposes, a test bench was setup between Finland and France. The purpose of the pilot period was to see how Primary Support, with its coordination platform in France, would be able to interact with the EnergyBoxes installed in Finland. The idea was as well benefit from Nordic country weather and use electric heating facilities.

For the pilot, eight EnergyBoxes had been installed at VTT's IntelligentEnergy laboratory in Espoo, Finland, and another eight EnergyBoxes in Grenoble, France, see Figure 7. They were controlling electric heaters connected to a new building of VTT in Espoo. The coordination platform for Primary Support was running on a server in Grenoble. The EnergyBoxes support the collection of measurements provided by the Schneider sensor and their transmission for further historization on influxDB. In the event of loss of the communication network, the data is saved locally. Once the communication is restored, the data are transmitted and the holes filled.

TEST RESULTS

Tests were running from end of January till mid-April in 2022 at VTT premises. The frequency was measured during that time both in France and in Finland. Figures 8 and9 show the frequency deviation during that time in Finland. The data from both sites is available in [START_REF] Ferrari | A dataset for the decentralized management of distributed energy resources for frequency support[END_REF].

Figure 8. Histogram of frequency deviation during the tests

The frequency observed during the pilot period is shown in the histogram in Figure 8. From the figure we can see that frequency was mainly inside the normal range (49.9 -50.1 Hz), but a closer look (see Figure 9) reveals the deviations more clearly also outside normal range. We can track some occurrence (55), even limited (over 705249 periods in total) to be outside the classical continental Europe ENTSO-e margins (of ±200mHz).

During the test period, coordination platform in France was not always able to connect to the EnergyBoxes due to local disconnection at the pilot site. However, when the communication was established, the EnergyBoxes were able to operate according to the technical requirements set by the Finnish TSO, Fingrid. The loads used in the test were not part of the actual market, due to their small size.

For the same reason, their impact on the overall grid frequency is negligible and there was no risk of disturbing the functioning of the real frequency regulation.

CONCLUSION

Our infrastructures related to electricity face in-depth mutations in the next decades. Indeed, the European energy landscape has been greatly disrupted, following citizens' aspirations for sustainable development, quantified objectives in terms of global warming and the decentralization of both renewable energy sources and storage units. The initiation of this energy transition took root in the opening of energy markets, which has boosted investment in new production and consumption means by citizens over the past 20 years. This contributes to a major upheaval on several areas, namely the so-called 4Ds (Decarbonization, Decentralization, Digitalization and Democratization). For instance, the growing share of renewables in the production mix requires solutions to secure the energy systems with respect to the variable production of renewables, the stability and the balancing of the electrical system and the protection of the grid infrastructure itself.

In the framework of Clean Energy for all Europeans, EU had been pushing for a larger and more active involvement of end users in the energy landscape [7]. Primary Support aims to enable such possibility for an important process of grid stability which is the Frequency Containment Reserve. The pilot and test periods in Espoo were rich in learning. At first, human in the loop is still a key in such bottom up approach and automation is possible with active monitoring.

DISCUSSION

To further compare decentralized and centralized approaches, analysis on communication networks should be included as centralized management rely on it. It could be possible to calculate the optimal amount of frequency measurements for a fleet of DERs by considering the communication infrastructure and the size of individual DERs. In principle, the bigger the individual loads are the better it would be to equip them with on-site frequency measurement devices. Also, in principle, the weaker the communication network is, the more frequency measurements there should be to serve individual loads.

Supporting the grid with DERs requires active monitoring schemes to be built. For instance, AI based solutions can be very efficient for tracking actions from the user that could decrease the volume or the efficiency of advanced bottom-up schemes such as Primary Support.
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 1 Figure 1. Frequency reserve products in Finland
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 3 Figure 3. Replacement of centralized by distributed FCR The coordination platform and the EnergyBoxes are both used for Frequency Containment Reserve from distributed resources. EnergyBoxes are connected to DERs, doing local frequency and power measurements which allow them to control the DER power. In Figure 3, Primary Support proof of concept is presented. It is expressing the ability to mimic current centralized FCR provider with coordinated DER [5].
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 4 Figure 4. Overall structure tailored made for Espoo test Figure 4 presents the tailored architecture of Primary Support used in the pilot in Finland. The system
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 5 Figure 5. Hardware structure of an EnergyBoxThe three elements are namely: -a Raspberry Pi with a I/O shield is constituting the edge "intelligence" part, -a power meter from Schneider (A9MEM2050) is used for measuring electrical information (voltage, current, frequency, power), -a relay (mechanical or static) allowing on/off control of the power supply to the load.
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 66 Figure 6. Overall structure tailored for the Finnish pilotFigure 6 presents the five steps of the Primary Support process: 1. Measuring periodically the value of the load shedding potential or the renewable energy dispatch down of the production at the EnergyBoxes; 2. Prioritizing and sorting within the frequency range for each EnergyBoxes the estimated load shedding power in the next upcoming period; 3. Sending to every EnergyBoxes its frequency threshold; 4. Comparing the local frequency to the threshold; 5. Shedding, loads (if the frequency drops below the threshold) selected loads are either disconnected or modulated OR Dispatch down sources it modulates the source injection on the network.Classical DRES and DER targeted are electric vehicles, distributed storage, electric heaters, air conditioners, hot water tanks and renewable energy sources.
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 7 Figure 7. left hand side test bench in France, right hand side test setup in Espoo -Finland.

Figure 9 .

 9 Figure 9. Histogram of frequency deviation during the testszoom on the lower amount of occurrence

  are divided in three groups based on their purpose. Frequency Containment Reserves (FCR) operate almost constantly, trying to steer the frequency back towards its nominal value. Frequency Restoration Reserves (FRR) are used to return the frequency back to its normal range (49,99 -50,01 Hz), if FCR has not been able to maintain the frequency in the normal range. Fast Frequency Reserve (FFR) is used in low inertia situations to secure the system stability if frequency drops a lot in a short time. There is also a fourth group, which is not used in Finland, Replacement Reserves (RR). This group is meant to release activated FRR back to a passive mode, to remain ready if another disturbance occurs.[START_REF]Reserves and balancing power[END_REF] 
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