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ABSTRACT: The Advanced Adiabatic Compressed Air Energy Storage (AACESS) system may 

be improved by real-time monitoring that maximizes ancillary services and contributes to its 

profitability, according to this article (CAES). Using fuzzy logic and a real-time multi-objective 

supervisor, a system is being created to take into consideration the storage's buy/sell activity and 

ancillary services (both necessary and optional), such as frequency control and congestion 

management. The proposed supervisor has been put through its paces. The findings of the 

simulation reveal that utilizing storage for auxiliary and other services that require real-time 

administration leads in large financial gains. 

1.Introduction 

With pumped-storage hydro implemented in hilly places, electric power storage beneath 

compressed air in subterranean caverns is one of the only viable options in France today, capable 

of storing several hundred megawatts (MW) [1]. A substantial investment is required, yet the 

energy efficiency is less than 50%. [2].  

Subterranean cavern storage is now limited in France to pumped-storage hydroelectricity built in 

mountainous terrain, which is currently one of the few viable possibilities [1]. Though only 50% 

efficient, this approach necessitates a significant financial outlay. SACRE[3] is an ANR-funded 

research project whose goal it is to determine how much these energy storage devices are worth 

and whether or not they are beneficial to the grid[7]. Fig. 1 depicts the underlying principle of 

this storing method. To make advantage of the thermal energy released during air compression, 

which is then utilized to warm the air entering the turbine, a thermal storage stage is included. 

There is a 66% gain in energy efficiency. 
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Figure 1. Storing energy in compressed adiabatic air (Source: EDF) 

 

 

By using classic supply and demand valuation methods, the present storage technologies are no 

longer viable in our current electricity grid. Only ideal storage system location and size within 

the power system, as well as optimal time management, will result in the greatest possible use of 

auxiliary services and the greatest possible profitability [4]. The supervision is accessible in 

several time frames: In the long run (the night before for the next day), in the middle and in the 

short run (real time). Pre-sizing and pre-location of storage units are used to establish a real-time 

monitoring plan to optimize ancillary services and storage profitability. Fuzzy logic is used in the 

design of the supervisor [5]. [7] IEEE 14 bus testing system is used to demonstrate the method's 

use. As well as a Boolean and fuzzy logic-based real-time supervisor, a supply-and-and-demand-

based supervisor is also investigated. Storage may reap large financial rewards by engaging in 

auxiliary services and other optional offerings that need real-time administration, according to 

the simulation findings. 

2. The facility's services include: 

 

Planning of the storage 

 

A day-ahead power market buy/sell mechanism will be used to establish an initial storage value. 

Storage may be boosted in value by providing a variety of supplementary services for electricity 

system participants. Frequency control, congestion management, and renewable energy aid are 
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only included in this study since they are either absolutely essential or have a large economic 

benefit.  

Frequency control 

 

Although just the first two levels of frequency control are required[6], there are three levels of 

frequency regulation to choose from. 

When employing main control, every production unit with an output power of more than 40 MW 

must have a minimum reserve capacity of 2.5 % of installed power. 

To ensure that service is maintained for at least 15 minutes at 49.8 to 50.2 Hz, the reserve must 

be discharged in less than 30 seconds. Power and frequency may be directly drooped [8] to 

achieve this control. 

Secondary frequency control is needed for systems with more than 120 MW of rated power and a 

4.5 percent reserve. The service must be launched within 30 seconds after an event, and if the 

frequency of occurrences varies, it must be maintained as needed. 

Congestion management 

 

Relieving the transmission lines that are overwhelmed by power flow is a key part of congestion 

management. The reversibility of storage devices makes them useful instruments for alleviating 

traffic congestion. 

For long-term congestion relief, the TSO must build additional power lines. Building a storage 

may help the TSO postpone costly expenses and speed up network expansion [9]. 

Covering renewable energy 

 

Renewable energy may reverse power flow due to the unpredictability of primary generation. 

Because of the high wind power concentration in northern Germany, this phenomenon may be 

witnessed at interconnection lines between Germany and its neighbors [10]. 

Using a 1-hour and 72-hour prediction, wind power forecasting errors vary from 3% and 7%, 

respectively, which is more than enough for balancing supply and demand. A wind farm with 

different terrain has a 15% mistake rate  [11]. 
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Traditional organizations now advocate the creation of more reserves to help combat these risks. 

The storage may be able to cover the output of this producer; the concept is that the storage will 

provide the power that is absent and store the excess power that is not predicted. Energy 

companies that use greener methods may be able to avoid fines. For the storage system owner, a 

cheaper service price is preferable than paying a fine. 

3.Supervision strategy 

 

Methodology 

 

Future smart grids must improve energy storage valuation by pooling services and multi-

objective supervision to support a broad variety of devices. Systems that have temporal windows 

ranging from very short to very long provide a significant challenge to the creation of such 

monitoring solutions (seasonal characteristic of renewable sources). Real-time implementations 

of conventional (or explicit) optimization techniques are problematic. They cannot be effectively 

used when studying systems with states that are time-dependent, such as storage, across a year-

long horizon. 

AI methods like fuzzy logic and other implicit techniques are well-suited for "complex" systems 

with hard-to-predict variables or states. In [12], a method for creating fuzzy logic supervisors for 

hybrid energy systems is presented. Because it relies on the system's knowledge expressed by 

fuzzy rules, this approach does not need mathematical models. Some of the inputs may be 

random, and the supervisor may be tasked with numerous goals at the same time. Transitions 

between operating modes are slow due of fuzzy variables. This technique offers storage 

management via convergent storing to a charge level and real-time processing. 

The development of the fuzzy supervisor is arranged into eight phases and is based on the 

methods described in [3,4]: 

System specifications are established; goals, restrictions, and methods of action are outlined. 

Outputs needed by a supervisor, as well as their structure, are established. 

A graphical depiction of operating modes is offered in the form of "functional graphs," which are 

defined. Based on the system's existing information, we can create this visual depiction. 

Calculation of the fuzzy supervisor's membership functions. 

A graphical depiction of fuzzy operation modes is provided in the form of "operational graphs." 
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"operational graphs" for extracting fuzzy rules and fuzzy supervisor attributes. 

Identifying the metrics that will be used to gauge progress toward a set of goals. 

The creation of trials and the use of a genetic algorithm, for example, may be used to improve 

the fuzzy supervisor parameters. 

In this research, the fuzzy supervisor development process presented in these earlier publications 

is used. Application takes place in a separate environment, though. 

 
Objectives, constraints and means of action 

 

According to the goals outlined in Table 1, the supervisor's organization will be established. 

Supervisory limitations are also discussed. 

The long-term supervisor should have established a power plan for the storage that takes energy 

market and network planning into consideration. Fuzzy multi-objective supervisor objectives are 

economic, urgent, and supplemental. 

Table 1Objectives, restrictions, and methods of action 

 

Objectives Constraints Means of action 

maximization of profit while 

maintaining a strict adherence to the 

planning curve 

You must make certain that your main 

source of frequency control 

Enhance the system's capabilities. 

Maintain the accessibility to storage. 

The storage capacity is at a 

premium. 

Transmission lines have a 

limit on how much power 

they can carry. 

Unpredictability of wind 

power 

The storage device's 

power management 

instructions 

 

Structure of the supervisor 
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All objectives have a supervisor's input. It's easy to see in Figure 2 how the supervisor is 

organized. The following are the four sources to consider: 

The charge status of the storage should be regarded an input for frequency management and 

other services to assure availability (SoC). 

Non-imperative or supplemental services Pservice, which include both congestion management 

and renewable energy production, are provided as the second input. 

The storage Pplan's planning power will be the third input to the supervisor's input. It is done a 

day in advance based on the pricing curve and network requirements to plan storage. 

A direct intervention on storage is required because of service dynamics and the need for 

immediate response. Since the fuzzy supervisor output contains the final instruction: 

Pinstruction, it is injected on top of that one. 

In Figure 2, K1, K2, K3 and K4 are adaptive coefficients in terms of input and output variables. 

 

Figure 2. Supervisor inputs and outputs 

Determination of functional graphs 

Figure 3 depicts the transitions between operating modes of a system. 
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Figure 3. Fuzzy logic-based supervisor's functional flowchart 

Operating modes may be split into three categories based on the storage capacity. The storage 

system's current state dictates the transitions between modes.. Negative power instructions 

represent a charge storage, whereas positive instructions represent a discharge of the storage. 

 

 

 Figure 12. Functional graph with all operating modes 

 

 

Figure 19. IEEE 14 bus test system 
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Table 2. Fuzzy laws of the supervisor 

 
SoC Pservice Pplan Pconsigne 

S BP BP, BN or Z Z 

S BN or Z BP MN 

S BN or Z BN or Z BN 

M Z BN BN 

M Z Z Z 

M Z BP BP 

M BN BN BN 

M BN BP or Z MN 

M BP BP BP 

M BP BN or Z MP 

L BP or Z BN MP 

L BP or Z BP or Z BP 

L BN BP, BN or Z Z 

Application 

The test system 

There are two voltage levels that may be used in IEEE 14 bus test systems (33kV and 132kV). 

The network's design is shown in Figure 19. 

Bus 1 (132kV) has a generator linked to it that is split in half for N-1 safety reasons. 160 MW are 

available from each generator. There's a 60MW generator on board bus 2. Buses 3, 6, and 8 each 

have a synchronous compensator attached to them. At 20 MW, 50 MW, and 70 MW 

correspondingly, three wind farms are added to the bus 12, 13, and 14 (33kV). 

With a one-hour time step, Figure 20 depicts the daily load curve in per unit (p.u. ). (RTE, 2012). 

We took our cues from an everyday occurrence to develop these load profiles. During the night, 

consumption is at its lowest point, with two peaks in the morning and evening. 

All wind farms have the same wind profile taken into account (Figure 21). Wind farms' output is 

very variable due to the wind profile's wide range of variability. At about 18 p.m., there is a lot 

of traffic. 
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Figure 20. An illustration of the load's daily usage 

 

Figure 21. An average day in the life of a wind turbine (Vergnol, 2010) 

 

Table 5. Boolean supervisor scenario vs fuzzy supervisor balance of energy 

storage 

 Boolean supervisor Fuzzy supervisor 

SoC initial 249MWh 250.5MWh 

Charge 240.5MWh 261.8MWh 

Discharge 463.5MWh 461.2MWh 

SoC at the end of the day 24.8MWh 51.6MWh 

 

 

Conclusions 
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With our real-time monitoring system, adiabatic CAES storage systems may enhance their 

offerings and boost their bottom lines. As a result, it was developed to optimize profit by 

considering the purchase/sale action and extra storage services (both mandatory and optional), as 

well as features like as frequency control, congestion management, and coverage of renewable 

energy generation. For a whole day, an IEEE 14 bus test system was used to evaluate the 

proposed supervisor. By incorporating storage into the simulation, we were able to reduce the 

costs of system support and other real-time management duties significantly. 
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