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Abstract: The increased use of distributed energy resources, especially electrical energy storage
systems (EESS), has led to greater flexibility and complexity in power grids, which has led to new
challenges in the operation of these systems, with particular emphasis on frequency regulation. To
this end, the transmission system operator in Great Britain has designed a control scheme known
as Enhanced Frequency Response (EFR) that is especially attractive for its implementation in EESS.
This paper proposes a Type-2 fuzzy control system that enables the provision of EFR service from
a battery energy storage system in order to improve the state-of-charge (SoC) management while
providing EFR service from operating scenarios during working and off-duty days. The performance
of the proposed controller is compared with a conventional FLC and PID controllers with similar
features. The results showed that in all scenarios, but especially under large frequency deviations,
the proposed controller presents a better SoC management in comparison without neglecting the
EFR service provision.

Keywords: battery energy storage systems; enhanced frequency response; state-of-charge control;
type-2 fuzzy logic controller

1. Introduction

In recent years, the widespread use of distributed energy resources (DER) such as
self-generation, distributed generation, and demand response together with advances in
electric energy storage systems have facilitated the integration of demand-side resources
into the grid. This process has gradually led to greater flexibility, but at the same time
it has generated new challenges in the power system operation, which has increased the
demand for frequency regulation due to imbalances between power supply and demand
(i.e., generation surplus produces higher frequency and demand surplus produces lower
frequency) [1–3].

Therefore, more severe and long-lasting frequency deviation effects are expected, as
well as the reduction of system inertia due to the replacement of conventional plants by
renewable and distributed generators [4,5]. However, the incursion of different electric
energy storage systems (EESS) is shown as an operational asset for faster frequency re-
sponse than the current primary response controls. These assets contribute to an adequate
frequency control under this new flexible grid paradigm, and therefore allows a greater
integration of different energy resources distributed and decentralised resources.

Accordingly, regions such as Great Britain (through its TSO, the National Grid plc, NG),
which is responsible for regulating system frequency, have developed a service to improve
frequency management by keeping it as close as possible to 50 Hz under normal operating
conditions using the fast response capability of EESS (less than 1.0 s after registering
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a frequency deviation) allowing for state-of-charge (SoC) management between service
windows, which was not possible in the existing frequency response services (i.e., first,
secondary and high-frequency). This service is known as Enhanced Frequency Response
(EFR) [6].

Therefore, dealing with intermittent renewable resources requires new approaches
for frequency regulation. The EESS could provide fast regulation but at the same time
the charging and discharging should be considered in order to satisfy operational battery
conditions, for instance, in [7] the authors propose an algorithm to do peak shaving using a
formulation based on minimising of the SoC cost and the load cost. Another perspective has
been addressed in [8], where the authors examine the operation of a grid-connected lithium-
ion battery from a a battery lifetime perspective considering the cycling of re-establishing
SoC and gaining insights to consider for operation. A development of experiments with a
LiFePO4 battery are performed in [9] with real data for an transmission operator obtaining
evidence about the trade-off between expected charging and discharging cycles and the
frequency control. Furthermore, some recent articles have already oriented these energy
assets to provide frequency response such as batteries [10,11], flywheels [12], multi-energy
storage systems [13], Gorostiza 2020, and electric vehicles [14], where they provide an
overview but focus on how to provide frequency control in power system applications.

The modelling for energy storage systems is a relevant topic today given the integra-
tion and the provision of auxiliary services. The modelling of storage systems for electricity
markets have been studied in different papers [15,16]. Others authors have addressed the
modelling of storage in microgrids [17,18]. However, the SoC management is considered in
terms of economic operation without including a stability study about frequency control.

On the other hand, fuzzy logic inference considering uncertainty among its member-
ship functions (or Type-2 MFs) has been recently implemented in different research areas
such as energy management (i.e., EESS, electric vehicles, power systems) [19–22], nonlinear
systems control [23–25], electric load forecasting [26,27], among others related areas, due to
its better uncertainty and variability handling compared with other control techniques [28].

In this paper, we propose a type 2 FLC-based control system to enable EFR service to
the power grid through a battery energy storage system (BESS) dynamic model considering
the management of its state-of-charge, and the different real operating conditions (i.e., the
system frequency time series during working and off-days). This controller will be com-
pared to a conventional fuzzy logic controller under these criteria to assess its performance.

This paper contains three additional sections. In Section 2, the model for battery
energy storage system is presented for a generic lithium-ion battery, then the frequency
controller is developed based on frequency deviation and power response and the logic
controller for the SOC using a novel fuzzy type-2 . In Section 3, we present results and the
appropriate discussion about the performance of the type-2 fuzzy controller to enable the
EFR services including various operational scenarios compared with a conventional FLC
and a PID controller. Finally, Section 4 presents some concluding remarks.

2. Materials and Methods

The scope of this article deals with the development of a Type-2 fuzzy logic controller
(T2-FLC), in order to enable the enhanced frequency response from a electric energy
storage system (in this case, a lithium-ion battery) considering frequency deviation and SoC
management. A description of the most essential features of this approach are given below.

2.1. Battery Energy Storage System Modelling

A generic model of a lithium-ion (Li-ion) battery model with similar charge and
discharge dynamics is used in this paper. The battery voltage without load E∗

BESS and its
state of charge SoC are modelled as a functions of the battery current IBESS as presented in
Equations (1) and (2) [13,14,29].

E∗
BESS = E0

BESS +
KE

SoCBESS(t)
+ αe−β

∫ t
0 IBESS(t)dt (1)
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SoCBESS = SoC0 −
1

QBESS

∫ t

0
IBESS(t)dt (2)

where E0
BESS represents the open-circuit voltage (V) in the battery, α is the exponential

zone amplitude of the battery (V), QBESS is the battery capacity (Ah), KE is the polarisation
voltage, and β is the inverse of the exponential zone time constant ( A

h ).
It is important to highlight that for this BESS model, thermal or ageing effects that

affect the performance of this type of batteries have not been considered [30]. On the other
hand, a block in series to this model is incorporated to represent the power conversion
delay as a protection measure to unreal operating conditions (e.g., current flows when the
BESS state of charge is zero) [14]. The equivalent circuit and related blocks are shown in
Figure 1 [13,29].

Figure 1. Equivalent model of a BESS. Where P∗
BESS and I∗BESS denote the power reference and and

its related current incoming to the BESS. On the other hand, Ri is the internal resistant of BESS, SoC0

and SoCBESS refers to previous and current BESS state-of-charge, respectively. Finally, VBESS and
IBESS indicate the voltage and current measured on the BESS.

2.2. Enhanced Frequency Response (EFR)

The frequency controller implemented in this paper, is based on the EFR service
implemented by the TSO of GB (i.e., National Grid). This service dynamically delivers a
change of active power proportional to changes in system frequency. This mechanism has
been explicitly designed for energy storage systems, due to its fast response to frequency
deviations (i.e., 1.0 s from the event). Likewise, this service includes an area dedicated
exclusively to the state-of-charge management [13,31].

Moreover, this service presents three zones according to the magnitude of the deviation
in the system frequency as presented in Table 1. For frequency deviations at or below the
frequency threshold denoted by V (i.e., frequency below the desired value), the EESS
must follow a single power reference, proportional to the frequency and cannot manage
its state-of-charge. When the frequency deviation is at or above the frequency threshold
denoted by Y (i.e., frequency above the desired value), the EESS must also follow a single
power reference, proportional to the frequency. As in the previous region, there is also no
state-of-charge management.

Finally, when the frequency deviation lies within the region between V and Y, the
EESS response must lie within the envelope formed by these points. Within that region, the
EESS can manage its state of charge by changing the control reference parameter ρ between
−1 and 1. So, the output power reference of the EESS in terms of ρ can be expressed as
show in Equation (3) [29].

P∗
EESS = 0.5Pup(ρ + 1)− 0.5Plo(1 − ρ) (3)

where Pup and Plo are functions of the sampled instantaneous frequency value describing
the upper and lower services envelopes (see Table 1), and P∗

EESS is the normalised output
power reference of the EESS. This equation describes the different scenarios in the previous
described zones as a function of injecting or absorbing power according to the frequency
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deviation in the power grid instead of using a power derivative over time like the conven-
tional EFR (i.e., when 0 < ρ ≤ 1 the ESS injects power to the network reducing its load
state, while if −1 ≤ ρ < 0 the opposite action occurs).

On the other hand, it is essential to highlight that this service presents two modes
according to the dead-band amplitude (i.e., the region between W and X points in Table 1)
for the proportional power response range outside this region: the wideband (WB) with
∆ f = ±0.05 Hz, and the narrowband (NB) with ∆ f = ±0.015 Hz. The EFR service is
considered WB for the development of the following sections of this paper. The details
of the specific points defining the EFR service envelopes -based on [32]- for both mode
settings are shown in Table 1.

Table 1. EFR reference values for both the WB and NB service.

Area Point

Wideband (WB) Narrowband (NB)

Frequency
Deviation

∆ f (Hz)

Response
Power

P∗
EESS (p.u.)

Frequency
Deviation

∆ f (Hz)

Response
Power

P∗
EESS (p.u.)

Max delivery
(Low Frequency) U −0.500 +1.0000 −0.500 +1.0000

Post-Fault V −0.250 +0.444444 −0.250 +0.484536

Deadband W −0.050 +0.09 −0.015 +0.09
X +0.050 −0.09 +0.015 −0.09

Pre-Fault Y +0.250 −0.444444 +0.250 −0.484536

Max delivery
(High Frequency) Z +0.500 −1.0000 +0.500 −1.0000

One of the most important metrics for determining EFR quality of service and payment
as defined by the NG is known as the service performance measure (SPM). This metric is
calculated on a second by second basis as the ratio between the EFR power reference to EESS
asset and the service envelopes (i.e., the SPM will be 100% if during the whole operation
time, EESS operation is between the area delimited by service envelopes, otherwise a
penalty corresponding to a proportional payment reduction is received for over or under-
producing).

2.3. State of Charge Management: Type-2 Fuzzy Logic Controller (T2-FLC)

As previously mentioned, the EFR service provides an ideal profile and two service
envelopes (upper and lower according to the frequency deviation of the system). In the
area bounded by these envelopes (or pre-fault), it is possible to perform state-of-load
management of assets with finite capacity such as the different types of ESS. On the other
hand, outside this region (i.e., post-fault) there is no possibility to perform SoC management
since the priority is to serve the grid requirements. Therefore, this paper proposes a
controller that activates the EFR service from a battery energy storage system (BESS).

This controller is designed to manage the state of charge of the BESS system, while
ensuring the EFR service is supplied. For this case, a Type-2 fuzzy logic controller (T2-
FLC) is presented. This control technique was chosen for the ease of incorporating the
operating rules based on expert knowledge in an intuitive way as required (in this case, the
conditions for injecting or absorbing power from the battery system) and its implementation
in systems where obtaining it in an analytical form presents great difficulty. On the other
hand, by adding uncertainty to the operation of the controller, the occurrence of adverse
phenomena associated with variability, as in the case of system frequency and real time
SoC measurement, can be mitigated.

It is important to highlight that one of the most essential features of EFR service is
the state of charge management of the energy storage asset (i.e., choosing how many and
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when to absorb/deliver energy to the power grid considering frequency deviation) as long
as its output is within the operating envelopes of the service. The ideal value to maintain
in the ESS SoC would be 50% [33]. However, this set-point also can depend on the asset
owners interest.

Considering this context, the proposed controller presents two inputs associated with
the frequency deviation ∆ f , and the battery state-of-charge error SoCerror obtained by
deducting the setpoint and the measured value in the BESS (i.e., if SoCerror < 0, more stored
energy than required. If SoCerror > 0, more delivered energy than required), and a single
output corresponding to the power reference (ρ), which in this case is normalised between 1
and −1 and responds to the EFR control dynamics described in Equation (3). This equation
applies the technical operating parameters of the EFR service (see Table 1), simplifying the
requirements and reducing the response time of the controller compared to its full version
(requires derivative calculations). The schematic of the proposed controller is shown in
Figure 2.

Figure 2. Proposed Type-2 FLC to enable EFR services from BESS.

For the proposed controller design, the fuzzy logic controller presented in [29] has
been used as an initial approach, where expert knowledge of the operation and EFR service
has been incorporated, as well as the logical aspect of the whole process behaviour, all this
worked under Methodology presented in [34]. Starting from this framework, the different
modifications (i.e., the definition of uncertainty footprint and scaling) have been made for
the development of the T2-FLC. Due to the close similarity between the conventional FLC
and the proposed Type-2 FLC processes, the inference processes with slight differences are
carried out as follows:

• Fuzzification: The system frequency deviation and the BESS state of charge error are
the numerical inputs. Those variables are transformed into linguistic variables asso-
ciated with membership functions (MFs). In this particular case, triangular MFs are
selected since they are intuitive and straightforward to design and modify according
to requirements.
For this case, the membership functions representing the “zero deviation” (Z) are
narrower than the other MFs only for both inputs. On the other hand, the “Positive”
(P) and “Large Positive” (LP) variables require different control actions, but a higher
amplitude can be chosen with adequate results for this application. The same is
true for the “Negative” (N) and “Large Negative” (LN) MFs. It is important to
highlight that these linguistic variables were given to all inputs and outputs to keep a
coherent framework.
Unlike conventional FLC, fuzzification of these variables requires primary (or conven-
tional) and secondary variables to create the footprint of uncertainty (FOU) needed to
add variability and robustness to these Type-2 MFs. For this case, the two secondary
variables present the same degree of membership (or scale) of the primary ones, but
with a 30% reduction of their area (base).

• Inference: In this process, the MFs from the previous step are combined with a rule
base from the process expert knowledge as presented in Table 2 in order to produce
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a conclusion. It is important to highlight that for this paper, a Mamdani type fuzzy
inference system was used. Therefore, this conclusion corresponds to a fuzzy output
(according to each controller, i.e., standard fuzzy output for the conventional FLC and
type 2 for the proposed T2-FLC) that requires defuzzification.
This stage is exactly the same for both conventional and type-2 fuzzy logic controllers,
due to both using the same rule base. However, the inference output of the controllers
requires a different defuzzification process.

• Defuzzification: Finally, at this stage the inference output is transformed back into a
numerical output using the related membership functions (with similar ranges, shapes
and slopes), which in this case corresponds to the control reference ρ. As in the case
of fuzzification, the output variable also requires primary and secondary MFs for the
required FOU (same degree and type of membership of the primary variables, but
also with a 30% area reduction). Moreover, in order to adapt to any dynamic system,
Type-2 FLCs feature a type reducer (for this case, a Centroid type-reduction [35]) at
this stage to deliver conventional outputs.

Table 2. Rule base of the FLC controller to determine the power reference considering the linguistic
variables of frequency deviation and state-of-charge error.

Frequency Deviation, ∆ f

LN N Z P LP

SoC error

SoCe

LN LP LP P P P
N LP P P P P
Z Z Z Z Z Z
P N N N N LN

LP N N N LN LN

3. Results and Discussion

The performance of the proposed Type-2 FLC controller to enable the EFR service
of a BESS compared with conventional FLC and PID (as a classical approach) controllers,
considering minimising the state-of-charge error while keeping the SPM metric as high as
possible, is presented and discussed in this section. Therefore, two scenarios are evaluated,
with time series of GB system frequency data from July 2021 at one-second resolution, in
order to consider the frequency deviation data to manage the BESS absorbing/delivering
behaviour. The PID controller used operates directly on the state-of-charge and meets the
transfer function presented in Equation (4).

PID(s) = kp +
ki
s
+ kp ·

N f

1 +
N f

s

(4)

where kp, ki, and kd denote the proportional, integral and derivative gain coefficients,
respectively, and N f indicates the filter coefficient. The PID parameters used in for this
comparison are the following: kp = 2.5, ki = 1 × 10−5, kd = 1, and N f = 1.

All simulations were completed by a computer (PC) running Windows® with an
Intel® Xeon W-3235 processor @3.3 GHz with 16.00 GB RAM, using MATLAB® R2021a
(9.10.0.1602886) [36] under Simulink framework. This equipment was provided by the
Digital Energy Systems and Lab (or DIgEnSys-Lab), the real-time hardware-in-the-loop
laboratory that includes cutting-edge facilities for real-time simulation for research related
to solutions to key challenges related to carbon-neutral energy systems, where Prof. F.G-L’s
research group is located.
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3.1. Scenario 1: Frequency Deviation on Working Days

This scenario refers to the operation of the BESS delivering the EFR service to the
power grid under real operating conditions (i.e., system frequency data) during working
days, where the energy load is higher than weekends. Figure 3a shows a time-domain
plot of a 24-h sample of the NG frequency data corresponding to 7 July 2021, which is
used to test the FLC-based controllers to enable the EFR service. Figure 3b shows the
histogram and cumulative distribution function (CDF) of frequency time series. It can be
seen that the frequency remains inside the operational range (±0.2 Hz) during the 99.93%
time considered (i.e., there are time periods where the frequency deviation is greater than
allowed by the EFR service).

Figure 3. (a) Time series data of 24-h GB working day system frequency signal used for testing.
(b) Histogram of frequency signal.

On the other hand, it is evident the frequency is below nominal 51.26% of the time.
This means that during a large part of the analysis time, the battery energy storage system
will have to deliver more energy than it will be able to absorb, which is consistent with the
scenario conditions. Therefore, the SoC of the BESS has decreased by 10% at its point of
highest discharge and grown by 3.5% on average at its point of maximum BESS charge
relative to its initial value for both controllers. However, for all cases, the final state of
charge was slightly above the initial value (56.9, 53.6 and 52.2% for PID Controller, T2-FLC
and FLC, respectively). This behaviour is also described by the histogram distribution.

It can also be seen that during the operation time, all the proposed controllers dis-
played similar behaviour with the exception of the extreme points of consumption or
absorption (i.e., highest frequency deviations), where there is a more smoothed behaviour
(i.e., consumption/absorption ratio) by the type-2 FL controller where it tries to maintain
the state of charge as close as possible to the desired value, as shown in Figure 4. This
performance also indicates that this T2-FLC controller is delivering less energy to the
grid (4.01 MWh versus 4.29 MWh injected by the system with conventional FLC, and
−9.14 MWh injected by the system with PID controller).

This Figure also shows that in the case of the PID controller, there is a power absorption
trend in this case. This can be evidenced in the maximum deviation point for the BESS
discharge, where the SoC level is not as low as in the fuzzy logic based controllers. However,
in the total energy it is evident that there is no better management of these resources as in
T2-FLC.
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Figure 4. Comparison of BESS state-of-charge with the EFR controller on a working day managed by
conventional FLC (blue), PID controller (green), and Type-2 FLC (red).

Additionally, to verify the correct operation of the EFR service by the controllers, the
reference signal ρ is plotted (scatter) against the frequency deviation value (nominal versus
actual value) during the 24 h of operation. This plot was made together with the envelopes
of the EFR wideband service for each controller as shown in Figure 5. In this case, it can be
seen that the reference signal points for all controllers are all within the service envelope,
thus achieving an SPM of 100%, but they are not exactly in the service reference, since in
this case these controllers are managing the BESS state-of-charge.

Figure 5. Controller performance on working days of (a) conventional FLC, (b) PID controller, and
(c) Type-2 FLC.

3.2. Scenario 2: Frequency Deviation on Weekend

In this scenario, it refers to the operation of the BESS providing EFR service to the
power grid under real operating conditions (i.e., system frequency data) but unlike the
previous scenario, this occurs during an off-duty day, where the power demand is compar-
atively lower. Figure 6a shows a time-domain plot of a 24-h sample of the NG frequency
data corresponding to 3 July 2021, which is used to test the FLC-based controllers to enable
the EFR service. Figure 6b shows the histogram and cumulative distribution function (CDF)
of the related frequency time series. It can be seen that the frequency remains inside the
operational range (±0.2 Hz) during all time considered unlike the previous scenario.

Moreover, it is evident the frequency is below nominal 47.66% of the time. This means
that during a large part of the analysis time, the battery energy storage system will have
to absorb more energy than it will be able to deliver. Therefore, the SoC of the BESS has
decreased by 15% at its point of highest discharge and grown by 18% on average at its
point of maximum BESS charge relative to its initial value for both controllers. However,
for both cases, the final state-of-charge was slightly above the initial values (70.1, 67.1 and
68.5% for PID, T2-FLC, and FLC, respectively).
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Figure 6. (a) Time series data of 24-h of GB weekend system frequency signal used for testing.
(b) Histogram of frequency signal.

Again, it can be seen that during the operation time that although all controllers
present similar behaviours, in this case when the BESS discharge reaches its maximum
point, the type 2 FLC controller presents a smoother behaviour since it tries to maintain
the state of charge as close as possible to the desired value (35% versus 33.8% and 38.0%
of the conventional FLC and PID, respectively), as shown in Figure 7. This behaviour
again indicates that this controller delivers less total energy to the grid (24.95 MW versus
25.35 MW and 27.64 MW delivered by the system with the conventional FLC and the PID
controller, respectively).

Figure 7. Comparison of BESS state-of-charge with the EFR controller on a weekend day managed by
conventional FLC (blue), PID controller (green), and Type-2 FLC (red).

To verify the correct operation of the EFR service by the controllers, the reference
signal is plotted (dispersion) against the frequency deviation value (nominal versus actual
value) during 24-h operation. This plot was made together with the envelopes of the EFR
broadband service for each controller as shown in Figure 8. In this case, it can be seen that
the reference signal points for both controllers are all within the service envelope, thus
achieving an SPM of 100%, but they are not exactly in the service reference, since in this
case all proposed controllers are again managing the BESS SoC.

However, unlike the previous scenario there is a smaller dispersion of the different
power references, given the significant reduction in energy demand during a day off
compared to a working day, so that for both controllers this scenario can be less demanding
and therefore make SoC management more meaningful.
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Figure 8. Controller performance of (a) Conventional FLC, (b) PID controller, and (c) Type-2 FLC.

Overall, the results presented in the two scenarios have shown that although both
controllers share similar components (i.e., rule base and membership function shapes), the
introduction of uncertainty components in the controller (i.e., Type-2 functions) signifi-
cantly modify the system behaviour, especially when there are large frequency deviations,
prioritising to maintain the SoC as close as possible to the reference value (i.e., 50%) without
losing efficiency in providing the EFR service (all controllers with 100%) as shown by indi-
cators summarised in Table 3, where SOC0 and SOCF represent the BESS SoC at the instant
when the EFR service is started and at the end of the time series, respectively, SOCRe f
represents the BESS SoC reference set by the operator and managed by the proposed fuzzy
logic based controllers.

For both scenarios, it can be seen that the final SoC of the system with the type-2 FLC
is closer to the desired one, thanks to the smoothing of the control reference applied to the
EFR controller. This same feature also evidences a slight reduction in the energy injected to
the grid, which is also a desired circumstance in operational terms. On the other hand, in
relation to the EFR service provision to the grid, none of the controllers used in this paper
had issues with power references outside the service envelopes (i.e., 100% SPM for both).
Therefore, there was no penalty.

Table 3. Summary results of all proposed scenarios.

Scenario Indicator PID FLC T2-FLC

Working day

SoC0 0.5 0.5 0.5
SoCre f 0.5 0.5 0.5
SoCF 0.569 0.536 0.522

E (MWh) −9.45 −4.29 −4.01
SPM (%) 100 100 100

Weekend

SoC0 0.5 0.5 0.5
SoCre f 0.5 0.5 0.5
SoCF 0.701 0.685 0.671

E (MWh) −27.64 −25.35 −24.95
SPM (%) 100 100 100

4. Conclusions

This paper presents the development of a controller based on fuzzy logic with uncer-
tainty (or Type 2 FLC), which facilitates BESS to provide wideband EFR service while being
able to manage the state of charge of such assets as long as it is within the service envelopes
by restricting the control signal. Likewise, this controller can mitigate real-time state of
charge measurement errors (or uncertainty), so its performance will not be significantly
affected compared to other types of controllers (e.g., PID, conventional FLC, among other
approaches), since it is necessary to accurately estimate the EESS SoC in real time, which is
difficult to achieve.
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The proposed controller has improved the ability of the BESS to manage its state-of-
charge without decreasing its quality, a key element for assets with finite power delivery
capabilities for profit (higher remuneration for better SPM values, which in this case was
100% in all proposed scenarios and controllers). This was accomplished by constraining
the EFR control signal through the expert knowledge required in this type of controller, so
that the output power of the BESS was kept within the limits of the EFR service envelopes.

On the other hand, it is important to emphasize that the control developed does not
depend on the specific features of the EESS. This means that it can be applied to other energy
storage technologies (e.g., flywheel, ultra-capacitor) and sizes. In this way, future work
could explore the effects of the controller in relation to different events such as cyclic ageing
of the BESS, the state-of-charge measurement uncertainty, other EFR services profiles,
among others, as well as different modifications to improve the controller performance
(e.g., types of membership functions, footprint of uncertainty width, among others).
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