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Abstract—A flywheel and lithium-ion battery’s complementary
power and energy characteristics offer grid services with an
enhanced power response, energy capacity, and cycling capability
with a prolonged system lifetime. Real-time Power management
and considering storage components’ State of Charge (SoC) and
ramp rate are crucial for optimizing performance. However, there
is a need for further improvements in SoC correction techniques
and rigorous, realistic testing to ensure accurate and efficient
management strategies. This paper proposes a Moving Average
(MA) and Fuzzy Logic-based power management for a Hybrid
Flywheel and Battery Energy Storage System that optimally
share the power among the two technologies, considering the
flywheel’s SoC and the battery’s ramp rate as the most con-
cerning variable of each technology. The system minimizes SoC
and ramp rate imbalances by integrating Moving Averages for
dynamic energy demand adjustments and Fuzzy Logic controllers
for efficient power redistribution. A Power Hardware-in-the-
Loop (PHIL) experimental validation utilizing a 120 kW, 7.2 kWh
flywheel-based energy storage system coupled with a simulated
battery demonstrates improved SoC correction and ramp rate
management performance.

Index Terms—Hybrid energy storage, power management,
State of Charge, ramp rate, flywheels

I. INTRODUCTION

THE increasing power variability generated by intermittent
renewable energy production and load consumption (e.g.,

electric vehicles) calls for integrating fast dynamic energy
storage systems (ESS) such as batteries, flywheels, and su-
percapacitors [1], [2]. Among these, batteries are widely used
for their high energy density, allowing for effective storage
and release of large energy quantities [3]. However, fast power
cycling can significantly reduce battery life [4]. On the other
hand, high-power storage technologies such as supercapacitors
and Flywheel Energy Storage Systems (FESS) have high
power density and rapid response capabilities with no major
lifetime concerns [5]–[8].

Flywheels are advantageous for delivering power for several
minutes compared to supercapacitors, which provide energy
for only tens of seconds. Flywheels store kinetic energy
through high-speed rotor spinning, making them ideal for

Masoome Seyed Maroufi, Karthik Rajashekaraiah, and Giovanni De Carne
are with the Institute for Technical Physics, Karlsruhe Institute of Technology,
Germany. Shahab Karrari is with Siemens Energy, Erlangen, Germany. The
work of Masoome Seyede Maroufi, Karthik Rajashekaraiah, and Giovanni De
Carne has been supported by the Helmholtz Association under the program
”Energy System Design” and under the Helmholtz Young Investigator Group
”Hybrid Networks” (VH-NG-1613).

applications requiring frequent, fast energy exchanges [6],
[9]. Notable industrial applications include the Beacon 20
MW Power flywheel plant in New York for grid frequency
regulation [10], Schwungrad’s 150 kW plant in Ireland for fast
stabilization services [11], and Amber Kinetics’ systems in the
Philippines for grid stability and renewable energy integration
with a four-hour discharge duration [12]. These examples
demonstrate flywheels’ ability to improve energy efficiency,
response times, and lifespan despite lower energy density [6],
[13].

No single ESS meets all performance criteria, so Hybrid
Energy Storage Systems (HESS) are often used to combine the
strengths of different technologies [14], [15]. However, this
can increase control complexity. In HESS, combined power
and energy management is crucial for optimal power distribu-
tion across technologies. Focusing only on power may deplete
fast dynamic ESS, reducing system flexibility. Thus, the State
of Charge (SoC) is a key indicator of stored energy and
must be considered. Accurate SoC estimation improves system
dynamics and efficiency and extends component lifespan by
minimizing abrupt state changes [16], [17].

The battery’s ramp rate is crucial for HESS control, in-
fluencing its ability to manage power quality and frequency
demands. For voltage sags, the ESS must inject power quickly
(1–10 minutes) and ramp to peak power without exceeding its
discharge capacity. In frequency control, the ESS must respond
within 30 seconds for primary control and sustain power for up
to 20 minutes for secondary control [18], [19]. Moreover, the
ramp rate impacts battery lifespan, as rapid power changes
increase currents and extreme states of charge, accelerating
degradation over time [20]. By controlling charging limits
and reducing the frequency of large cycles and surges, battery
lifespan can more than double [16], [21], [22]. Therefore, the
ramp rate is essential for operational efficiency and prolonging
the battery’s life, making it a critical parameter for the HESS’s
performance and sustainability.

Some recent advancements in energy management and SoC
for HESS are as follows. While some studies [23], [24]
focus on power management, others also address SoC control
[25]–[29], primarily in HESS with supercapacitors. Flywheel
technology, however, offers advantages over supercapacitors,
such as higher energy density and simpler construction [30],
making it a promising choice for enhancing energy storage
systems [31], [32].

Progress in controlling FESS includes the tube-based MPC
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approach for handling disturbances [8], addressing frequency
and voltage fluctuations [33], and an adaptive droop control for
frequency changes [34]. These works focus on single systems,
overlooking HESS integration.

The work in [35] introduces a fuzzy logic-based power
smoothing control for a HESS with a flywheel and lead-
acid battery, optimizing power distribution. While the battery’s
SoC is actively managed, the flywheel’s SoC is not addressed,
risking rapid discharge and delayed recovery.

The study in [36] introduces two control strategies for a
HESS in an electric shipboard microgrid, combining batteries
and flywheels. The first, an optimization-based approach, aims
to minimize energy losses, while the second uses a lookup
table for efficiency. Both effectively manage load fluctuations
in simulations but highlight areas for improvement regarding
the flywheel’s SoC. The optimization strategy overlooks SoC,
leading to inefficient flywheel use, while the lookup-table
approach lacks real-time SoC tracking, risking overcharging
or discharging. Notably, these valuable studies have yet to
undertake experimental validation with an actual FESS of their
proposed controllers within real-world environments. All the
aforementioned contributions and their research efforts have
been summarized in Table I.

To address proper power and energy management for HESS,
this paper introduces a controller that combines fuzzy logic
and moving average techniques to optimize power and en-
ergy set-points of different ESS technologies. The controller
considers the power rate of change in a high-energy density
storage device (i.e., battery) and the SoC of a high-power
energy storage device (i.e., flywheel) as controlled variables.
Fuzzy logic control (FLC) is chosen for power-sharing control
due to its flexibility and intuition in determining the average
window of the moving average, enhancing adaptability to
changing conditions (SoC and ramp rate) [37]. Unlike other
methods, this integrated controller enables direct control over
the flywheel’s output power and SoC, optimizing the overall
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Fig. 1: General HESS management system architecture

system performance.
Figure 1 illustrates the overall HESS structure consisting

of a battery and a flywheel in the grid. Figure 1 illustrates a
power management example for HESS. In this diagram, the
power management system responds to frequency and voltage
contingencies (∆f and ∆V ) by assigning active and reactive
power (P and Q) reference values to each storage system
and its converters. Each device’s management system then
communicates the necessary control signals to ensure efficient
regulation of its operations. In our study, this distribution is
based on two main control requirements: the battery’s ramp
rate and the flywheel’s SoC.

The proposed controller optimizes the HESS trade-off be-
tween power and SoC management. While prioritizing power
management enhances performance, it may limit availability
for a longer duration. By controlling the SoC, the HESS can
remain available for additional power events, expanding its
intervention capabilities. This novel approach is compared to
classical techniques based on low-pass filters in a PHIL exper-
imental setup with a 120 kW commercial FESS, demonstrating
the potential for broader integration into future energy systems.

To summarize, the paper introduces the following novel
contributions:

• A novel energy and power management approach for
HESS based on moving average and fuzzy logic has been
proposed that distributes optimally the power set-points
between the battery and the flywheel.

• Implemented a fuzzy logic control approach to effectively
monitor the flywheel’s SoC and make informed decisions
about power contributions from a FESS, ensuring opti-
mized system performance.

• The proposed control strategy is designed to manage a
HESS by splitting the power between storage elements
in an optimal way, specifically aiming to minimize fast
power variations directed to the batteries, and avoiding
low SoC for FESS.

• The proposed approach has been validated experimentally
in realistic grid conditions using a commercial 120kW
7.2kWh high-speed flywheel by means of Power Hard-
ware In the Loop testing. This kind of validation has
never been carried out for flywheel-based HESS.

The rest of this paper is structured as outlined below:
Section II elaborates on the design of the suggested controller.
Section III outlines the practical validation of the proposed
control approach, and Section IV provides a parameter varia-
tion analysis of the chosen tuning values. Finally, Section V
concludes the paper.

II. PROPOSED CONTROL STRATEGY

This section presents the methodology employed for the
controller and power management of an HESS, which consists
of a battery and flywheel. Figure 2 shows the overall control
scheme, divided into three main parts: a) The first part involves
the power signal separation using a moving average block.
The moving average smooths out short-term fluctuations in
the data and highlights longer-term trends. In this case, it
helps to separate the power signal into components, dividing
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Fig. 2: Control scheme for HESS including the moving average and fuzzy logic stages

the fast-changing components and the slower ones. This is
crucial for the next step, where the battery and flywheel handle
these different components based on their unique capabilities;
b) The second part determines the ramp rate of the battery
and SoC of the flywheel with the calculated power output.
Ramp rate refers to how quickly the battery can charge or
discharge power without causing excessive wear. In this step,
the ramp rate of the battery is calculated based on its power,
ensuring that it is not subjected to abrupt changes that could
reduce its lifespan. On the other hand, the flywheel’s SoC
ensures that it stays within the appropriate operating limits.
The flywheel handles fast power changes due to its mechanical
energy storage properties, making it ideal for smoothing out
quick variations in power demand. Based on the SOC, the
system calculates how much power the flywheel should absorb
or release. The SoC of the flywheel is calculated based on the
energy integrated from its power.; c). The third part is followed
by applying a Fuzzy Logic Controller (FLC) to determine the
average window of the moving average. This process separates

the input power profile into two distinct components: one
representing the fast response for the FESS and the other
representing the slow response for the BESS. By utilizing
FLC, the control system can effectively manage and regulate
the SoC levels of the FESS, ensuring that it is maintained
within the desired operating range and the rate of change
of power in the battery to help its longevity. Subsequently,
a detailed description of each of these steps is provided.

A. Moving Average

A moving average involves calculating the average of con-
secutive values in a time series, obtained through mathematical
convolution [38]. Widely used in finance, particularly in the
Moving Average Strategy (MAS), it aids in monitoring price
trends and identifying potential reversals in securities [39],
[40]. MAS generates buy or sell signals by evaluating the
disparity between long-term and short-term averages. Beyond
finance, moving averages find application in load forecasting,
power quality analysis, and filtering in power systems.

TABLE I: State of the art on hybrid energy storage systems

Reference Objective
HESS

ESS Type
Control Setup

HESS Flywheel SoC RRa RTSb PHILc

[23] Decrease power rating of
the converter ✓ ✗ BESS-UC ✗ ✗ ✗ ✗

[24] Voltage regulation ✓ ✗ BESS-SC ✗ ✗ ✓ ✗
[25] Increase BESS Lifetime ✓ ✗ BESS-SC ✓ ✗ ✗ ✗

[26] Control power
distribution ✓ ✗ BESS-UC-Fuel cell ✓ ✗ ✗ ✗

[27] Power sharing ✓ ✗ BESS-SC ✓ ✗ ✗ ✗
[28] Power fluctuations ✓ ✗ BESS-SC ✓ ✗ ✗ ✗

[29] Supply uninterrupted
power ✓ ✗ multiple ESDs ✓ ✗ ✓ ✗

[8] Voltage regulation ✗ ✓ FESS ✗ ✗ ✓ ✗
[33] Frequency control ✗ ✓ FESS ✗ ✗ ✓ ✗
[34] Frequency control ✗ ✓ FESS ✓ ✗ ✓ ✓

[35] Power fluctuations ✓ ✓
lead acid

BESS-FESS ✓ ✗ ✗ ✗

[36] Power fluctuations ✓ ✓ BESS-FESS ✓ ✗ ✓ ✗

This paper Energy management ✓ ✓ BESS-FESS ✓ ✓ ✓ ✓

✓= investigated ✗= not investigated

aConsidered ramp rate of battery
bUsed real-time simulation
cUsed power hardware in the loop
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In this context, moving average filters are employed to
discern the behavior of two energy storage systems. The filter
characterizes the gradual behavior of elements like batteries,
while the differential value highlights rapid fluctuations in
faster energy storage, exemplified by flywheels. The Simple
Moving Average (SMA) is defined as follows:

SMA(t) =
1

nt

nt−1∑
i=1

Pt−i (1)

Variable nt indicates the length of the period over time.
Variable P indicates the data points, and t is the point we
need to calculate.

By using the MAS, the BESS effectively manages the
gradual changes, while the Fast FESS addresses the rapid
changes within the HESS.

B. Fuzzy Logic Controller

In this study, the optimization of power and energy set-
points for different ESSs, particularly the interaction between
the BESS and FESS, is a key focus. The Fuzzy Logic
Controller (FLC) is designed to dynamically balance these
systems using the BESS ramp rate and the FESS’s SoC as
inputs. The controller’s output is the average window length
of the moving average filter, which helps manage the power
flow between the two storage systems. As mentioned in the
introduction, this work includes the limitations of the BESS
ramp rate and FESS SoC in the control strategy. For this
reason, the FLC is designed to determine the average window
of the moving average filter, which allows a good trade-off
between power control and SoC management.

1) Membership Functions: Rather than representing the
inputs and outputs using specific values, the fuzzy sets describe
the inputs and outputs by incorporating linguistic terms and
flexible reasoning. The precise inputs and outputs are trans-
formed into fuzzy sets defined by membership functions. In
this paper, the ramp rate of the BESS and the SoC of the
FESS are the inputs of the FLC. On the other hand, the
average window length of the moving average filter is the
controller’s output. Figure 3 shows the membership functions
of the inputs and the output while the definition of the fuzzy
sets in linguistic terms are defined in table II.

In this research, the Matlab/Simulink implementation of
Mamdani’s fuzzy inference method is chosen as it is widely
utilized as the standard fuzzy methodology in control systems
[41], [42]. The ramp rate and SoC membership functions are
divided into low and high categories based on each ESS’s
benefits. The ramp rate and SoC membership functions are cat-
egorized into low and high for two primary reasons: simplicity
and relevance to the specific energy management strategy
for our HESS. By focusing on these two categories, we are
able to streamline the decision-making process, ensuring that
the fuzzy logic controller can quickly and effectively adjust
the power management strategy. Additionally, in our specific
application, the most critical factors are when the ramp rate
is too high (causing stress on the system) and when the
SoC is either too low (risking depletion) or too high (to
maximize system efficiency). Expanding the categories beyond

these two does not significantly enhance control performance
but would increase computational complexity. Maintaining a
flywheel SoC above 30% is imperative, as the mechanical
rotational mass is crucial for optimal performance. A SoC
below this threshold results in reduced speed, compromising
the flywheel’s ability to deliver maximum power when re-
quired. Although high SoC is not harmful to FESS, the SoC
membership function for FESS is divided into two categories
for the better performance of HESS when the SoC of the FESS
and ramp rate of the BESS are both high.

The average window is divided into four categories to better
balance power management. Trapezoidal membership func-
tions are used for the ramp rate and SoC, providing smooth
transitions between low and high values, while triangular
membership functions are applied to the average window, en-
abling more focused control over power flow adjustments. The
fuzzy logic methodology allows the system to continuously
fine-tune the output (average window length) based on real-
time conditions, thus optimizing the power exchange between
the two storage systems. Table III represents the range of each
input and output membership function.

2) Rules of Fuzzy Controller: The FLC is centered around
its rule base, which comprises decision-making rules. Each
rule consists of an antecedent (current system state using fuzzy
sets and variables) and a consequent (desired action/output).
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Fuzzy sets and variables define the conditions and outputs
of the rules. The overall system output results from com-
bining multiple rule inputs/outputs. The system’s complexity
and control requirements determine the number of rules and
linguistic variables. FLCs, with their added flexibility and
precision, effectively handle complex and uncertain systems.
In our specific case, Table IV illustrates the rules of the FLC.
For example, in scenarios where the battery ramp rate is
low, and the SoC of the flywheel is concurrently depleted,
minimizing the average window of the moving average can
prioritize using battery resources for power management. In
contrast, when the flywheel’s SoC is high, and the battery
ramp rate is high, the FLC directs more power to be utilized
from the flywheel, allowing the flywheel to compensate for
the high battery ramp rate. This balances the system by using
the flywheel’s higher energy reserve. The rules in Table IV
allow the FLC to continuously adjust the power distribution
between the BESS and FESS based on the current conditions,
ensuring a dynamic and efficient power management strategy.
By defining these fuzzy sets, the system can make informed
decisions on balancing the energy storage resources depending
on the state of the two systems.

III. EXPERIMENTAL VALIDATION

In this study, the control analyses play a crucial role in
governing the operation of a HESS to match a power profile
obtained from reference [43]. This power profile is derived
using an enhanced motif discovery algorithm, identifying the
most recurrent daily consumption patterns within the target
time series with a 1 s time step. The input data utilized for the
analyses were gathered in South Germany during the summer
of 2018, collected from four distinct 10/0.4 kV substations.
The data was collected during this period to ensure a high
level of PV generation is captured in the sizing analysis.
The four substations were selected based on their relative
voltage sensitivity to changes in active power according to
the method proposed in [44]. The data was recorded at various
resolutions, starting from 1 second, using the ”PQI-DA Smart”
measurement device from A-Eberle [45]. This device was
installed on the low-voltage side of the substation transformer
to measure the total power from all feeders connected to each
substation and to assist in sizing a centralized ESS. Given the
high resolution of the data and limited storage capacity, two
weeks of data were collected at each substation. By harnessing
this dataset and discerning the dominant consumption patterns,
the control analyses aim to regulate the behavior of the HESS,
aligning it with the energy requirements represented by the
identified power profile.

TABLE II: Fuzzy sets and their linguistic vari-
ables

Sets Linguistic Variables

L Low
ML Medium Low
MH Medium Low
H High

Figure 4 illustrates the separation of the input power when
the moving average is over 10 minutes. For this specific input
data, the moving average output is in the range of ±160 kW,
and the difference between the input and output of the moving
average filter is in the range of ±30 kW.

A. Hardware Under the Test (HUT)

To empirically confirm the effectiveness of the suggested
control approach, the controller is applied to an actual 120 kW,
7.2 kWh high-speed FESS. The configuration of the FESS is
shown in fig 5, which consists of a flywheel or high inertia
rotor, a Permanent Magnet Synchronous Motor (PMSM), a
back-to-back bi-directional power converter with a common
DC link, and auxiliary components required for running the
system. Furthermore, fig 6 displays the internal perspective of
the commercial FESS container.

B. Power Hardware-in-the-Loop Setup

This paper’s experimental validation uses a Power
Hardware-in-the-Loop (PHIL) setup, integrating theoretical
precision with real-world hardware interactions. The im-
plementation involves integrating a controller based on the
combination of moving average and fuzzy logic. Figure 7
illustrates a schematic diagram of the setup created to assess
the performance of the proposed control design.
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Fig. 5: Configuration of a Flywheel Storage System
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TABLE IV: Rules of fuzzy logic controller

Flywheel SoC
L H

Battery Ramp Rate L L MH
H MH H

The setup consists of three main parts. The simulated
part in the real-time simulator, the actual device, and the
communications and connections between these two parts.
Opal-RT OP5700 real-time simulator simulates the proposed
control in real-time. The controller controls the input power
mentioned in section II integrated into a low-voltage microgrid
and generates the active power references for both the BESS
and FESS. The active power reference of BESS is sent to the
battery model within the real-time simulator. For the parame-
ters to be controlled, the SoC of the flywheel is obtained by
the device, while the ramp rate (RR) of the battery is derived
from its power as shown in equation (2) in the simulation
environment.

In the battery model, the nominal capacity En is crucial in
determining the number of cells in a Li-ion battery and the
maximum rotational speed and inertia in a flywheel. Calculat-

Fig. 6: Inside view of the container holding the two 60 kW
Stornetic high-speed FESS.

ing the nominal capacity involves integrating the power profile
of the ESS and assessing the maximum change in resulting en-
ergy variations, as outlined in equations (3) and (4). However,
in efforts to prolong the lifespan of an ESS, especially in the
context of Li-ion batteries, it is expected to employ oversizing.
For Li-ion batteries, research has indicated that steering clear
of high SoC values can significantly mitigate the cells’ cathode
degradation and calendar aging. Likewise, deep discharging
has been shown to elevate the internal resistance of the cells
[46]. Consequently, allocating a specific non-usable capacity is
advisable to prevent extreme SoC values, denoted as SoCmin

and SoCmax. Thus, the nominal capacity can be determined
by considering the minimum and maximum SoC, assuming
10% and 90%, respectively. The round trip efficiency of the
battery (η) is assumed to be 90%.

RR =
dP (t)

dt
. (2)

E(t) = η−sgn(P (t))

∫ t

0

P (τ) dτ, (3)

En =
maxE(t)−minE(t)

SoCmax − SoCmin
. (4)

The FESS terminal grid voltages are also simulated and
transmitted to a 400 kVA-switch-mode power amplifier by
EGSTON Power Electronics. The connection between the
FESS and the amplifier utilizes a Small-Factor pluggable
(SFP) connection, employing Xilinx’s Aurora protocol. The
power amplifier has the capability to both supply power to and
absorb power from the FESS. The FESS currents are measured
at the connection point using DQ640ID-B Danisense current
transformers. These measured currents are then forwarded
to an Opal-RT OP4510 I/O extension box, which employs
another SFP connection to send the data to the real-time
simulator, effectively closing the loop. The ideal transformer
method facilitates the interface between the FESS and the real-
time simulation. This method is widely used in practical PHIL
simulations due to its simplicity and standardization [47]–[49].
The voltages at the FESS terminal are also measured and
sent back to the real-time simulator. However, these voltage
measurements are solely utilized for calculating the FESS
power within the simulator and do not play a role in the PHIL
interfacing algorithm.

The proposed controller requires knowledge of the BESS’s
ramp rate and the FESS’s SoC. The ramp rate of the battery
is calculated from its power derivative in its model presented
in the real-time simulator. FESS’s SoC, measured internally

TABLE III: Membership functions sets and their range

Battery Ramp Rate (RR) Flywheel SoC Average Window (AW)

Set Range Set Range Set Range

L RR<200 L SoC<50% L AW<500
ML 300<AW<500

H RR>100 H SoC>30% MH 500<AW<900
H AW >900
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Fig. 7: Setup for prototyping of the proposed controller and PHIL simulation with the 120 kW high-speed FESS.

in the FESS controller, is sent to the real-time simulator using
an Ethernet connection and the Modbus TCP/IP protocol from
the industrial controller of the FESS.

A dedicated CPU core of the real-time simulator is allo-
cated to manage communication between the FESS industrial
controller and the real-time simulator. This dedicated core
ensures efficient and reliable communication between the two
components.

In this setup, the ethernet connection can transmit reference
commands, including the active power reference, to the FESS.
However, due to the slow and non-deterministic nature of
the Modbus protocol [50], a faster analog signal transmission
method is preferred in this particular study. Specifically, a
4-20 mA current signal is used to transmit the active power
reference to the FESS, ensuring more efficient and reliable
communication.

C. Experimental Results

With the illustrated PHIL setup alongside the FESS, Figure
8 vividly showcases the harmonious correlation between the
recorded power output of the FESS and the expected reference
power derived from thorough experimental trials. Notably, the
depicted curves exhibit a remarkable alignment, showcasing a
harmonious synchronization wherein the measured power from
the FESS closely shadows the reference power, substantiating
a robust correlation between the two. Furthermore, fig 9
demonstrates the change of the average window in the time
frame of the experiment.

In this research, we compare our proposed control approach
with a low-pass filter (LPF) also used in [27], [28], [31], [35],
[51], [52]. A LPF dispatches the power between the battery

Fig. 8: Comparison between the reference power and the
power from the hardware in the flywheel (a) Reference and
measured Power (b) Absolute error between the reference and
measured power
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Fig. 9: Average Window of the moving average

and the flywheel, splitting the low and the high-frequency
signals based on (5). The overall structure of the controller
with a LPF is shown in figure 10.

Filter =
1

1 + Ts
(5)

with s as Laplace operator and T = 1
fcut−off

, where wf

is the cut-off frequency of the filter. Here a 2.5 mHz cut-off
frequency is used for the LPF to satisfy the requirement for the
input power with the available HESS. The choice of a 2.5 mHz
cut-off frequency for the filter has been made to ensure that the
SoC of the energy storage devices remains positive and avoids
negative values. We determined this frequency based on the
sizes of the two energy storage systems and their dynamics.
Figure 11 visually demonstrates how input power is distributed
between the BESS and FESS when using the filter method and
our new control strategy, which combines moving average and
fuzzy logic techniques.

The suggested control strategy allocates input power ef-
ficiently to both the BESS and the FESS. Its objective is
to reduce the battery’s ramp rate while ensuring that the
SoC of the flywheel remains consistently above 40%. Figure
12 illustrates how the SoC of the flywheel, obtained from
experimental results, is maintained above the 40% threshold
with the proposed controller when compared to its fluctuation
using the filter method. Notably, the incorporation of fuzzy
logic enables us to adapt the averaging window size in a
manner that further minimizes the battery’s ramp rate which is
obtained from the post-analysis of experimental data in figure
12.

It’s noteworthy to mention that a basic control strategy using
a filter neglects the significant role of the auxiliary power of

Pt

PBESS

PFESS
EFESS

T

Fig. 10: Control scheme with a low-pass filter
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the flywheel. When working with an actual flywheel system,
this auxiliary power becomes a dynamic factor that varies
depending on the device’s SoC. By incorporating control over
the SoC, we ensure that this auxiliary power is appropriately
taken into account. Furthermore, it is essential to recognize
that when the SoC of the flywheel drops below 30%, the
maximum power capacity of the flywheel cannot be fully
utilized. This limitation leads to a quicker depletion of the
flywheel’s energy reserves.

IV. PARAMETER VARIATION ANALYSIS

Fuzzy logic algorithms are characterized by the needs
of humans’ inputs for their parameter settings. However, a
different parameter tuning may vary the optimization results,
affecting the performance of the proposed algorithm. For this
reason, in this work we have performed a parameter variation
analysis of the moving average window width in the fuzzy
logic controller and the cut-off frequency in the low-pass filter,
showing why specific parameters have been adopted in the
previous experimental results.

A. Moving Average Window Width

The selection of the moving average window width is
a critical factor influencing the performance of the HESS.
Simulations have been performed using the daily power profile
and battery model described in Section III. The primary goal
was to achieve a balance between the ramp rate of the BESS
and the SoC dynamics of the FESS.

A lower range for the average window length restricts the
controller’s decision-making flexibility, leading to suboptimal
smoothing of the power signal. On the opposite, a higher

range can result in operational inefficiencies, with the system
responding too frequently to minor fluctuations. Figure 13
illustrates these trade-offs, considering simulations for two
window width ranges: 300–900 s (the proposed one) and
100–1300 s (higher range). The results show that increasing
the average window length from 300–900 s to 100–1300 s
significantly increases the ramp rate of the BESS, potentially
affecting its lifetime. This is attributed to the larger window
length introducing excessive variability into the moving av-
erage calculation. Consequently, the chosen window width
strikes a balance, minimizing ramp rate fluctuations while
maintaining efficient smoothing for optimal SoC dynamics.

The works in [53]–[55] underline that the parameter acqui-
sition in fuzzy logic systems is often guided by the specific
requirements of the target application, reinforcing the validity
of our approach to defining parameters based on the sys-
tem’s operational characteristics. To further demonstrate the
adaptability of the proposed fuzzy logic controller, we tested
the system with two additional power profiles: one scaled to
double the existing power profile and another scaled to half of
it. For each case, the ramp rate of the power profile changes,
necessitating modifications to the membership function and
storage sizes to accommodate the altered dynamics.

The results in Figure 14 compare each power profile’s ramp
rate and SoC behavior with its corresponding filter range.
The results confirm that the controller consistently balances
the ramp rate and SoC independently from the power profile
dynamics.

B. Low-pass Filter Cut-Off Frequency

In addition to the moving average window width, the cut-
off frequency of the low-pass controller was analyzed in the

Fuzzy MethodFilter Method Average Window

(a)

(b)

Fig. 13: Effect of different membership functions on the ramp rate and the average window (a) Average window between 300
- 900 s (b) Average window between 100 - 1300 s
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same simulation setup. A higher cut-off frequency allows the
controller to respond more quickly to fluctuations, improving
the SoC dynamics of the FESS by allocating more of the
high-frequency power variations to the BESS. However, this
comes at the cost of increased ramp rates for the BESS
(similarly to the larger moving average window width), as the
battery is more exposed to components of the power demand.
Conversely, a lower cut-off frequency effectively smooths
the BESS ramp rate but compromises the SoC performance.
Figure 15 depicts these trade-offs. It can be seen that for
the chosen cut-off frequency of 2.5 mHz, the ramp rate of
the BESS is comparable with the proposed controller, while
the SoC of FESS is kept positive. It also demonstrates how
a higher cut-off frequency of 3.5 mHz improves the SoC
utilization of the FESS while simultaneously increasing the
ramp rate of the BESS. A lower cut-off frequency of 1.5 mHz,
on the other hand, achieves the opposite effect of a lower
ramp rate of BESS but leads to an empty FESS, highlighting
the importance of selecting an intermediate frequency that
balances the trade-offs between the parameters.

V. CONCLUSION

In this paper, we have introduced an innovative power
management and control strategy designed for Hybrid Energy
Storage Systems (HESS) comprising a Lithium-Ion Battery
(LIB) and a Flywheel, with a primary focus on State-of-Charge
(SoC) regulation in Flywheel Storage Systems (FESS) while
limiting the ramp rate in the power of the battery. Through
the integration of Moving Average (MA) and Fuzzy Logic
techniques, our approach aims to achieve optimal energy distri-
bution via an adaptive averaging window while simultaneously
reducing the ramp rate of the battery and maintaining the SoC
of the flywheel.

A comprehensive experimental validation using an ac-
tual 120 kW flywheel-based Hybrid Energy Storage System
(HESS) prototype has been performed in a Power Hardware-
In-The-Loop (PHIL) testing using real-world data (South
Germany distribution feeder power measurement). The results
show that the proposed approach effectively addresses dy-
namic load variations. A variable controller based on a Moving
Average technique allows for a proactive adjustment in the
charging and discharging cycles of individual Energy Storage

Fuzzy MethodFilter Method

(a)

(b)

(c)

Fig. 14: Comparison of the controller on different power profiles (a) half of the original power profile (b) original power profile
(c) twice the original power profile
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Fuzzy MethodFilter Method

(a)

(b)

(c)

Fig. 15: Comparison of the different cut-off frequency (a) 1.5 mHz (b) 2.5 mHz (c) 3.5 mHZ

System (ESS) units based on their dynamic behavior. In addi-
tion, the integration of a Fuzzy Logic-based controller enables
the minimization of the battery’s ramp rate and facilitates the
SoC correction for the flywheel. This dynamic reconfiguration
of energy distribution guarantees harmonized ramp rates and
SoC levels throughout the entire HESS, enabling the optimiza-
tion of the trade-off between the battery’s ramp rate and the
flywheel’s SoC.
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