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Abstract— Given the rapidly increasing number of satellites,
mainly driven by the deployment of large constellations,
manufacturers are under growing pressure to innovate in order
to reduce both costs and environmental impact. In this context,
the present work investigates the feasibility of replacing
chemical batteries on Low Earth Orbit (LEO) satellites with
mechanical storage systems based on flywheels. Flywheel
Energy Storage Systems (FESS) can offer a significantly higher
depth of discharge (easily up to about 75%) compared to
conventional chemical batteries (10-20%), thereby enabling
reductions in both mass and volume. Despite these advantages,
the angular momentum inherent to flywheel operation will
significantly perturb the spacecraft’s attitude dynamics, posing
a major challenge for attitude control. The objective of this
study is to develop an innovative solution that provides the
required energy storage while cancelling the net impact on
satellite attitude. The concept under investigation relies on a
pair of counter-rotating magnetically suspended flywheels. This
paper presents an overview of the relevant literature, introduces
a preliminary concept, and discusses initial simulation results to
illustrate its impact on the attitude dynamics of a small LEO
satellite.

Keywords—LEO satellite, power systems, battery, two counter-
rotating flywheels, energy storage, magnetic bearings, attitude.

I. INTRODUCTION

Over the past decade, the space sector has shifted from
traditional geostationary (GEO) satellites toward large
constellations of smaller Low Earth Orbit (LEO) platforms
designed for 5 to 7-year missions. As of 2026, more than
10,000 satellites are already deployed within the Starlink
constellation, and the total number of LEO satellites is
expected to exceed 100,000 by 2030 according to the
European Space Agency (ESA). This rapid expansion
increases the pressure to develop innovative, cost-effective,
and sustainable subsystem solutions.

Energy storage remains a critical limitation. LEO satellites
experience orbital periods of about 90 minutes, including
eclipse phases of 30 to 40 minutes, leading to tens of
thousands of charge/discharge cycles over their lifetime. To
ensure durability, battery Depth of Discharge (DoD) is
typically limited to 10-20%, resulting in more than 80% of the
battery mass being effectively dedicated to lifetime rather than
usable energy. This constraint significantly reduces system-
level efficiency.

Flywheel Energy Storage Systems (FESS) offer a
compelling alternative based on kinetic energy storage. They
provide long lifetime with low sensitivity to cycling, high
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usable DoD (75-90%), competitive cost, and reduced volume
and mass. In addition, FESSs enable high power pulses and
can be coupled with attitude control, further contributing to
mass reduction [1]-[8]. Their integration, however, introduces
challenges, including disturbances on spacecraft attitude,
intrinsic ~ self-discharge (limited in LEO conditions),
containment requirements, and launch constraints [4], [5].

This work initiates a study on a high-speed Flywheel
Energy Storage System for LEO satellites, with the objective
of eliminating its impact on satellite attitude through active
magnetic bearing control, while validating their compatibility
with spacecraft power buses.

This paper is organized as follows. Section II reviews the
state of the art. Section III presents the FESS and its control.
Section IV analyzes its impact on satellite attitude through
dynamic modeling and simulation, while investigating system
non-idealities. Section V proposes a one-axis torque control
strategy to partially mitigate its impact on satellite dynamics.
Section VI concludes the paper.

II. STATE OF THE ART

Early research on electro-mechanical energy storage can
be traced back to the work of Roes in 1961 [9], who described
a system composed of two magnetically suspended counter-
rotating flywheels capable of storing 500 Wh with a specific
energy of 15.4 Wh/kg. In the 1970s, Notti et al. [1], [2]
introduced the concept of the “Integrated Power/Attitude
Control System (IPACS)” in a feasibility study conducted by
Rockwell International Space Division for NASA. The
IPACS concept relied on an array of spinning wheels able not
only to store energy but also to control spacecraft attitude. The
analysis was performed considering seven types of space
missions, highlighting its compatibility with long missions or
missions involving a high number of charge/discharge cycles.

In 1976, Sindlinger from Teldix presented in [10] a five-
degree-of-freedom active magnetic bearing momentum wheel
(MBMW), enabling three-axis attitude control with a single
device. Sindlinger concluded that this technology could be
used in an integrated energy storage and attitude control
system utilizing a pair of counter-rotating wheels with Vernier
gimbaling capability. Similarly, Poubeau [11] described in
1980 a magnetic suspension system for satellite reaction and
momentum wheels, which could also help damp satellite
nutation. Like Sindlinger, he noted that two counter-rotating
flywheels could serve for energy storage, with misalignment
compensated by magnetic suspension. Robinson later
summarized the European research on flywheel energy
storage for space applications in [12], reporting energy
densities of approximately 20 Wh/kg.



In 1983, Keckler reported in [3] on work from NASA
Langley Research Center on the IPACS concept, including
both simulations and hardware development. In parallel,
Rodriguez et al. from NASA Goddard Space Flight Center
assessed a “mechanical capacitor” for spacecraft based on
flywheels in [4], [5]. Consistent with earlier studies, they
compared the performance of two counter-rotating flywheels
with chemical batteries, concluded that at least four wheels are
required for attitude control, and provided design
recommendations for flywheel energy storage systems.
NASA’s growing interest in Flywheel Energy Storage
Systems (FESS) later extended to the International Space
Station (ISS). In this context, Oglevie and Eisenhaure
(Rockwell International) [13] presented the results of a study
on an IPACS concept for the ISS, demonstrating that the
approach was not only feasible but offered several advantages.
Their proposed system relies on an array of at least five
gimbaled units.

In 1995, under a NASA contract, Santo et al. from
Rockwell International conducted a feasibility analysis on the
use of FESS for space applications [6], including conceptual
design of a flywheel demonstrator and a theoretical
development plan. Shortly after, Edwards et al. from Boeing
and NASA jointly presented in [14] a plan to conduct a flight
test demonstration of a FESS on the ISS with an expected
lifetime exceeding 10 years. To cancel unwanted angular
momentum effects, the proposed demonstration unit consisted
of two counter-rotating, magnetically suspended flywheels
operating at rotational speeds up to 60 krpm, with a nominal
output power above 4.2 kW and an energy capacity greater
than 5 kWh. And in 1998, Beaman and Rao from NASA
Goddard Space Flight Center discussed in [15] the potential of
using a FESS in combination with batteries to improve the
performance of LEO spacecraft. They proposed a reference
design for such a system, followed by an implementation plan
including magnetic bearings and attitude control capability
(IPACS).

Concluding decades of research during the 20th century,
Pieronek et al. [7] from One Space Park and Christopher and
Beach [8] from NASA Lewis Research Center each presented
a review of the FESS concept, summarizing its benefits,
challenges, and previous developments. In addition, Groom
and Britcher published a report [16] about the NASA Fifth
International ~ Symposium on  Magnetic  Suspension
Technology, summarizing conference contributions related to
magnetically suspended flywheels for energy storage systems
(ESS).

While previous work mainly analyzed concept feasibility
and focused on energy storage, Hall developed in 1997 in [17]
a dynamic model composed of multiple rigid bodies, each
containing one or two rotating flywheels, and studied the
resulting impact on spacecraft attitude. The results showed
that at least four wheels are necessary for an IPACS. In
parallel, Roithmayr from NASA Langley Research Center
investigated in [18] and [19] the dynamic influence of a FESS
and its potential to assist the Control Moment Gyroscopes
(CMGs) in ISS attitude control. Two possible contingency
scenarios were analyzed and found negligible in impact.
Roithmayr later developed [20], [21], in collaboration with
Analytical Mechanics Associates Inc., a model combining
flywheels and Control Moment Gyroscopes (CMGs) to
support the definition of control laws. A control law for
attitude control and energy storage was as a result designed

and simulated using an efficient feedback method to
compensate for rotor damping effects.

At the beginning of the new millennium, from 2000 to
2005, Kenny, Kascak et al. from NASA published a series of
articles [22]-[30] on the analysis, development, and control of
FESS composed of counter-rotating flywheels for the ISS.
Their comprehensive work addressed DC bus power control,
the PMSM motor design, and single-axis attitude control
capability, supported by simulations and laboratory
demonstrations. Around the same time, Jansen and Dever
designed a 60 krpm, 525 Wh, 1 kW magnetically suspended
flywheel module, designated the G2 module, for laboratory
testing at NASA [31]. Its design requirements were built on
previous NASA projects, and the module was subsequently
utilized by NASA Glenn Research Center.

At the same time in the 2000s, Truong et al. from NASA
Glenn Research Center published work on the electrical
behavior of flywheels for space applications, considering
various bus voltages and flywheel angular velocities [32].

In parallel, Fausz, Richie, and Tsiotras introduced the
concept of Variable Speed Control Moment Gyroscopes
(VSCMGs) for IPACS applications [33]-[35]. A VSCMG
combines a traditional gimballed CMG with a Reaction Wheel
(RW). This concept enables not only energy storage and
spacecraft attitude control but also improved singularity
avoidance. A theoretical model was developed and numerical
simulations of a VSCMG pyramid configuration were
performed using a “VSCMG Workbench” implemented in
Simulink. Over the same period, Tsiotras et al. developed in
[36] an algorithm for simultaneous attitude and energy
management of spacecraft equipped with a cluster of more
than three wheels, defining two perpendicular spaces: one for
energy storage and one for attitude control. In parallel, Guyot
et al. introduced the Flywheel Power & Attitude Control
System  (FPACS) concept and analyzed various
configurations combining Energy Wheels (EW) and
traditional Reaction Wheels (RW) to simultaneously store
energy and track spacecraft attitude. Both GEO and LEO
missions were considered in their analysis [37]. And until
2004, under Tsiotras’ supervision, Yoon continued work on
VSCMGs for IPACS as part of his doctoral thesis, extending
the model with two control laws specifically designed to
handle uncertainties in system parameters [38], [39].
Following up on Fausz, Richie, and Tsiotras, Costic et al.
proposed in [40] two non-linear control strategies for an
Integrated Energy Management and Attitude Control
(IEMAC) system, enabling simultaneous tracking of
spacecraft attitude and a power profile. In 2004, Jia et al. first
proposed in [41] an evolution of the VSCMG in which each
unit consists of two counter-rotating wheels to avoid
singularities, and later introduced in [42] a configuration with
more than four wheels to prevent individual wheel saturation.

Varatharajoo and Fasoulas presented in [43] and [44] a
similar concept, the Combined Energy and Attitude Control
System (CEACS), together with a high-level methodology for
the simultaneous control of satellite attitude and stored energy,
supported by simulation results. They noted that certain
issues, such as misalignment, could be mitigated using
magnetic bearings. This methodology was later applied to a
small satellite in [45], and rotor stress considerations were
addressed in [46]. Their work was further extended by Eshghi
[47], [48] and Aslam [49] in the following decades.



In 2006, Park et al., supported by NASA, contributed to
research on IPACS by first proposing a dynamic model for
flexible shafts and bearings [50], then investigating MIMO
control for clusters of four or more wheels [51], and later
extending VSCMG concepts by introducing magnetic
bearings to isolate flywheel imbalances from the spacecraft
[52]. In parallel, under Lappas’ supervision, Richie continued
work on VSCMGs for space applications as part of his thesis
[53]-[56], addressing actuator sizing and proposing a new
steering law. Years later, Malik and Asghar proposed in [57]
a steering law designed to avoid singularities, and similarly,
Yao et al. introduced in 2017 [58] a new VSCMG steering law
targeting the same objective.

Over the last ten years, much of the interest in this
technology has come from Turkey, notably with Aydin and
Aydemir in 2016 [59], who designed and implemented an 11
Wh FESS for space applications, and with Celikel et al. in
2017 [60], who performed experimental studies on a FESS test
setup. In 2019, Saad et al. proposed in [61] an evolution of
NASA’s work by Kenny and Kascak, presenting a FESS for
LEO applications based on two counter-rotating wheels to
store energy and perform single-axis attitude control. Finally,
Sharma and Santasalo-Aarnio [62] reviewed energy storage
technologies for space applications in 2025, discussing
flywheels, batteries, fuel cells, and supercapacitors.

Storing energy in momentum wheels for space
applications as an alternative to chemical batteries has been a
subject of interest for several decades. Early studies primarily
focused on describing the concept and evaluating its
feasibility, while subsequent work proposed various system
designs and investigated the possibility of extending the
concept to spacecraft attitude control.

The present work initiates the study of a Flywheel Energy
Storage System composed of two counter-rotating
magnetically suspended flywheels, aimed at storing energy for
Low Earth Orbit (LEO) applications. Although related
approaches have been reported in the literature, the novelty
lies in integrating active magnetic bearings into the torque
control, enabling active compensation of parasitic torques
along the three axes without disturbing spacecraft attitude.
This approach leads to a standalone energy storage solution
that could directly replace chemical batteries onboard
satellites.

III. FLYWHEEL ENERGY STORAGE SYSTEM

A. Description

The objective of this paper is to introduce ongoing work
aimed not at developing a fully optimized, manufacturable
Flywheel Energy Storage System (FESS) for space
applications, but rather at conducting an extensive analysis to
assess the viability of the concept. This includes not only the
compatibility of such an energy storage alternative with the
power bus of a LEO satellite, but also the analysis and control
of its influence on satellite attitude, while considering
additional aspects such as ecological impact, internal
dissipation, and thermal management.

The currently envisioned FESS concept consists of two
counter-rotating,  magnetically  suspended  flywheels,
providing four degrees of freedom, in line with typical
configurations found in previous studies. These degrees of
freedom allow both energy storage and control of the resulting
torques along the three rotation axes. The first degree of

Vaus
A
Tsa i Irgss v [Lo4p
SOLAR -
2D @ To [

Fig. 1. Simplified schematic of a satellite electrical power system, including
the solar arrays, the Flywheel Energy Storage System (FESS), the bus
capacitor, and the loads.

freedom is the angular velocity of both flywheels. The second
is the differential angular velocity between the two flywheels.
And the remaining two degrees of freedom correspond to
Vernier gimbaling along two axes, enabled by the radial active
magnetic bearings of both flywheels.

Once integrated into a satellite platform, as illustrated in
Fig. 1, the FESS will be controlled to regulate its current to
maintain the voltage across the bus capacitor, similarly to a
conventional regulated power bus, thereby enabling battery-
like operation. Nevertheless, the inclusion of a small battery
in parallel will likely remain necessary, both to support
mission start-up and to define the bus impedance.

The use case currently considered for the preliminary
sizing of the system is a typical telecommunications LEO
satellite, representative of the upper range of the small satellite
category. Although the total onboard battery capacity exceeds
15 kWh, only approximately 1.8 kWh is effectively required
to meet mission needs, with a peak output power of 8§ kW.
Assuming a Depth of Discharge (DoD) of 75%, as commonly
reported in the literature (among others in [4], [5], [7], [8] and
[13]), the total required stored energy for the FESS is therefore
estimated at approximately 2.5 kWh at maximum velocity.

B. Flywheel dimensions, mass and inertia

To analyze the impact of both flywheels composing the
FESS on satellite attitude, a simplified model of these
flywheels is developed to estimate key parameters such as
maximum angular velocity, dimensions, inertia, and mass. But
to estimate these key parameters, it is first necessary to
consider candidate materials based on their theoretical specific
energy, as defined in (1), where K denotes the shape factor
[63]. For comparison, state-of-the-art space-qualified batteries
exhibit specific energies on the order of 180 Wh/kg at 100%
DoD [64]. As illustrated in Fig. 2, achieving comparable
specific energies with flywheels requires the use of high-
performance composite materials, such as carbon fiber, due to
the unfavorable tensile strength-to-density ratio of metallic
materials. To retain design margin for future optimization,
M40J carbon fiber (~200Wh/kg) is selected as the reference
material for the flywheel design.

Shape factor K=0.5

-

Fig. 2. Specific energy of selected metallic and composite materials, assuming
an average shape factor of 0.5.
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Considering Depth of Discharge and structural mass,
FESS can substantially reduce onboard energy storage mass
compared with batteries. For example, batteries with a DoD
below 20% have an effective specific energy under 36 Wh/kg,
whereas FESS with a 75% DoD, even accounting for a tripling
of mass due to the structure, achieves 50 Wh/kg. This
advantage increases further for lower battery DoD or for an
optimized FESS structure, highlighting the potential of FESS
for lighter, more efficient satellite energy storage systems.

Then, based on the previously defined energy storage
requirement and the selected material, each flywheel is
modeled as a simple thin cylindrical rim with a massless shaft,
and its main parameters are obtained through a constrained
optimization process. The first condition ensures that the total
kinetic energy (2) exceeds 2.5 kWh at maximum angular
velocity, where w is the angular velocity and I is the axial
moment of inertia. The second and third conditions impose
that the radial and tangential stresses at maximum angular
velocity remain below the material tensile strength, with
appropriate safety margins. Finally, the fourth and fifth
conditions aim at minimizing the flywheel mass and volume.

E=" )

Based on these conditions, it is then possible to optimize
the four parameters defining the flywheel: the maximum
angular velocity wpy4x, the inner Ry and outer Ry radii of
the rim, and the flywheel length L. The optimized parameters
are presented in TABLE I. The resulting flywheel axial inertia
is 0.33 kg.m?, with a mass of 8.2 kg (for each flywheel).

C. FESS control

Satellite power buses can be either regulated or
unregulated. In regulated architectures, the Flywheel Energy
Storage System can replace the battery and its Battery Charge
and Discharge Regulator (BCDR) to control the bus capacitor
voltage. However, depending on the dynamic response of the
FESS, a small battery or (super)capacitors may still be
required in parallel. In unregulated architectures, a small
battery will likely remain necessary to ensure voltage stability,
while the FESS operates as a bidirectional current source.

In both cases, the FESS is driven by a power reference
which, assuming constant bus voltage, is equivalent to a
current reference. This reference is converted into torque
commands for both flywheels, as illustrated in Fig. 3. Internal
controllers regulate the motors to track these torque
commands, enabling energy storage through acceleration and
energy delivery through deceleration.

In parallel, a dedicated torque control loop compensates
for disturbances induced by both flywheel rotations, thereby
limiting their impact on satellite attitude. This is achieved
through the control of the angular velocity differential
between the two wheels, as well as the actuation of the active
magnetic bearings using Vernier gimballing. Ideally, the
FESS should operate independently of the Attitude and Orbit
Control Subsystem (AOCS). However, this assumption
requires further validation.

IV. FESS ATTITUDE IMPACT MODELING AND SIMULATION

A. Dynamic modeling

To analyze the dynamic behavior, the system is simplified
to a rigid multibody model comprising the satellite and the
rotors of both flywheels. The corresponding reference frames
are defined in Fig. 4, with {I} representing the inertial frame,

TABLE L FLYWHEEL OPTIMIZED PARAMETERS. {X'} the satellite body-frame, {X?} and {X*} the stator body-
Parameters Values | Units frames of the two flywheels (fixed with respect to {X*}), and
: {X®} and {f( 5} the rotor body-frames of both flywheels. For
Angular velocity @ 2.5kWh 50 krpm the dynamic analysis, the FESS is not modeled as a single
Inner radius 18.13 om entity but through the combined contributions of both
flywheels. Its effect on the satellite is represented solely by the
Outer radius 21.89 cm resulting torque expressed in the satellite body-frame.
Flywheel length (each) 11.07 cm In addition, any vector x can be expressed in any body-
frame using the notation defined in (3), where [X’ ‘] denotes
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Fig. 3. Detailed block diagram of satellite power bus regulation using a Flywheel Energy Storage System composed of two magnetically

suspended flywheels, including power and attitude control loops.
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Fig. 4. Simplified representation of the satellite and both flywheels as rigid
bodies (stators and rotors) with their respective body-frames, the inertial
frame {i} being the Earth.
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To derive the torque interaction between the satellite and
the FESS, the total angular momentum vector H is first
defined in (4) as the sum of the angular momentum vectors of
the three bodies, expressed w.r.t. their respective centers of

mass. I , I and I, denote the inertia tensors of the satellite
and of the two flywheel rotors w.r.t. their respective centers of
mass, and wg , @, and wg, their absolute angular velocity
vectors.

H=I5 w5 +1Ip wp +1Irwp “4)

The time derivative of H yields the total pure torque
vector, developed in (5).

H =

+ Iy, wp + wp X Ip wp, ®)

Is ws +wg XI5 wg

+ IFz (bFz + Wp, X IFz @,

Introducing Qf, the angular velocity vector of each rotor
relative to the satellite body-frame, the rotor absolute angular
velocity vectors can be expressed as wp, = Qp, + @g
leading to the expanded torque expression in (6).

H Iy @5 +wg X I wg

Ir, (QF, + @5 X Qp + @)

(Qp, + ws ) X I, (Qp, + wg ) (6)
I, (QF, + @5 X Qp + @)

(Qp, + w5 ) X I, (Qp, + w5 )

+ + + +

Assuming the absence of external torques (H = 0), the
pure torque vector M exerted on the satellite by the FESS is
expressed in (7), where the contribution of each rotor is
defined in (8).

MS = IS d)s +w5 XIS wS
—(Mp, + M) (7

= —Mpgss

MF- = IFi(ﬂFi-l_wS XQFi-I_d)S)

L
®)
+ (QFi + wg ) X IFi(ﬂFi + wg )
Starting from the general pure torque expressions in (7)
and (8), a simplified formulation can be derived for nominal
operation in the absence of non-idealities. Under continuous
Earth-pointing conditions, the satellite undergoes a constant
. . . 11T
pitch rotation (y-axis), such that wg ~ [X'] [0 ws O0]T.
Assuming the flywheel rotors are aligned with the satellite
yaw axis (z-axis), the rotor relative angular velocity vectors

reduce to Qp, ~ [f(l]T[O 0 Qp]7 leading to (9).
O +ws ~[X]'[0 w5 Q] ©

Finally, assuming that each rotor body-frame is aligned
with its principal axes of inertia and that I, = L, each rotor
pure torque vector simplifies to (10), revealing two torque
components: the electromagnetic torque Moy, r, = Izzﬂpl. and
the gyroscopic torque wgl,,{F;. This gyroscopic torque must
be compensated by the magnetic bearings to maintain rotor
orientation. Otherwise, it induces a rotation of the satellite.

r wSIZZQFi T wSIzz-QFi
M, ~[X'] 0 |[=[X] 0 (10)
IZZ‘Q‘Fi em,F;

And since the two rotors operate at opposite velocities in
the satellite body-frame {X'} ( Qp =—Qg, ), their
contributions cancel, resulting in zero net torque on the
satellite under nominal conditions.

B. Simulation model

The pure torque vector defined in (10) provides a
convenient first-order approximation of the system dynamics
but fails to capture higher-order coupling effects and modeling
discrepancies. In contrast, the formulations in (7) and (8) offer
a complete vectorial description of the system, at the expense
of significantly increased analytical complexity, making
manual derivation cumbersome.

To bridge this gap, a rigid-body model was implemented
in Robotran [65], [66]. This multibody approach allows for the
explicit definition of all relevant degrees of freedom,
kinematic constraints, and inertial couplings, enabling
accurate dynamic simulation of the system and validation of
control strategies for both energy storage and torque control.
The model enables efficient computation of internal forces
and torques, as well as precise evaluation of the coupling
between the FESS and the satellite platform, including its
impact on spacecraft attitude dynamics.

C. Nominal operating scenario

The developed Robotran model enables the simulation of
a representative operating scenario to assess both the impact
of the satellite rotation on the flywheels and the influence of
the flywheels on the satellite dynamics. In its current form, the
model provides the energy stored in the FESS, and the efforts
between the satellite and the FESS. To ease the primary
analysis, the wheels are positioned symmetrically about the
satellite’s center of mass but with opposite directions. The
primary input parameter is the required FESS power. The
model can further be extended to include additional inputs,



such as torque imbalance between the two flywheels (section
V), and rotor orientations, thereby enabling three-axis torque
control, as illustrated in Fig. 3.

The operating scenario is divided into five phases:

1. FESS start-up under torque saturation to limit
winding and inverter currents (to avoid excessive
losses), up to 75% DoD;

2. FESS charging at maximum power (8 kW) up to
full charge (0% DoD);

3. FESS state of charge maintained at 0% DoD;

4. FESS discharge at maximum power (8 kW)
down to 75% DoD;

5. FESS state of charge maintained at 75% DoD.

The simulated scenario is presented in Fig. 5, showing the
relative angular velocities of both rotors with respect to their
stators, the electromagnetic torques applied by both stators, as
well as the resulting FESS power and stored energy. As
expected, the stored energy reaches 2500 Wh at a rotor angular
velocity of 50 krpm (5236 rad/s), as defined in Table 1.

The torques HY, HY and HY with respect to the origin O

of the inertial frame {T} shown in Fig. 6 can be readily verified
using (10), considering an orbital period of 100 minutes,
which corresponds to a satellite pitch angular velocity of
approximately 1 mrad/s. The estimated gyroscopic torque is
1.73 Nm, which is in close agreement with the simulated
value. The maximum electromagnetic torque applied to each
rotor corresponds to half of the FESS maximum power
divided by the rotor angular velocity at 75% DoD. This yields
1.53 Nm, consistent with the simulation results.

Additionally, a force is observed along the z-axis,
corresponding to the centripetal force induced by the satellite
rotation, as the flywheels are not located at the satellite center
of mass. Considering a distance of 0.5 m, the resulting force
is estimated at 4.1 pN.

D. Non-idealities analysis

1) Overview

Under nominal conditions, although internal torques exist
between the satellite and the two flywheel rotors, the net
torque exerted by the FESS on the satellite is zero, as the
contributions cancel each other. However, in practice, several
non-idealities arise and must be considered, as they can
generate parasitic torques if not properly controlled, thereby
affecting the satellite attitude. The main non-idealities
include:

1. Alignment mismatch between the two rotors,
resulting in an orthogonal component of angular
momentum,;

2. Inertia mismatch, since the two flywheels
cannot be perfectly identical even with the same
manufacturing process;

3. Electromagnetic torque mismatch between the
motors, which may arise from factors such as
permanent magnet tolerances;

4. Rotor static/dynamic imbalance, leading to
high-frequency oscillations.

2) Alignment mismatch

Perfect cancellation of the torque contributions requires
both rotors to be aligned along the same axis. Any deviation
from this configuration results in the emergence of an
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Fig. 5. Robotran simulation of the nominal charge and discharge operating
scenario, preceded by the FESS start-up.
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Fig. 6. Simulated forces and torques (w.r.t. the origin O of the inertial frame)
between the flywheel rotors and the FESS for the nominal operating scenario.
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Fig. 7. Robotran simulation results illustrating the effect of a 1° misalignment
of one rotor in the FESS.

orthogonal angular momentum component, giving rise to
gyroscopic torques and consequently inducing rotation of the
satellite. By introducing a misalignment of 1°, this orthogonal
angular momentum reaches up to 30 Nms at maximum
angular velocity. This parasitic angular momentum is of the
same order of magnitude as that of commercial momentum
wheels used in space applications and is therefore non-
negligible.



The amplitude of this parasitic angular momentum in the
FESS is confirmed by the Robotran simulation results shown
in Fig. 7. It induces a torque on the satellite with a magnitude
of approximately 4 Nm at maximum velocity, resulting in a
satellite angular velocity reaching 0.12 rad/s (6.8°/s). This is
significantly higher than the satellite pitch angular velocity,
and therefore represents an unacceptable perturbation induced
by the FESS that must be controlled.

3) Inertia mismatch

Although current manufacturing techniques allow for very
high repeatability, the two flywheel rotors can never be
perfectly identical. As a result, their respective inertia matrices
will differ. In the case of an axial inertia mismatch, the impact
remains limited: it affects only the stored energy and does not
influence the satellite attitude, provided that this is the sole
non-ideality. Indeed, since both stators apply identical torques
(as illustrated in Fig. 3), the net torque exerted by the FESS on
the satellite is zero. Consequently, while the flywheels may
reach different angular velocities, their angular momenta
remain equal in magnitude and opposite in direction, as they
result from the time integration of identical electromagnetic
torques. Regarding a radial inertia mismatch, it has no impact
if it is the only non-ideality, as it does not appear in (10).

4) Electromagnetic torque mismatch

Several factors may lead to an electromagnetic torque
mismatch between the two motors. In practice, the control
regulates the stator currents rather than the torque directly.
One source of mismatch stems from manufacturing tolerances
in the permanent magnets, whose magnetic properties are
typically specified with variations ranging from 10% to 25%.
Another source is the inaccuracy in stator current
measurements, which can typically reach 1%.

This non-ideality directly affects the energy storage
function of the FESS, as well as the actual power delivered
compared to the target value. However, it can be compensated
at the system level by the FESS control scheme shown in Fig.
3, which adjusts the required power based on a measurement
of the FESS input current. Nevertheless, this approach does
not correct the dynamical impact on the satellite, which can
only be mitigated through a dedicated torque control loop
based on torque feedback. A single-axis torque control
strategy is sufficient to compensate for this mismatch by
acting on the parameter AM, gy shown in Fig. 3, as
demonstrated in section V.

For a simulated torque mismatch of 10% in the Robotran
model (illustrated in Fig. 8), the impact on the satellite attitude
is severe, with the angular velocity magnitude reaching
approximately 3.25 rad/s (186°/s). This results from the FESS
angular momentum, which reaches 325 Nms, thereby
generating gyroscopic torques that add to the axial torque
mismatch, leading to a total FESS torque magnitude of
approximately 0.33 Nm.

5) Rotor imbalance

A static or dynamic imbalance in a rotor originates from
the presence of a small parasitic mass on the wheel. Although
negligible with respect to the total rotor mass, this perturbation
induces a shift in the center of mass and modifies the principal
axes of inertia. As a result, the Flywheel Energy Storage
System (FESS) exhibits high-frequency oscillations. These
oscillations affect the satellite attitude. While no net rotation
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Fig. 8. Robotran simulation results showing the impact of a 10%
electromagnetic torque mismatch between the two flywheel motors.
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Fig. 9. Robotran simulation results demonstrating the effectiveness of z-axis
torque control in compensating for a 10% electromagnetic torque mismatch
between the two flywheel motors.

of the satellite is induced, the resulting oscillatory motion can
degrade mission performance, particularly for payloads
requiring high pointing stability. In addition, the imbalance
may lead to increased power consumption due to the control
effort required to attenuate these oscillations [11], [52],
notably through the active magnetic bearings. If the torque
control bandwidth is not sufficiently high to effectively reject
these oscillations, a dedicated control strategy may be required
to mitigate their impact.

V. TORQUE CONTROL

The axial FESS torque, induced by a mismatch between
the electromagnetic torques of the two motors, can be
effectively compensated by the torque controller (Fig. 3) using
the measured axial pure torque M, between the FESS and the
satellite. The corresponding correction AM, pgr, defined in
(11), is generated by a proportional—-integral controller with
gains K, p and K, ;, and is directly applied to the motor torque
references My per and M pgr, as defined in (12). Here, Mpgp
denotes the pure torque reference provided by the FESS
controller, which regulates the system power, and so the FESS
current.

K, ps+K5
AMZ,REF = % (MZ,REF - Mz) (11)



_ AMz REF
Miger = Mggr + 2 1
M - M _ AMzREF (12)
2,REF = REF

2

The Robotran simulation presented in Fig. 9 demonstrates
that the controller effectively compensates for the 10%
mismatch between the motor torques, thereby significantly
reducing its impact on the satellite attitude. However, as the
compensation is not instantaneous, the AOCS would still be
required to reject residual perturbations, although they remain
negligible. These residual effects arise from the small angular
momentum of the FESS, which, in the presence of gyroscopic
coupling, generates torques on the order of a few micro—
Newton meters. The resulting parasitic angular velocity
magnitude is below 1 mrad/s (0.057°/s).

VI. CONCLUSION

While a comprehensive review of the state of the art
confirms that the use of flywheels for onboard energy storage
in satellites is not a novel concept, both technological
capabilities and mission requirements have significantly
evolved. Moreover, Flywheel Energy Storage Systems remain
highly competitive with chemical batteries in terms of mass
and volume, primarily due to their high Depth of Discharge
capability. This can lead to reduced launch mass and more
compact satellite designs.

In this context, this work introduces a standalone, battery-
like Flywheel Energy Storage System based on two
magnetically suspended counter-rotating flywheels. The
considered system is designed to store up to 2.5 kWh at
maximum angular velocity, with peak charge and discharge
power of 8 kW, thereby constituting a credible energy storage
alternative to conventional batteries.

In the presence of non-idealities, non-negligible parasitic
torques arise between the FESS and the satellite, leading to
attitude disturbances that must be compensated by the Attitude
and Orbit Control System. Fortunately, the preliminary
analysis demonstrates that the introduction of a dedicated
torque controller enables effective cancellation of these
parasitic torques. While axial torque control has been
successfully tested in this work, subsequent efforts will focus
on implementing a full three-axis torque control strategy,
leveraging magnetic bearings to suppress all disturbance
torques transmitted from the FESS to the satellite. In addition,
the entire power chain between the satellite power bus and the
flywheel system, including the inverters and electric
machines, will be investigated to validate the feasibility of the
concept for space applications.
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