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Disturbances Quantification for Air-Bearing Spacecraft Attitude
Simulation Platforms

Gianfranco Di Domenico∗ and Francesco Topputo†

Politecnico di Milano, Milan, Italy, 20156

I. Introduction

Air-bearing joints have an extensive heritage in testing, verifying, and validating systems, algorithms, and
configurations for large and small spacecraft. The working principle is based on the creation of a thin film of

air that lifts the overlying platform, counteracting the effect of gravity, enabling at the same time its motion with
minimal frictional effects. Examples of such technology are in [1–3]. [4] comprehensively reviews historical spacecraft
simulators employing air-bearing joints.

In particular, spherical air-bearing joints enable the rotational movement of the overlying platform with 3 degrees
of freedom (DoF); for this reason, they were traditionally associated with the development and testing procedure for
spacecraft Attitude Determination and Control Systems (ADCS). However, despite such a technology being employed
since the 1960s [5], there is minimal literature concerning the actual ability of such joints to faithfully emulate the
conditions found in space. In particular, the «quasi-frictionless bearing» characteristic is rarely justified in literature
and seldom proven by manufacturers. Moreover, the Earth’s environment is characterized by additional disturbance
torques that do not find a match in the space environment. In [5], a letter from the staff operating the attitude simulation
platform at NASA Langley Center is reported; they explain their experience with the disturbances acting on the platform.
Unfortunately, in the cited document, only a qualitative analysis is offered, and no quantitative analysis is found in the
literature to our knowledge. This also depends on the fact that the characterization of the disturbances acting on a
platform is usually performed on a case-by-case basis.

In this paper, the effect of mass unbalances, structural configuration, dynamics, aerodynamic design, electro-magnetic
(EM) effects, and other minor sources of disturbance torques – such as battery discharge and radiation pressure – are
assessed. The authors attemp to offer general analytical relationships to quantify the effect of the above-mentioned
disturbances on a generic simulator based on an air-bearing spherical joint. Whenever necessary, the analyses have been
performed considering three typologies of attitude simulation platforms: dumbbell, tabletop, and hollow (Figure 1) [4].

In the final part of the paper, practical issues related to the employment of such platforms in real-time hardware-in-
the-loop simulations are discussed. In particular, the experience of STASIS (SpacecrafT Attitude Simulation System)
[6], the platform under development at Politecnico di Milano to be used in the context of the EXTREMA (Engineering
Extremely Rare Events in Astrodynamics for Deep-Space Missions in Autonomy) [7, 8], is reported. Particular focus is
put in describing the issues related to the power system of the platform and the employability of wireless communication
in real-time simulation environments.

(a) Dumbbell (b) Tabletop (c) Hollow

Fig. 1 Different topologies for attitude simulation platforms.
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II. Disturbances analysis
When discussing about disturbances analysis, one should first clarify the actual meaning of the word disturbance.

Wether an effect should be classified as a disturbance or not strongly depends on the simulation objectives and
requirements. To make an example, the gravity gradient effects acting on an air-bearing platform could be classified as
disturbances or not according to wether the objective of the simulation is the attitude evolution of a spacecraft in a LEO
orbit or a deep-space attitude manouver. In the first case, the operator should realize that such effects are present even in
the target environment and act upon the same physical phenomena; removing such effects when operating the air-bearing
platform would be a modeling error or an approximation. On the contrary, deep-space cruises are not typically affected
by gravity gradients, calling for the compensation and/or removal of such effects in the simulation environment. Of
course, even in the former case one should make sure that, apart from the same mathematical expression for the gravity
gradient torque, also the quantification of the effect (directly dependent on the platform inertial property, inherently
different from the one of the spacecraft) should match the effects acting in LEO up to the desired error. A comprehensive
review of the disturbances acting on such platform could be already found in [5]. The proposed characterization of
disturbances was:

A) torques arising from platform (static and dynamic unbalance, anisoelasticity, material instability, gravity gradient,
equipment motion);

B) torques from bearing (aerodynamics, exhaust air);
C) torques from environment (air damping and currents, magnetic fields, vibration, radiation pressure);
D) torque from test systems.

A. Structural disturbances
For what concerns the structural analysis, three main effects are considered: the static unbalance due to platform

inertial properties, the first-order elastic deformation arising from the platform motion, and the dynamical structural
response during typical maneouvers.

1. Static unbalance
The first effect to consider is a zero-order distance between the center of gravity (CoG) and the center of rotation

(CoR) of the platform, resulting in undesired gravitational torques. In literature is it possible to find different commonly
adopted strategies to mitigate such effects [9, 10]. High-fidelity computer-aided design (CAD) models are used to
design the platform such that the effect is minimized, and symmetric configurations are preferred. However, it should be
noted that for a general-purpose platform capable of hosting different kind of instrumentation, the testing payload and its
distribution can have a significant influence on the mass properties, including the CoG position and the inertia tensor.
Moreover, when employing off-the-shelf devices, it is not always possible to obtain high-fidelity CAD models from
the manufacturers. More sophisticated strategies involve a set of moving masses and balancing algorithms that are
able to compensate the CoG-to-CoR offset ([11–13]) for a range of platform configurations. Techniques empoyed as
building block for such algorithms include, but are not limited to, batch observation [9, 14], Kalman filtering [14], and
closed-loop control of the actuated masses [13]. In theory, provided that an ideal estimation of the CoG-to-CoR offset is
provided, the accuracy of the balancing depends on the resolution of the actuation system employed. Stepper motors
are commonly employed due to their easeness of integration and positioning accuracy. Three moving masses are the
physical minimum to achieve balancing over three directions; however, having additional masses can be useful, for
instance, to obtain a diagonal inertial tensor in a selected reference frame, or also to achieve a symmetric design for
the platform that eases the balancing procedure. STASIS, the attitude simulation platform at Politecnico di Milano,
is equipped with a set of 8 moving masses – two for the horizontal axes and four for the vertical axis (Figure 2). In
order to remove the uncertainty associated to motor wires and cables during the motion of the mass, a custom motor
controller board based on Trinamic’s TMC2130 stepper motor driver and an ESP32-WROOM-32D/E wireless controller
is embedded in the moving mass assembly itself. The board is able to sink power from the platform by a set of rolling
contacts sliding on exposed conductive pads on the supporting surface, a custom printed circuit board (PCB) stiffened
by the motor rail itself (Figure 2).
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(a) (b)

Limit
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(c) (d)

Fig. 2 (a) Rendering of STASIS (b) photo of STASIS during the development at Politecnico di Milano (c) 3D
rendering of the stepper motor controller board (d) detail of the stepper motor sliding on the power rails

A mathematical expression for the single-axis residual unbalance due to the quantization of the position of a stepper
motor can be obtained as:

𝑇𝑑 =


1
2
Δ𝜙 · 𝑠𝑙

360
· 𝑚𝑚𝑔0 cos \ Horizontal

1
2
Δ𝜙 · 𝑠𝑙

360
· 𝑚𝑚𝑔0 sin \ Vertical

(1)

𝑇𝑑 = disturbance torque [N m]
Δ𝜙 = stepper motor angular resolution [deg/step]
𝑠𝑙 = screw lead [m]
𝑚𝑚 = moving mass [kg]
𝑔0 = gravitational acceleration [m s−2]
\ = platform tilt angle [deg]

The above formula takes into account the lead of the screw of the linear actuator, the angular resolution of the
stepper motor, and the ratio between the actuated mass over total system mass. Microstepping has the potential to
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significantly reduce the stepper motor resolution; however, specialized motor drivers are required, as microstepping is
also known to reduce – especially for higher microstepping values – the stepper motor positional accuracy [15]. In the
case of STASIS, the maximum positional accuracy is estimated to be at 1, 79 · 10−7 m, with a corresponding disturbance
torque of , 23 · 10−5 Nm. This does not take into account effect due to the mechanics of the stepper motor assembly,
including backlash, screw slipping, and missed motor steps.

2. Elastic deformations
Even in the situation of perfect static compensation of the CoG, the elastic properties of the materials make

any air-bearing platform suffer from attitude-dependent disturbances. Indeed, when performic static balancing, the
assumption is that the platform is an infinitely rigid body whose geometric properties are immutable. While it is true that
even space-born platforms are characterized by elastic deformation and disturbances, ground-based air-bearing attitude
simulation platform are additionally subjected to elastic deformation due to their weight being sustained by the socket
interface only. In other terms, any appendices not directly supported by the film of air is supported by the structural and
elastic forces of the platform itself, leading to deformations. While this issue could be compensated with static balancind
procedure at rest, the dynamic nature of the attitude configuration causes such deformation to be attitude-dependent.
This effect is more pronounced in dumbbell-type platforms, as these have appendices far from the pressure actions that
generate higher localized gravitational torques, resulting in a more prominent deformation and, therefore, a larger CoG
shift. Assuming static balancing being performed in a null tilt angle, in [5] simple analytical laws relating the platform
topology and orientation to the resulting disturbance torque are developed for dumbbell-style platforms:

𝑇𝑑 = 𝑔2
0𝑙

2 [sin(2\) − 2 sin(\)]
12𝑀2

𝑠 + 8𝑀𝑠𝑚𝑙 + 𝑚2
𝑙

24𝐸𝐼
(2)

𝑇𝑑 = disturbance torque [N m]
𝑔0 = gravitational acceleration [m s−2]
𝑙 = length of main supporting beams [m]
\ = platform tilt angle [deg]
𝑀𝑠 = mass of the end-arm instrumentation [kg]
𝑚𝑙 = total mass of supporting beam [kg]
𝐸𝐼 = bending stiffness of beams [N m2]

(a) Ideal

3
CoR ≡ CoG

(b) Flexed/Balanced

CoR

CoG

(c) Rotated

Fig. 3 CoG shift on rotation due to flexural displacements for dumbbell configuration

The same reasoning can be applied to the tabletop topology. In this case, however, the topology does not foresee
external horizontal appendices. Therefore, one can assume that, at null tilt angle, the static balancing is equivalent in the
hypothesis of elastic and rigid body. However, upon rotating, the vertical-axis counter-balancing appendices exhibit
flexion due to the fact that the gravitational forces are not parallel anymore to their dominant dimension. Neglecting
tensile displacements, one can easily apply the same methodology of before, modeling the appendices as linear beams
with fixed cross-sectional inerta. In a generic tilted condition, the following expression for the disturbing torque is
obtained:

𝑇𝑑 =
𝑔2

0𝑙
2𝑚2

𝑙
sin(2\)

48𝐸𝐼𝑁𝑙

(3)

𝑇𝑑 = disturbance torque [N m]
𝑔0 = gravitational acceleration [m s−2]
𝑙 = length of the counterbalance beam masses [m]
\ = platform tilt angle [deg]
𝑚𝑙 = total mass of counter-balance beam masses [kg]
𝐸𝐼 = bending stiffness of the supporting beams [N m2]
𝑁𝑙 = number of counter-balance beam masses
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CoR ≡ CoG

(a) Ideal

CoR CoG

(b) Rotated

Fig. 4 CoG shift on rotation due to flexural displacements for tabletop configuration

In this case, the only dependence is on the double of the rotational angle. This is explained by noticing that a tabletop
configuration, under the assumption of rigid plate, has no initial deflection and, therefore, there is no “rebound effect”
from the original condition at \ = 0. Again, the direction of the perturbing torque is coherent with the tilt angle direction
for \ < 90 deg. As most tabletop configurations are bounded under 60 deg, this means that the perturbing torque
tends to move the platform towards the end-course, with a peak at 45 deg. Figure 5 shows the trend of the normalized
disturbance torque for the two configuration for the two platforms, assuming perfect static balancing at null tilt angle.

Trend of normalized disturbance torque with tilt angle

Dumbbell

Tabletop

Fig. 5 Normalized disturbance torque module with the tilt angle for the dumbbell and tabletop configurations

Concerning the hollow sphere configuration, from the elastic structural standpoint it is clearly the best option to
minimize the residual elastic torque. Indeed, the general topology foresees no flexible appendices and therefore any
rotation has little to no effect on the center of mass. Of course, such features comes at the cost of having an exploitable
surface much smaller compared to other configurations.

3. Dynamical structural response
The analysis of the dynamical effects has been deferred to further works. According to the initial disclaimer on the

definition of disturbance, one should consider two different effects:
• the dynamic responses with a physical equivalent in the simuland (i.e., the appendices of a dumbbell-type platform

could mimic the effects of deployed solar panels). These should not be considered disturbances unless a perfect
quantitative equivalence is desired;

• dynamic responses with no physical equivalent. These could arise, for instance, due to a residual unbalance or
divergent topologies between the simuland and the simulator

In order to be significant, such analyses should take into account the effect of typical maneouvers. In general, it is
expected such effect to be negligible with respect to the static errors in the long run due to the periodicity of structural
vibration and the higher frequency involved (assuming rigid platforms).
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B. Aerodynamics
Regarding the aerodynamic sources of disturbance, it is convenient to logically split the effects into: a) the interaction

of the spherical interface with the socket; and b) the interaction of the platform itself with the surrounding air.

1. Air bearing effects
The former effect consists primarily of skin friction between the sphere and the socket. Air-bearing can procude air

films as thin as 1 `m [16], resulting in shear effects due to closely spaced boundary layers.
The gasdynamics effect of gas-bearing joints have been extensively studied in tribology. Indeed, such configurations

are not only typical of attitude simulation platform, but also of other industrial applications (i.e., [17, 18]) and natural
structures (such as human joints [19]). However, the external conditions (such as the effect of the weight as a static
load, or the absence of out-of-plane excitation) are typical of space applications. The theory on such effect date back to
Reynolds lubrication theory [20, 21], in which the flow field through a small channel is studied. The assumption here is
that, up to certain Reynolds numbers, the flow can be assumed laminar [22] and that the viscous forces dominate over
the inertial ones. Such assumptions can be assumed true even in the case of spherical bearings. A more recent study of
such effects is given in [16, 23]. Differently from the classical Reynolds formulation, the effect of the orifice thorugh
which compresses gas is pumped has a primary effect. [16] shows how such effect is actually at the foundation of the
concept of the bearing. The relation between the film thickness and the applied external load is explained in terms of
static pressure after the orifice. Indeed, when an external weight is applied, the outcoming flow is found at a higher
pressure; the static pressure proceeds to decrease gradually up to the end of the socket. Higher load values correspond
to smaller film thicknesses since a smaller channel results in increased pressure (and therefore, an increased ability to
withstand the upper flow). This ideal behavior, of course, is affected by manufacturing tolerances (expecially in terms of
surface roughness and spherical eccentricity) and other phenomena (such as air hammering). In general, once the flow
field is solved, one can compute the following charasteristics for the joint:

Load capacity := 𝐹𝐿 =

∬
SS

−𝑝𝑠 (𝑟, \, 𝜙) ( ®̂𝑛𝐴 · ®̂𝑛𝑧)𝑑𝐴
(4)

𝐹𝐿 = load capacity of the bearing [N]
𝑝𝑠 = static pressure distribution [Pa]
®̂𝑛𝐴 = surface normal [·]
®̂𝑛𝑧 = vertical axis direction [·]
𝑆𝑆 = spherical surface within the socket [·]
𝑑𝐴 = infinitesimal area element of sphere [m2]

Drag torque := ®𝑇𝑑 =

∬
𝐴𝑣

®𝑟 × ®𝜏` (𝑟, \, 𝜙)𝑑𝐴 (5)

®𝑇𝑑 = drag torque [N]
®𝑟 = distance vector with respect to reference point [m]
®𝜏` = viscous stress at surface [N m−2]
𝐴𝑣 = viscous area considered [·]
𝑑𝐴 = infinitesimal area element of sphere [m2]

Both formula require the knowledge of the flow field in order to be solved. In literature, analytical solutions to
the flow field problem under simplifying assumptions have been proposed [20, 23, 24]. Analytical solutions are also
available for more complex cases; however, the general formulations found have been considered either not applicable to
the air-bearing spherical joint problem or too complex for a straightforward implementation. It should be noted that the
literature in regards in quite scattered, especially because the configuration of the orifices and the type of inlet heavily
influence the characteristics of the flow field.

For what concerns the load capacity, the simplifying assumption at the foundation of the standard Reynolds
lubrication theory can be used. In particular, the critical simplification lies in the assumption of constant static pressure
along the channel width, and a linearly-varying trend from the inlet pressure to the outlet pressure. The outlet pressure
can be safely assumed equal to the ambient pressure for low velocities of the flow. In this case, the expression for the
pressure at the spherical interface can be assumed as:

𝑝𝑠 (𝑟, \, 𝜙) = 𝑝𝑖 + (𝑝𝑎 − 𝑝𝑖)
\

\𝑆
(6) 𝑝𝑖 = inlet pressure [Pa]

𝑝𝑎 = ambient pressure [Pa]
\𝑆 = angular half-extension of the spherical socket [rad]
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In the simple case of a single orifice, literature seems to adhere to this simple model; a more accurate analysis is
given in [23], where the linear trend is assumed only at a certain distance from the inlet. The same reference suggests
that the inlet pressure differs from the total pressure of the fluid, and introduces additional pressure quantities such as
the theoretical inlet pressure 𝑝𝑡 , corresponding to a linear extrapolatino of the pressure as found in the viscous region.
As the entrance area is typically small compared to the channel length, it is considered safe to assume the inlet pressure
equal (or proportional through a constant reduction coefficient 𝑘 𝑝 between 0.8 − 0.9) to the total pressure, knowing that
the resulting figure will only be a ballpark estimation of the load capacity of the bearing. Under such an assumption, the
overall formula for the load capacity can be written, under the hypothesis of axysimmetric fluid flow, as:

𝐹𝐿 =

∫ 2𝜋

0

∫ \𝑠

0
[𝑘 𝑝𝑝𝑡 + (𝑝𝑎 − 𝑘 𝑝𝑝𝑡 )

\

\𝑠
]𝑅2

𝑆 sin \d\d𝜙 =

= 2𝜋𝑅2
𝑆

[∫ \𝑠

0
𝑘 𝑝𝑝𝑡 sin(\)d\ +

∫ \𝑠

0
(𝑝𝑎 − 𝑘 𝑝𝑝𝑡 )

\

\𝑠
sin(\)d\

]
=

= 2𝜋𝑅2
𝑆

[
𝑘 𝑝𝑝𝑡 (1 − cos(\𝑠)) + (𝑝𝑎 − 𝑘 𝑝𝑝𝑡 )

sin(\𝑠) − \𝑠 cos(\𝑠)
\𝑠

]
=

= 2𝜋𝑅2
𝑆

[
𝑘 𝑝𝑝𝑡

(
1 − sin \𝑠

\𝑠

)
+ 𝑝𝑎

(
sin(\𝑠)
\𝑠

− cos(\𝑠)
)]

(7)

In case 𝑝𝑡 ≫ 𝑝𝑎,

𝐹𝐿 ≃ 2𝜋𝑅2
𝑆𝑘 𝑝𝑝𝑡

(
1 − sin \𝑠

\𝑠

)
(8)

θ

 

r

u

Fig. 6 Geometry and fluid flow assumption under the considered hypothesis. Notice that only the 𝜙 component
of the velocity is depicted.

Regarding the drag torque, a simple analytical model can be derived under the same simplifying assumption.
Symmetry considerations allow the expression of the problem in an axysimmetric reference frame, in which the no-slip
boundary condition on the sphere make each pathline cover a spiraling motion. Referring to Figure 6, for a pure
z-axis rotation, a first-order model for a smooth, single-orifice air-bearing yields a linear profile for the out-of-plane
component of the fluid flow velocity. In particular, the no-slip condition at the film-sphere interface results in an
analytical expression of the out-of-plane velocity as [25]:

𝑣𝜙 (𝑟, \, 𝜙) =
𝜔𝑧𝑅

3
1 (𝑟

3 − 𝑅3
2)

𝑟2 (𝑅3
1 − 𝑅3

2
) sin \ (9)
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The sphere velocity can be marked as
𝑣𝜙 |𝑅1 = 𝜔𝑧𝑅1 sin \ (10)

so, eq. (9) becomes:

𝑣𝜙 (𝑟, \, 𝜙) = 𝑣𝜙 |𝑅1 ·
𝑅2

1
𝑟2

𝑟3 − 𝑅3
2

𝑅3
1 − 𝑅3

2
(11)

The cubic differences can be approximated in the narrow channel using Taylor expansion. Indeed,

(𝑥3 − 𝑐3) ≃ (𝑥3 − 𝑐3) |𝑥=𝑐 + 3𝑥2 |𝑥=𝑐 (𝑥 − 𝑐) + O((𝑥 − 𝑐)2) = 3𝑐2 (𝑥 − 𝑐) (12)

Taking 𝑟 as variable and 𝑅2 as constant,

𝑣𝜙 (𝑟, \, 𝜙) = 𝑣𝜙 |𝑅1 ·
𝑅2

1
𝑟2

3𝑅2
2 (𝑟 − 𝑅2)

3𝑟2
2 (𝑅1 − 𝑅2)

(13)

Note that the (𝑅1 − 𝑅2) quantity is nothing less than the channel width 𝑡.
Considering that, ∀𝑟 ∈ [𝑅1, 𝑅2] 𝑟 ≃ 𝑅1 ≃ 𝑅2, the equation simplifies to:

𝑣𝜙 (𝑟, \, 𝜙) = 𝑣𝜙 |𝑅1︸︷︷︸
Sphere velocity

·

Linear decay︷    ︸︸    ︷
(𝑟 − 𝑅2)

𝑡
(14)

From the above expression, the shear stress at the wall can be written as:

𝜏𝜙 = `
𝑣𝜙 |𝑅1

𝑡
(15)

And therefore, the 𝜙 component of the force acting on an infinitesimal surface of the sphere is written as

𝑑𝐹𝜙 = −`
𝑣𝜙 |𝑅1

𝑡
𝑑𝐴 = −`

𝑣𝜙 |𝑅1

𝑡
𝑅2 sin \d\d𝜙 (16)

Replacing the expression for the sphere surface velocity, and assuming the viscous area equivalent to the entire
socket are, the magnitude of the drag torque can be evaluated as:

|𝑇drag | =
∫ 2𝜋

0

∫ \𝑠

0
(𝑅𝑆 sin \) ·

(
−`𝜔𝑧𝑅 sin(\)

𝑡

)
𝑅2 sin \𝑠d\d𝜙 =

= −2𝜋
𝑅4
𝑆

𝑡
`𝜔𝑧

∫ \𝑠

0
sin3 \𝑠d\ =

= −
𝜋𝑅4

𝑆
`𝜔𝑧

6𝑡
[cos(3\𝑠) − 9 cos(\𝑠) + 8]

(17)

Notice that the viscous area can be different from the contact area due to the presence of the orifice that determines
flow regions whose description cannot be fit under the assumption of simple axysimmetric fluid flow. However, we
consider it a good first-order approximation to analyze the effect of aerodynamic drag on the sphere-socket due to shear.

Model validation
In order to validate the relations obtained above, we have referred to the datasheets of the SRA series of air-bearing

spherical joint manufactured by Specialty Components. The choice was performed due to the fact that there is a
structured database of spherical air-bearings containing the information on the film thickness, maximum load capacity,
inlet pressure, and expected drag torque at 30 rpm. The data on the geometry and the datasheet values for the load
capacity and drag torque at 30 rpm have been collected and imported into MATLAB. Then, the geometry information
was used to appy eq. (7) and eq. (17) and obtain the predicted values. Then, the values have been plotted against their
datasheet counterpart. The results are shown in Figure 7.
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Fig. 7 Prediction of load capacity and drag torque for the Specialty Components SRA spherical air-bearing
product line. Notice the logarithmic scale for the second plot.

The prediction of the load capacity is in accordance with the producer datasheets (with an average relative error of
24%). While this could seem a large error, we should consider that the limited knowledge of the geometry parameter
and the assumption of linearly evolving pressure within the socket do not allow for a more torough analysis. Indeed, as
shown in [23], the actual output pressure acting on the sphere at the inlet is, in general, lower than the total pressure. This
justifies the higher values of the predicted values. Moreover, there are no information on the measurement conditions
from the producer; this is a significant limitation because does not allow to define unambiguously wether a set of effects
– including the external action of the air on the spherical slice exposed to the ambient pressure, or the weight of the
sphere itself – are to be considered or not in the estimation. In general, as the trend of the predicted values matches the
one of the datasheet, we consider the model for the load capacity to be a good first-order guess.

On the contrary, the prediction on the drag torque are completely different – by orders of magnitude – with respect
to the one provided by the manufacturer. While the trend is actually coherent, every data point differs from the expected
value of more than one order of magnitude (average ratio: 19.63). We noted that:

• the considered model did not even account for the drag on the exposed spherical surface, as the gradients within
the gap have been considered higher;

• the data reported by the manufacturer for bearings of same radius are identical, even when the spherical area in
the socket differed. The data for the SRA800-R45 is missing.

• The entire socket surface has been assumed equal to the viscous area of eq. (17). However, by observing the
SRA250-R30 available at DART lab, the presence of a recess area on the bottom of the sphere and a series of
grooves to guide the air outside the socket is evident, and probably correspond to areas in which the velocity
gradients are much smaller.

• the considered gap height, in our analysis, has been assumed coherent to the one reported in the datasheet.
However, as the tests have been performed with only the sphere loaded, one should expect a higher gap height,
resulting in lighter gradients and a reduced value for the viscous force. In this regards, we performed the same
analysis assuming the declared gap height (constant at 5 `m) as a baseline, and the actual gap height linearly
varying with the applied load (as a spring). This halved the average ratio to about 9; still, there is a full order of
magnitude of error.
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• Additional effects – most notably, the turbine torque [26] that counteracts the drag effects – are captured by
experimental setups, but do not find space in simplified models.

In order to investigate the disagreement between the manufacturer data and our calculation, we reached out by
contacting the supplier. The answer confirmed our initial conjecture: the drag measurements were conducted with
an unloaded sphere; therefore, the gap height was higher than the one assumed in our analysis, leading to lower shear
actions on the interface. However, assuming a linear variation of the gap height with the applied load with rate equal to
the provided stiffness, the prediction are still off. This suggests that a linear model for the gap height with the provided
stiffness value is not a good approximation.

The provided analysis showed that both analytical models and producer datasheet information have to be taken
cautiosly. Indeed, while simple models are not suitable with more complex geometry, literature suggests that both the
load capacity and drag torque are variable quantities, whose trends are usually not reported on product datasheets.
As experimental setups are difficult to achieve – due to the fact that multiple load conditions should be simulated,
introducing additional drag effects due to interaction of the loads (and, in some cases, the measuring setup itself) with
the surrounding air, the suggestion is to pursue other strategies – including the one of estimating the overall drag force
acting on a specific platform through alternative methodologies illustrated in section II.B.2.

2. External air interaction
While the quantification of the air drag withing the sphere-socket interface can rely on simple, first-order model in

order to obtain a ballpark figure – or, ultimately, higher-end models that take into account additional effects as the fluid
flow at the socket entrance, the same cannot be done for the external air interaction effect. Indeed, each platform is
different from the other and, therefore, such effects should be properly assessed through experimentation or numerical
simulations. Simplifying models can be thought of. A topological decomposition can be performed according to the
shape of the platform. In the following, an example of such topological decomposition:

Dumbbell configuration = 2· Flat plate friction force on
appendices + 2 · Drag of roto-translating

cylinder + Drag torque over rotating
sphere

Tabletop configuration =
Flat plate friction force on

top plate + 𝑁 · Drag of roto-translating
cylinder

Hollow configuration =
\𝑠

𝜋
· Drag torque over rotating

sphere

It should be noted that such an approach is simplistic and should not be trusted when high accuracy values are
desired. However, when ballpark figures are needed, such approach can be useful to obtain a first-order estimation of the
drag torque. In the following, we reported some empirical relationships for the drag torque for different fundamental
geometries composing the three platform topologies identified.

For a rotating disk in a steady flow, [27] gives the following formula:

𝑇drag = 1.94𝑅4𝜌

√︃
`𝜔3 (18)

𝑇drag = drag torque [N m]
𝜌 = air density [kg m−3]
` = air viscosity [N s m−1]
𝜔 = rotational velocity [rad s−1]

For a rectangular flat plate in a free stream, the following formula can be used from Blasius solution (single-side):

𝑑𝐹drag =
0.664
√

2Re𝑥
𝜌`𝑣2𝑐𝑑𝑥 (19)

𝑑𝐹drag = infinitesimal drag force [N]
Re𝑥 = local Reynolds number [·]
𝜌 = air density [kg m−3]
` = air viscosity [N s m−1]
𝑣 = flat plate velocity [m s−1]
𝑐 = coordinate orthogonal to flow field [m]
𝑥 = coordinate parallel to flow field [m]

The above formula should be integrated according to the flat plate shape. In case of a rectangular plate, if one
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neglects the effect of the free edge, the above is in accordance with [28]:

𝑇drag =
1.328
2
√

Re𝑙
𝜌`𝜔2𝑑3𝐴 (20)

𝑇drag = drag torque [N m]
Re𝑙 = Reynolds number relative to parallel direction dimension [·]
𝜌 = air density [kg m−3]
` = air viscosity [N s m−1]
𝜔 = rotational velocity [rad s−1]
𝑑 = distance of the plate from the center of rotation [m]
𝐴 = flat plate area [m2]

For what concerns the torque of a rotating sphere in a steady flow, one can refer to Howarth’s theory [29]:

𝑇drag = 2.93
√
`𝜌𝑅4

√︁
𝜔3 (21)

𝑇drag = drag torque [N m]
` = air viscosity [N s m−1]
𝜌 = air density [kg m−3]
𝑅 = sphere radius [m]
𝜔 = rotational velocity [rad s−1]

Finally, [ref] provides a sequence of drag coefficients for cylinders with different sections. By assuming the drag
coefficient to be equal at any section, for a roto-translating cylinder the non-frictional drag can be written as:

𝑇drag =
(𝑑0 + 𝑙)4 − 𝑑4

0
4

𝑐𝑑𝜌𝜔
2𝑅 (22)

𝑇drag = drag torque [N m]
` = air viscosity [N s m−1]
𝜌 = air density [kg m−3]
𝑐𝑑 = drag coefficient []
𝑅 = cylinder radius [m]
𝑑 = distance of the closest cylinder face from C.R. [m]
𝑙 = length of cylinder [m]

The above can be demonstrated by considerng a small axial section of the cylinder and integrating the infinitesimal
drag torque over the length.

In order to check wether such lumped approach can give consistent results, we performed a Computational Fluid
Dynamics (CFD) simulation taking the CAD model of STASIS as a reference. In particular, for the lumped approach
the platform has been naively model as a set of flat plates (the one composing the solar panel, the main plate, the bottom
one) and four rotating cylinders. Using the above formulas, the calculation resulted in an estimated drag coefficient
equal to 9, 97e-6 Nm for a 1 rpm rotation condition over the vertical axis. This has been compared with a more complete
CFD analysis carried on with the ANSYS Fluent simulation software. The steady-state solution was computed using the
governing equation expressed in a rotating reference frame. In total, the resulting aerodynamic drag torque for a 1 rpm
angular velocity equal to 2.63 · 10−4 Nm.

As the effect of the rotating cylinders in the lumped approach was negligible (2.80e-11), the drag torque due to
frictional forces only was extracted from the CFD solution (2.73𝑒 − 5). While the lumped model was comparable in
terms of order of magnitude, it underestimated the effect of frictional torques. More significant, however, is the fact that
the non-frictional drag torques accounted for the most part of the total drag torque (about 90%). By looking at the torque
distribution over the z-axis (Figure 8), indeed, a series of regions with high drag torque concentration were found due to
fluid stagnation on the stiffening elements of the main plates and the presence of the moving masses, whose face normal
is orthogonal to the velocity direction for a z-axis rotation.

Therefore, it was concluded that the estimation of the drag torque acting on the platform cannot rely on simple
lumped models even for simplified geometries. The real platform topology leads to additional resistive torques due to
the pressure distribution over the platform. Future works are planned to assess more toroughly the effects of such forces,
in the attemp to build a predictive model that could be used for on-line compensation of the resulting torques.
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Fig. 8 Concentration of pressure torques on STASIS’ external surfaces

C. Other sources of disturbances
Finally, the effect of other minor disturbance sources is assessed. In particular, the following are considered and

discusses:
• magnetic-induced disturbances from Earth’s magnetic field
• radiation pressure
• battery discharge

1. Magnetic-induced disturbances
The physical elements resulting in magnetic-induced disturbances are, of course, mostly due to Earth magnetic field.

Again, the disclaimer made before starting the discussion on disturbances applies; indeed, the magnetic field disturbance
is felt even for satellites on near-Earth orbits. The current most-accredited model for the magnetic field is given in [30],
and consists on the gradient of a potential function:

𝑉 (𝑟, 𝜙, \, 𝑡) = 𝑎

𝑁∑︁
𝑛=1

𝑛∑︁
𝑚=0

( 𝑎
𝑟

)𝑛+1 (
𝑔𝑚𝑛 (𝑡) cos𝑚𝜙 + ℎ𝑚𝑛 (𝑡) sin𝑚𝜙

)
𝑃𝑚
𝑛 (cos \) (23)

Quantitatively speaking, the averaged value of the Earth magnetic field at the equator is:

𝐵0 = 3.12 · 10−5 T (24)

and, according to a simplified dipole model, varies with the colatitude \ calculated with respect to the magnetic
north pole as:

|𝐵 | = 𝐵0

(
𝑅⊕
𝑟

)3 √︁
1 + 3 cos3 \ (25)

Apart from the magnitufe and distance effect, the fundamental difference between space missions and an air-bearing
platform lies in the time evolution of the magnetic field. Indeed, as spacecraft move around in space, the magnetic
field vector experienced change, while it is constant on Earth on the timescales associated to the simulations. For this
reason, and in order to enable higher simulation fidelity for any kind of orbits, magnetic-field-generating devices such
as Helmoltz cages have traditionally been associated with the employment of air-bearing platforms [1, 2, 11]. The
principle behind the Helmoltz cage is the generation of three orthogonal current loops in order to tune the magnitude
and direction of the magnetic field within the cage. Two use cases can be distinguished:

• employment of Helmoltz cages to eliminate Earth’s magnetic field [5];
• employment of Helmoltz cages to simulate a time-varying magnetic field [1, 2, 11? ]
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In the former case, the electrical and geometrical characteristics of the platform do not influence the simulation
anymore (apart from any magnetic field generated by the platform itself). In the latter case, the electro-magnetic
characteristic of the platform should be assessed in order to give coherent results in terms of perturbing torque with
respect to the operating environment. Moreover, as not every setup provides a Helmoltz cage, a set of considerations
should be made for this application too. In order to quantify the effect of magnetic disturbances due to Earth’s magnetic
field, one should first introduce the model for the magnetic perturbing torque. The concept of magnetic moment ®𝑚
is introduced. For a body in an external magnetic field ®𝐵, the resulting magnetic torque acting on the body can be
expressed as the cross product of its magnetic moment and the magnetic field vector:

®𝑇mag = ®𝑚 × ®𝐵 (26)

For non-ferromagnetic materials, the computation of the magnetic dipole moment can be performed by knowing the
current distribution on the object itself, according to the formula:

®𝑚 =
1
2

∭
𝑉

®𝑟 × ®𝑗 𝑑𝑉 (27)

Of course, it would be presumptious to be able to know all the localized current distribution on the air-bearing
platform. However, by knowing the platform design, one should be able to identify a series of current loops on the
platform, reducing the integral above to:

®𝑚 =

𝑁loop∑︁
𝑖=1

𝐼𝑖 ®𝑆𝑖 (28)

with ®𝑆𝑖 being the oriented area vector related to the 𝑖-th current loop. Note that the resulting expression is not dependent
on the location of the current loop with respect to the CoR of the platform, just on their overall area.

For the dumbbell-style platform, the effect of the magnetic disturbance torque, assuming a configuration with current
loops around the entire instrumentated plate, is a torque around the vertical axis that tends to align the platform to the
magnetic field (Figure 9a). In this sense, the platform acts as a compass. In the case of the tabletop configuration,
instead, assuming a full current loop over the main plate, the effect is to tilt the platform aligning the main plate with the
magnetic field. In this case, there is both an effect of rotation and a tilt effect (Figure 9b).

S

B

Td

(a) Dumbbell

S

Td

B

(b) Tabletop

Fig. 9 Effect of magnetic disturbance on different configurations

2. Radiation pressure
It comes fairly natural to think of space-based Solar Radiation Pressure (SRP) when discussing the disturbances

arising up due to the platform irradiation by natural and/or artificial sources of light. State-of-the-art models for the
SRP result, for typical spacecrafts, SRP force values between 10−9 and 10−8 N. When the pressure distribution is not
symmetrical, this translates in a torque according to the geometry of the satellite. Regarding air-bearing platform, it is
convenient to distinguish between natural light effects and beaming devices. The latter can include solar simulators
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[1, 31] or power-beaming devices [6] for power generation. We state with confidence that the effect of the former can
safely be neglected compared to other sources of disturbances. Indeed, values of indoor light irradiance range between 0
and 100 W/m2, between one and two orders of magnitude less than the one felt in the space environment [32]. Moreover,
all thre three typologies of platforms here considered have a fairly simmetric structure that naturally eliminates the
toruqes arising from the pressure radiation distribution on the body. On the contrary, the effect of power-beaming devices
should not be neglected. Solar simulator share, by definition, the same spectral and radiation pattern characteristics
of the Sun. These include an irradiance value in the order of 1000 W/m2 (according to the mission to be simulated)
and a collimated beam. The beam collimation results in uniform distribution over the platform; however, platform
asymmetries and self-shadowing effects (notoriously difficult to quantify) should be taken into account. Moreover,
perfect collimation is difficultly achievable. In section III.B, it is shown how the STASIS power beaming system achieves
non-uniform illumination on the solar array due to a beam divergence angle of 3 deg. Together with a limited footprint
of the beam, it is not straightfoward to directly estimate the resulting torque. In order to give a quantitative figure, a
ray-tracing approach – similar to the one described in section III.B – was employed to calculate the net force distribution
on the top plate. Neglecting the effect of External Quantum Efficiency (EQE) and assuming all the radiation absorbed
by the solar array, the employed formula for the force acting on a single area element was calculated as:

Δ ®𝐹 = − 𝐼 (®𝑟)
𝑐

Δ𝐴( ®̂𝐼 · ®̂𝑛𝐴) ®̂𝐼 (29)

Δ ®𝐹 = force due to radiation pressure [N]
𝐼 (®𝑟) = irradiance at the area centroid [W/m2]
Δ𝐴 = element area [m2]
®̂𝑛𝐴 = element area normal [·]
®̂𝐼 = radiation direction [·]

The radiation intensity and direction were easy to obtain exploiting the ray-tracing approach; indeed, the whole
light source was divided in a set of rays carrying the same amount of energy. Subsequently, the entire area was binned
in a 100x100 matrix of Δ𝐴 elements, and element-wise operations were performed to compute the net force Δ ®𝐹 and,
subsequently, the net torque due to radiation pressure with respect to the geometrical center of rotation (Figure 10).
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Fig. 10 y-component of the torque distribution acting on the platform. The x and z components have not been
displayed because the former was auto-balanced in the selected geometry configuration and the second one was
negligible due to the low beam divergence angle.

The result was a net torque around the y-axis equal to 1.127 · 10−9 Nm. Considering that, despite this value being
comparable to the one of a real spacecraft mission, the figure is order of magnitudes lower with respect to other sources
of perturbation and that it is an instantaneous value calculated with the platform at the limit angle of 30 deg, it is
considered safe to neglect the effect of pressure radiation even in the case of high-power beams directly impinging on
the platform.
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3. Battery discharge
In the original NASA document [5], the effect of battery discharge on the CoM shift was mentioned. Notably, it was

one of the issues for which no satisfactory solution was identified. In recent works, the issue is never raised up. In this
work, we are interested to understand wether the assumption of negligible CoM shift due to battery discharge is generally
applicable. It should be noted that even outside the aerospace literature, no prior work investigating such an effect has
been found. Nonetheless, it is possible to derive a simple model for the CoM shift of Li-ion batteries by making some
assumption on common state-of-the-art commercially-available single-cell batteries. The process governing the CoM
shift is the displacement of the lithium ions within the battery. Indeed, the process of current generation is due to the fact
that the lithium atoms originally located in the anode lose an electron due to the voltage difference. The resulting Li+
ion is attracted by the cathode, crossing the separator and forming a new chemical bound with the cathode atoms. The
relocation of the Li-ion atoms eventually results in the mass shift from the charged and discharged state (Figure 11).
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Fig. 11 Illustration of the CoM shift due to battery discharging. The lithium ions cross the separator and bond
themself to the cathode, changing the mass distribution of the battery

The quantification of the mass shift requires the knowledge of the internal battery geometry, the chemical reactions
involved in the discharging process, and the quantity of moving atoms in the battery. These ultimately can vary
according to both the battery chemistry, the battery design, and the manufacturing process. In the case of a battery of
a lithium-doped cobalt oxide cathode and a graphite anode, the reactions governing the discharging process are the
following [33]:

LiC6 −−−→ C6 + Li+ + e–

Li+ + e– + CoO2 −−−→ LiCoO2

Therefore, assuming complete discharging, all the Li ions are shifted from the anode to the cathode. Under such
assumption, a formula to estimate the CoM shift due to battery discharge is:

Δ®𝑟𝐶𝑀,𝑑𝑒𝑝𝑙 =
𝑚𝐿𝑖®𝑟𝐴𝐶
𝑚𝑡𝑜𝑡

(30)

Δ®𝑟𝐶𝑀,𝑑𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 = CoM shift due to battery discharge [m]
𝑚𝐿𝑖 = mass of lithium as found in the battery [kg]
®𝑟𝐴𝐶 = anode-cathode position vector [m]
𝑚𝑡𝑜𝑡 = overall platform mass [kg]

The above equation can be specialized according to generic type of battery chemistries. For generic Li-ion batteries,
an expression to related the mass content of Lithium with respect to the battery capacity in Ah can be calculated by
rounding the energy delivered by the umber of Li atoms in a gram of lithium (each atom releases 1 electron):

𝑚𝐿𝑖 [g] = 0.3 · 𝐶 [Ah] (31)

specializing eq. (30) in:

Δ®𝑟𝐶𝑀,depl =
0.0003𝐶®𝑟𝐴𝐶

𝑚tot
(32)

By applying the above formula to some commercially available Li-ion batteries, a rough estimate of the CoM can be
given. In STASIS, the employed batteries are the VARTA EasyPack XL. These are characterized by a total capacity of
2400 mAh and a maximum dimension of about 64𝑚𝑚. Assuming the cathode and anode regions separated along the
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higher dimension, and assuming the Li-ions uniformly distributed across the length of the battery, the resulting CoM
shift between the fully-charged and fully-discharged conditions is – considering a platform of 7 kg – of about:

|Δ®𝑟𝐶𝑀,depl | =
0.0003𝐶 |®𝑟𝐴𝐶 |

𝑚𝑡𝑜𝑡

= (33)

=
0.0003 · 2.4 · 0.03225

7
= 3.32 · 10−6 m (34)

The above figure corresponds to a perturbation torque due to Earth’s gravity equal to about 2.3 · 10−4 Nm. This
value is comparable to the drag torque computed in section II.B.2. Moreover, it should be considered that the above
figure is for a single battery of small capacity. Indeed, it would allow simulating a 2 A, 3.7 V instrumentation for a little
more than one hour. Power-hungry devices, such as reaction wheels or motors, operating at higher voltages, would
require bigger batteries for continuous operations – expecially in longer experiments. In order to mitigate the problem, a
single solution would be employing identical batteries arranged in a symmetric configuration. This way, assuming
uniform discharging through series or parallel connection, the resulting CoM shift would be nullified. Still, the CoM
shift would have an effect also in terms of the inertia matrix; however, it should be noted that inertia changes due to
battery discharging are a phenomena that is present even in real satellites and, therefore, the inclusion of the latter effect
in the simulation could be beneficial in terms of faithfulness.

III. Operability in real-time hardware-the-loop simulations
Attitude simulation platform are widely employed in hardware-in-the-loop simulations. The possibility to host

multiple devices and instruments potentially makes them a precioous and flexible testbed that can be adapted for a
multitude of purposes. However, their characteristic also bring a set of limitations that should be properly taken into
accound when designing HiL experiments. In particular, we will focus on the employment of such platforms in real-time
integrated simulations, in which the on-platform systems must interface with other components. In particular, the
following aspects will be investigated:

A) the ability to retrieve the actual orientation of the platform and to map to the one of a spacecraft;
B) the constraints of having an untethered platform in terms of power supply;
C) the challenges associated to the integration of wireless communications in a real-time simulation environment.

A. Attitude estimation techniques
When employing the air-bearing platform as a tool for attitude systems and algorithms, it is paramount not only to

ensure that the platform is actually able to simulate the atittude evolutino of a real spacecraft, but also to be able to
retrieve performances measures associated to the object of the testing campaing. This measure is often associated to the
actual orientation and/or angular velocity of the platform. Therefore, it is critical to employ a system to retrieve such
information accurately. When discussing on the accuracy of the system, one should reason on the system/algorithm
expectations and requirements. This means that the capability of the platform attitude estimation system should be at
least on-par with the acceptable error on the performances of the system to be tested. In general, at least an additional
order of magnitude of accuracy is required [34]. It would have little sense to test an attitude control algorithm with
sub-arcsecond precision with an attitude estimation technique that is only accurate at 1 deg. Nonetheless, attitude
estimation systems and techniques are not trivial and usually cumbersome to implement. On the other side, as the
platform is operated on ground, it is possible to employ attitude estimation systems not typically available in space
application, including optical or radiometric devices, tracking algorithms, encoders, and additional environmental
references (such as Earth magnetic field).

In general, apart from the accuracy requirement, another fundamental criticality consists in the validation of such a
measuring device. It is clear that, in order to guarantee accuracy of the measuring system up to a desired error, the
reference measures used for validation should be known – again – at least at one order of magnitude of precision. This
is a well-known problem in metrology (who validates the ground truth?). The current trend in the case of air-bearing
platform is to employ third-party reference systems which accuracy is stated by the manufacturer on the device datasheet.
While this may seem a convenient shortcut to get rid of the ground truth problem, it should be noted that such information
are usually reductive and safety margins in the fidelity of the measurement should be taken due to the operative and
environmental conditions being different from the ones used in the device validation.
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Regarding attitude estimation, the technologies we are going to cover are reported in the following. The list is not to
be considered exhaustive, but:

• MEMS inertial units, such as IMUs and gyros;
• encoders;
• camera-based systems
The main issue associated with electronic devices for attitude measuring is in terms of performance. Commercially-

available MEMS gyroscope typically offer accuracy levels in the order of hundreds of arcsecs; moreover, they are
easily subjected to bias drift phenomena that hinder their employment in long-term simulations. This suggest that raw
gyroscope data cannot be used as-is in the context of attitude estimation, but attitude estimation filters – using sensor
fusion algorithms – should be foreseen. However, in the context of high-accuracy attitude estimation, alternatives such
as tactical-grade or navigation-grade inertial measuring units should be employed. Still, even high-performance devices
are subjected to bias instability and, therefore, should be run in conjuction with attitude estimation technique. In this
regard, it should be noted that most algorithms necessitate a reference dynamic model and a set of physical parameters
(such as the inertia tensor); the dynamic model should be augmented to include all the disturbances introduced before,
while the estimation of the physical parameters is often dependent on the observation of the dynamics itself [35] – and
therefore depend on the accuracy of the measurement itself.

Encoders do not suffer, in theory, from the divergence of the measure from the real value over time. The position
of a magnetized device is sensed by a set of magnetic sensor; through the knowledge of the magnetic field and the
interpolation of the sensor readings it is possible to reconstruct the angular position of the target (in this case, the
spherical interface). High-end rotary encoders can reach accuracies in the order of 100,000s of counts per rotation
(arcsecs), while inductive ones can reach millions of cpr. ∗. However, to our knowledge, air-bearing setups with rotary
encoders are only available in cylindrical configuration, due to the difficulty of implementing a three-dimensional
device able to reconstruct the attitude over multiple axes, making the technology not feasible in the case of spherical
air-bearings.

Camera-based systems work by taking one or multiple snapshots of the platform and inferring its orientation
exploiting the a-priori knowledge of their geometrical configuration. Usually, the platform should be augmented with
a set of trackers or markers to ease the attitude estimation system process. Among these, checkerboard patterns [1],
reflective markers [36], or radiation-emitting devices (such as LEDs) [37]. The accuracy level vary on the camera
resolution and the characteristic dimension of the markers, but can reach accuracies of a few arcsecs. STASIS mounts
in-house-built LED-based attitude tracking system consisting in a LED board – manufactured at high tolerance, and
assembled with 0201-packaged LED devices – and a monocular camera, capable of performing attitude estimation up
to 12 arcsecs of precision for in-plane rotation and 37 arcsecs for out-of-plane at 160 Hz [37]. Another advantage of
camera-based system, differently from the previous categories, is the possibility to run the attitude estimation algorithms
off-board. This removes all the latencies characterizing wireless transmission and allows the deployment of the attitude
measuring system in real-time.

B. Power supply
One of the main issues to consider is the limited availability of onboard power storage. Indeed, current battery

technology would allow a limited timespan for a simulation, restricting the applicability to a limited set of maneuvers
and conditions. Moreover, heavily discharging batteries can hinder the simulation faithfulness as some of the commonly
employed battery chemistries result in the batteries’ center of mass changing with the state of charge, as noticed before
in [5] and discussed in section II.C.3. In the context of integrated simulation, even assumping active compensation of
the CoG shift due to battery discharge, the power requirements of the platform are a limiting factor in the execution
of long-lasting experiments. Assuming a nominal consumption of all the on-board instrumentation of 25 W, indeed,
state-of-the-art battery technologies would require 360 Wh for a 24-hours experiment, requiring about 2,5 – 6 kg of
Li-ion batteries. In the context of interplanetary transfers, with charactristic mission times of months, if not years, even
an accelerated simulation is expected to last multiple days, leading to the power supply being the bottleneck restricting
the employment of such platforms to isolated mission phases and maneuvers. As charging cables are a clear no-go,
wireless power transmission technologies could free air-bearing platforms from such constraints. In particular, we are
going to discuss the following technologies:

• microwave power transmission systems, employing rectennas on top of the platform;
• inductive power generation system, with coils underneath the ball-socket interface;
∗Source: https://www.celeramotion.com/zettlex/high-resolution-encoder/
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• power beaming solutions, with photovoltaic devices on board and a power beamer outside.
With respect to microwave power transmission system, it could be possible to achieve high values of conversion

efficiecies (up to 90% for 2.45 GHz transmission frequency and 82% for 5.8 GHz [38]). Rectenna are a clever solution
and are capable of achieving almost unitary power transmission efficiency. They can be printed and designed in many
shapes [39, 40], and operate in a radiation spectrum that is relatively safe for humans. A possible issue is related to
possible interferences with wireless communication signals (as most WiFi transmission also happen in the same spectral
range), but this issue can be circumvented by operating the same at different frequencies. The main limitation, in our
opinion, is their procurement and manufacturing. Indeed, off-the-shelf components are either difficult to obtain, or
expensive compared to other lab instrumentation. Finally, the attitude motion of the platform could result in efficiency
losses according to the employed radiation patterns of the emitter and receiver.

Inductive power generation systems, on the contrary, do not require expensive setups and/or devices, are easy to
manufacture or procure, and do not require antenna pointing. However, they also suffer from efficiency losses due to
the platform motion. Indeed, they are mostly efficient when the coupled coils are parallel [41]. Nonetheless, the main
limitation associated to such kind of systems is the effect of the resulting magnetic field. Indeed, the working mechanism
lies in the generation of a magnetic field from the first coil, inducing a current in the receiver coil. According to what
discussed in section II.C.1, this could lead to disturbance torques affecting the fidelity of the simulation. However,
with proper setup and analysis, it should be possible to minimize and quantify such effects, employing compensation
techniques to circumvent the issue.

Finally, power beaming systems work by employing a power beaming device – such as a high-power lamp –
irradiating a photovoltaic received. Differently from rectennas, that employ rectification to convert the input energy into
DC current, photovoltaic devices exploit photovoltaic effect to generate a current. Among the considered devices, power
beaming devices are the least complex from a procurement/manufacturing point of view. Indeed, emitters (such as
LED diodes), optics, and receives (mostly solar cells) are easy to find as off-the-shelf components. While traditional
datasheet efficiencies for Si-based solar cells vary between 15 – 25%, by properly tuning the emission source higher
efficiencies can be achieved. In [42], a 68.9% efficiency has been achieved with a power beaming system. Lower values
around 30 – 40% have been repeatedly obtained in lab environments [43, 44]. The design of STASIS foresee a solar
array capable of reaching a source-to-cell illumination efficiency of about 90%, employing high-power LEDs with
tailored ultra-narrow-beam collimating optics, and a conversion efficiency of about 38% by using LEDs in the far red
range (730±15 nm). The expected continuous power output in nominal conditions is of about 30 W (Figure 12). When
inclined at 30 deg, the maximum theoretical expected power output is of 23 W; however, the non-uniform illumination
results in lower power output due to the difficulty in tracking the maximum power point.

C. Wireless communication
When employing air-bearing platform in integrated hardware-in-the-loop experiments, two situations can arise. The

first is characterized by the on-board employment of all the devices involved in the simulation, including all the sensors,
actuators, and computing units. This condition – assuming a proper cable management strategy, that does not result
in time-varying inertial parameters within the simulation – has as only limitation the one related to the power supply
discussed before in section III.B. When employing the platforms in tandem with external devices and units, instead,
a series of problems related to the communication between the on-board instrumentation and the devices external
to the platform arise. These problems are further amplified under the requirement of a real-time simulation. The
locution real-time simulation refers to a particular kind of computational simulation in which the simulation step-time is
synchronized with the real-world step [45]. As a consequence, real-time simulation require all the operations to be
carried on in a single time-step to be actually computed in a timeframe that is shorter than the employed time-step, in
order to be able to perform any additional simulation management activity and carry on to the next step, keeping the
simulation clock and the real-world clock always synchronized. The clock synchornization requirement automatically
imposes a hard time constraint on all computing activities to be performed within the simulation, bringing in all the
discussion on real-time computing. Real-time computing refers to a branch of numerical computing in which the
correctness of an operation is not only given by the result of an operation itself, but also on the time required for it to
complete [46]. Despite commonly associated to fast computing, real-time computing does not necessarily require all the
operations to be exectued at high throughput, just that they shall complete before a hard time limit. When the operations
involve communication between two or more devices, we speak of real-time communication. In order to guarantee
real-time communication, over the years a series of real-time communication protocols have been developed [47, 48].
However, the current panorama still lacks a widespread implementation of a wireless real-time communication protocol.
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Fig. 12 Simulation outputs for the ray-tracing analysis of STASIS’ power beaming solution, for two different
platform orientations [6].

Indeed, traditional wireless applications – including Wi-Fi, Bluetooth, ZigBee, and others – have no guarantees nor
checks on the time required for packet delivery due to the aleatorieties associated to distance, interference, obstacles,
access points, and switching, routing, and bridging devices. The most promising framework for a seamless integration
of traditional IP wireless communication in a real-time framework are the RT-WiFi framework [49] and the UDP-RT†

framework. Both are based on the 802.11 PHY interface typically used in common wireless LAN networks. However,
to our knowledge, there is currently no standard for real-time wireless communication. This is because a flexible setup
of the network infrastructure is often preferred in order to accomodate dynamic requests of multiple agents and device.
Currently, no out-of-the-box solution exists to our knowledge, and the implementation, verification, and validation of
the real-timeness of the communication infrastructure is left to the experiment operators and designers.

Conclusions
In this work, a qualitative and quantitative study on the sources of disturbances affecting attitude simulation platform

based on air-bearing sphearical joints has been performed. Before proceeding with the analysis, the definition of
disturbance has been given, and caution was suggested in order to determine which effects to assume as such and,
conversely, which ones can be left acting on the platform without affecting the experiment faithfulness and validity.
The structural and aerodynamic aspects, assumed to be the dominant ones, have been dissected and a set of analytical
relations has been given in order to quantify the effect of resulting disturbance torques. It has been shown that, according
to the topology of the platform, such relations can differ and are usually attitude-dependent; in light of this, it is not
possible to compensate such effects by acting directly on the platform configuration. When analyzing other sources of
disturbances, the effect of magnetic torques, radiation pressure, and battery discharge have been assessed. Further works
will also give a treatment of the effects due to gravity gradient – a phenomenon that affects also satellites orbiting close
to the Earth – and seismic effects. Eventually, a series of discussion on the operability of such platforms in integrated,
real-time, hardware-in-the-loop experiments has been discussed, focusing on the issues related to the wireless-ness of

†Source: https://www.codeproject.com/Articles/275715/Real-time-communications-over-UDP-protocol-UDP-RT
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the platforms in terms of attitude estimation, power supply, and communication. Throughout all analysis and discussion,
examples on the design solutions applied in the realization of STASIS, the EXTREMA attitude simulation platform,
have been illustrated. Overall, it has been shown that a comprehensive model of an air-bearing platform can not neglect
effects usually ignored in the literature (e.g., battery discharge) and that the operation of such platforms for prolonged
experiments needs a careful assessment of the simulation infrastructure. Further works aim to complete the treatments
hereby deferred, complementing the analytical relations with experimental data and measurements, and the proposal of
a general-purpose simulation infrastructure for long-term operation fo the platform under minimal loss of faithfulness.
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