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Abstract: A three-degree-of-freedom air-floating simulation platform is commonly used for attitude maneuver
simulation and control system design. To reduce the impact of gravity on the air-floating platform, adjustments must
be made to the platform’s center of mass so that it coincides as closely as possible with the center of rotation (CR). For
larger three-degree-of-freedom platforms, it is often different to easily obtain the moment of inertia, which presents
challenges for automatic leveling. In response to this issue, an automatic leveling method was proposed in this study.
This method utilizes attitude and angular velocity information, and during the leveling process, only a linear motion
mechanism is required to drive a mass block for adjustment. An analysis of the uncertainties present in the model
was conducted, and the uncertainties in the system were processed separately. Adaptive control techniques were then
applied to design the control method. The stability of the system was demonstrated through the Lyapunov stability
theorem. Finally, the algorithm was tested on a three-degree-of-freedom air-floating platform. The experimental
results showed that the proposed method can achieve rapid and effective leveling of the platform.

Keywords: Uncertain moment of inertia; Automatic leveling; Adaptive control; Three-degree-of-freedom air-
floating platform; Nonlinear control

1 Introduction

The development of the aerospace industry has raised higher demands for experimental simulations of mi-
crogravity, low-damping environments, and other space-related conditions on the ground. Due to the difficulties
associated with testing and reconstructing spacecraft in space, ground-based simulation and testing of spacecraft
are particularly critical. Many countries have established air-floating platforms equipped for full physical satellite
simulation experiments [1]. These ground-based physical simulation platforms primarily use air-floating systems
to replicate the microgravity and low-damping conditions found in space. The three-degree-of-freedom air-floating
platform, utilizing air bearing, can achieve rotational motion in three degrees of freedom, allowing for simulations
of three-degree-of-freedom attitude dynamics and control. To strictly simulate the microfriction and microgravity
environment during ground testing, external disturbance torques must be minimized, with gravity’s influence on the
air-floating platform being the most significant obstacle [2]. To reduce the effects of gravity as much as possible, it
is essential to minimize the distance between the platform’s center of mass and its CR. The adjustment of the center
of mass can be observed by examining its oscillatory motion. By moving the leveling mass block, the oscillation
period can be increased [3]. However, this method has the drawback of requiring extensive experimentation, and the
rotational angle of the three-degree-of-freedom platform is limited, making practical application difficult. Manual
leveling has been studied by Peck et al. [4] and Romano and Agrawal [5], but this approach still results in time
inefficiencies and significant adjustment errors.

In practical applications, the addition or replacement of loads on the air-floating platform can have a significant
impact on its center of mass. Even a period of inactivity or minor changes in the platform can cause considerable
shifts in the center of mass. Relying on manual leveling methods in such cases becomes a time-consuming and
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labor-intensive task. Given this background, the design of an automatic center of mass leveling system for the air-
floating platform becomes crucial. In recent years, many three-degree-of-freedom satellite simulation platforms have
been equipped with automatic leveling systems [6–9]. Several studies [10–12] have examined automatic leveling
systems based on the least squares method. However, the disadvantage of this approach is that multiple adjustments
are required to obtain relatively accurate results. Kim and Agrawal [13] proposed an adaptive automatic leveling
method based on the least squares method. This method uses adaptive control to move the mass block for adjusting
the center of mass position. While this method addresses the repeated adjustment issue, the maximum disturbance
torque after leveling can reach 0.142 Nm, and the results remain suboptimal. Chesi et al. [14] designed an automatic
leveling algorithm based on nonlinear adaptive control theory. This method was verified on a CubeSat, and the
final results maintained the center of mass deviation within 1.5 mm. Domestically, a finite element model has been
established for the air-floating platform, estimating the center of mass position by measuring the rotational speed of
the platform. However, no automatic leveling solution has been proposed [15]. The center of mass has been estimated
using dynamic inversion and complex pendulum methods, followed by manual leveling of the platform [16, 17].
Automatic leveling has been achieved by modeling and estimating the disturbance torque and combining it with a
linear motion mechanism [18–20].

Currently, the leveling methods for three-degree-of-freedom air-floating platforms can be divided into two main
categories. The first category assumes that the platform’s moment of inertia is known, and automatic leveling
is performed accordingly [14]. For air-floating platforms with small moments of inertia, the primary moment of
inertia can be measured accurately, and the impact of the inertia product on the system can be neglected. However,
for platforms with larger moments of inertia, measuring the moment of inertia becomes more challenging. This
method is less practical for air-floating platforms with large moments of inertia. The second category involves
estimating the moment of inertia of the platform using the least squares method [13]. This method is more suitable
for platforms with large moments of inertia, but it suffers from significant estimation errors, which considerably
affect the accuracy of the automatic leveling. In addition to the aforementioned issues, during the actual operation of
the three-degree-of-freedom air-floating platform, changes in the platform’s load can have a significant impact on the
moment of inertia. Therefore, to further improve the accuracy of the automatic leveling for three-degree-of-freedom
air-floating platforms, the uncertainty in the platform’s moment of inertia must be taken into account.

This study focuses on a three-degree-of-freedom air-floating satellite simulation platform, which has a total mass
of approximately 120 kg and is equipped with a cold gas thruster system. Its moment of inertia and mass have not
been precisely measured. The platform is equipped with a linear motion mechanism on each of its three principal
axes of inertia, which drives a mass block to move along the principal axis directions in order to adjust the platform’s
center of mass. Based on adaptive feedback control technology, the automatic leveling method proposed in this study
was designed to achieve high-precision adjustment of the platform’s center of mass under conditions of uncertainty
in the platform’s moment of inertia.

2 Mathematical Model of the Automatic Leveling System
2.1 Principle of Automatic Leveling

The automatic leveling system designed in this study consists of three mass blocks, each driven by a stepper motor,
arranged along the principal inertia axes of the air-floating platform. It is assumed that the platform’s body-fixed
coordinate system’s principal axis is aligned with the direction of the primary moment of inertia, with the origin of
the coordinate system located at the CR of the air-floating platform, as shown in Figure 1. The vector roff represents
the displacement of the center of mass relative to the CR. The goal of the automatic leveling mechanism is to adjust
the position of the mass blocks in order to reposition the center of mass, bringing it as close as possible to the CR.
The advantage of this system is that it achieves the leveling of the platform’s center of mass without the need for
additional actuators.

2.2 Kinematic and Dynamic Model of the Air-Floating Platform

The kinematic and dynamic model of the three-degree-of-freedom air-floating platform can be described in the
two coordinate systems shown in Figure 1. The inertial coordinate system is represented by Xi, Y i, and Zi, while
the body-fixed coordinate system is represented by xb, yb, and zb. The deviation angle between the body-fixed
coordinate system and the inertial coordinate system defines the relative attitude of the three-degree-of-freedom
air-floating platform.

Since the three-degree-of-freedom simulation platform is fixed on the air bearing, only attitude maneuvers can
be performed. It is assumed that the linear motion mechanism used to level the center of mass of the platform moves
along the principal axis of the inertial coordinate system. The kinematic equation of the platform’s attitude can be
expressed using quaternions as follows:

q̇0 = −1

2
qTω (1)
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q̇ =
1

2

(
q× + q0I

)
ω (2)

where, ω =
[
ωx ωy ωz

]T denotes the rotation angle velocity of the platform in the body-fixed coordinate
system, and q =

[
q0 q1 q2 q3

]T is the unit quaternion.

Figure 1. Principle and coordinate system of the automatic leveling system

The kinematic equation of the air-floating platform under the influence of gravity can be expressed by the Euler
equation as follows:

J(·)ω̇ = −ω×J(·)ω + roff ×mag
b + τc + Td(·) (3)

where, ma is the total mass of the air-floating platform, J(·) is the uncertain moment of inertia of the platform, roff
is the distance between the platform’s center of mass and the CR, gb is the gravitational vector in the body-fixed
coordinate system, Td(·) is the external disturbance torque, and τc is the torque generated by the automatic leveling
system.

To perform leveling of the air-floating platform, the gravitational vector must be transformed into the body-fixed
coordinate system as follows:

gb = Rb
ig

i (4)

where,

Rb
i =

(
q20 − qT q

)
I + 2qqT − 2q0q

× (5)

gi =
[
0 0 −9.8

]T
m/s2 (6)

The objective of this study is to adjust the center of mass of the air-floating platform by manipulating the mass
slider on the linear motion mechanism in order to align the center of mass with the CR, thereby counteracting the
disturbance torque caused by gravity.

Assumption 1: There exist unknown constants cJ > 0 and cf > 0 such that the following condition holds:
∥J(·)∥ ≤ cJ < ∞, and

∥∥∥dJ(−)
dt

∥∥∥ ≤ cf < ∞.
In order to perform the leveling of the air-floating platform’s center of mass, it is necessary to first adjust the

platform’s attitude to an arbitrary orientation before proceeding with the leveling. This is because if the Z-axis
coincides with the gravitational direction, leveling along the Z-axis would not be feasible. The desired attitude error
is denoted as (qe0, qθ), with the expected attitude represented by (qd0, qd), where

qe0 = qd0q0 + qTd q (7)

qe = qd0q − q0qd + q×qd (8)

The rotation matrix is given by:

C =
(
q2e0 − qTe qe

)
I + 2qeq

T
e − 2qe0q

×
e (9)
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Thus, the relative angular velocity can be expressed as:

ωe = ω − Cωd (10)

The kinematic and dynamic equations for the attitude error of the air-floating platform can be expressed as:

J(·)ω̇e = −ω×J(·)ω + roff ×mag
b + τc + Td(·) + J(·)

(
ω×
e J(·)ωd − Cω̇d

)
(11)

q̇e =
1

2

(
q×e + qe0I

)
ωe (12)

q̇e0 = −1

2
qTe ωe (13)

To derive the control system, the following sliding mode variable can be defined as:

s = ωe + βqe (14)

where, β > 0. The dynamics equation can be rewritten as:

J(·)ṡ = τc +∆(·)− βqe − 0.5
dJ(·)
dt

s (15)

where,

∆(·) =− ω×J(·)ω + roff ×mag
b + Td(·) + βqe

+ J(·)
(
(ω − Cωd)

×
ωd − Cω̇d

)
+ 0.5

dJ(·)
dt

s

+
1

2
βJ(·)

(
q×e + qe0I

)
ωe

(16)

The additional term βqe + 0.5dJ(·)
dt s in the equation was introduced for the convenience of proving the stability

of the controller. In addition, ∆(·) can be considered as an uncertainty component of the system, which consists
of two parts: a) the nonlinear term of the system, and b) the external disturbance term. A significant challenge in
control system design lies in the presence of similar uncertainty components within the dynamics of the system. The
core idea in this study is not to focus on the structure or specific content of ∆(·), but rather to design the control
system by determining the upper bounds of ∆(·). Under the consideration of external disturbances and gravitational
interference, the following assumptions can be made:

Assumption 2: The external disturbance torque Td(·) satisfies the condition Td(·) ≤ cg + cd∥ω∥2, where cg ≥ 0
and cd ≥ 0 are constants.

Assumption 3: ωd, ω̇d, qd, and q̇d are bounded, and the following relation holds:∥∥(q×e + qe0I
)
ωe

∥∥ =
∥∥(q×e + qe0I

)
(ω − Cωd)

∥∥ ≤ ∥ω∥+ cω (17)

where, cω ≥ 0 is a constant.
Since ∥q×e + qe0I∥ = 1 and ∥C∥ = 1, Assumption 3 holds.
Assumption 4:

∥∥∥dJ(·)
dt s

∥∥∥ ≤ cf ∥(ω − Cωd) + βqe∥ ≤ cf∥ω∥+ c0, where c0 ≥ 0 is a constant.
For the gravitational disturbance torque component roff ×mag

b in ∆(·), the platform is usually manually leveled
before automatic leveling is performed, and roff is typically small. Therefore, roff ≤ cr and cr ≥ 0 can be assumed
to be constants. Furthermore, ma and

∥∥gb∥∥ can be treated as constants, leading to the following assumption:
Assumption 5:

∥∥roff ×mag
b
∥∥ ≤ cg , where cg ≥ 0 is a constant.

Based on these assumptions, it can be concluded that, despite the presence of nonlinear terms, uncertainty
components, and time-varying factors in ∆(·), the following equations still hold:

∥∆(·)∥ ≤ b0 + b1∥ω∥+ b2∥ω∥2 ≤ bΦ (18)

Φ = 1 + ∥ω∥+ ∥ω∥2 (19)

These assumptions form the foundation of the proposed algorithm. Under the conditions of external disturbances
and uncertainties in the rotational inertia, the algorithm ensures the rapid automatic leveling of the three-degree-of-
freedom air-floating platform.
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3 Automatic Leveling Algorithm

The algorithm presented in this study is derived based on angular velocity information. If the gravitational
disturbance torque is zero, the system’s angular velocity will no longer change. Conversely, an angular velocity
increment will occur. The objective of the automatic leveling algorithm is to adjust the positions of the mass blocks
via three linear motion mechanisms, such that the angular velocity increment of the air-floating platform becomes
zero.

The torque generated by the linear motion mechanisms can be expressed as follows:

τ c = mm

∑
i

ri × gb (20)

where, mm is the mass of the block, and ri(i = 1, 2, 3) represents the position of the i-th slider relative to the CR,
which is the control variable to be designed.

3.1 Algorithm Design

Theorem 1: For the dynamical system described by the equation above, under the control structure specified as
follows:

τc = − [k0 + κ(t)] s, κ(t) =
b̂Φ

∥s∥+ ε

˙̂
b = −σ1b̂+ σ2

∥s∥2Φ
∥s∥+ ε

, ε =
µ

1 + Φ

(21)

The closed-loop system is globally stable, and the system’s state tracking error is bounded, i.e., ri(i = 1, 2, 3)
and ∥ωe∥ ≤ ε2, where k0 > 0, µ > 0, σ1 > 0, and σ2 > 0 are the controller parameters to be designed.

Proof:
A Lyapunov function was selected as follows:

V =
1

2
sTJ(·)s+ 1

2σ2
(b− b̂)2 + β

[
qTe qe + (1− qe0)

2
]

(22)

Given that qTe qe + q2e0 = 1 and q̇e0 = − 1
2q

T
e ωe, the derivative of V can be computed as follows:

V̇ =
1

2
sT

dJ(·)
dt

s+ sT
(
τc +∆(·)− βqe −

1

2

dJ(·)
dt

s

)
− 1

σ2
(b− b̂)b̂+ βωT

e qe (23)

It further leads to:

V̇ = sT (τc +∆(·))− 1

σ2
(b− b̂)

˙̂
b− β2qTe qe (24)

The controller described by the equation can be substituted into this expression to obtain:

V̇ = −sT [k0 + κ] s+ sT∆+
1

σ2
(b− b̂)(− ˙̂

b)− β2qTe qe

≤ −k0s
T s− κsT s− β2qTe qe + ∥s∥bΦ+

1

σ2
(b− b̂)(− ˙̂

b)

= −k0s
T s− β2qTe qe −

b̂Φ

∥s∥+ ε
sT s+ ∥s∥bΦ+

1

σ2
(b− b̂)(− ˙̂

b)

≤ −k0s
T s− β2qTe qe + (b− b̂)

∥s∥2Φ
∥s∥+ ε

+ εbΦ+
1

σ2
(b− b̂)(− ˙̂

b)

≤ −k0s
T s− β2qTe qe + µb+

σ1

σ2
(b− b̂)b̂

(25)

where,

σ1

σ2
(b− b̂)b̂ =

σ1

σ2

(
bb̂− b̂2

)
= −σ1

σ2

(
b̂− b

2

)2

+
σ1b

2

4σ2

(26)
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Substituting the expression into the equation yields:

V̇ ≤ −k0s
T s− β2qTe qe + µb− σ1

σ2

(
b̂− b

2

)2

+
σ1b

2

4σ2
≤ −k0s

T s− β2qTe qe + µb+
σ1b

2

4σ2

(27)

Let ε∗ = µb+ σ1b
2

4σ2
, when s and qe are outside the set below, then V̇ < 0.

S1
△
=

{
(s, qe) : ∥s∥ ≤

√
ε∗

k0
, ∥qe∥ ≤

√
ε∗

β

}
It can be deduced from the above that when s and qe are bounded, we remains bounded as well.

S2
△
=

{
ωe : ∥ωe∥ ≤

√
ε∗
}

End of proof.

3.2 Torque Distribution

In the previous section, the theoretical control torque τc was designed to be generated by the movement of the
mass blocks on the linear motion mechanism. The torque produced by the sliders is directed perpendicular to both the
direction of motion and the gravity direction. In practical applications, the actual control variable is the displacement
r of the mass block. To obtain the actual control variable, the control torque τc needs to be transformed into r. This
can be expressed as:

τc = mm

(
−gb(t)× r

)
(28)

Since the main diagonal elements of the cross-product matrix are always zero, the matrix
[
−gb(t)×

]
becomes

singular. Therefore, the vector r cannot be obtained through the inversion of
[
−gb(t)×

]
. The solution of r provided

in this study is:

r =
gb × τr

∥gb∥2 mm

(29)

The output r of the automatic leveling system can be given by the equation.

4 Simulation Results

This section presents the simulation verification of the automatic leveling algorithm proposed in this study. The
simulation parameters are based on the three-degree-of-freedom air-floating simulation platform developed by the
Beijing Institute of Control Engineering. The simulation parameters are provided in Table 1.

Table 1. Simulation parameters

Simulation Parameter Value
Moment of inertia diag(12818) kg ·m2 (estimated value)

Total mass 120 kg (estimated value)
Slider mass 0.8 kg
Slider stroke ±260 mm

Mass center offset reff =
[
1 1.2 0.8

]
mm

Initial attitude q =
[
0.51 0.52 0.48

]
Desired attitude q =

[
0.5 0.5 0.5

]
Figure 2 shows the response curve of the mass block’s displacement under the proposed automatic leveling

algorithm. From the figure, it can be observed that the displacement of the mass block remains within the maximum
stroke at all times, and the leveling process is completed within 15 seconds, demonstrating a rapid leveling response.

Figure 3 shows the angular velocity response curve of the three-degree-of-freedom air-floating platform during
the automatic leveling process. It can be observed that under the drive of the proposed algorithm, the angular
velocities of all three degrees of freedom tend towards zero, which also demonstrates the stability of the algorithm.

The following method was designed to further prove the effectiveness of the leveling algorithm. After the
automatic leveling was completed, an arbitrary angular velocity was applied to the three-degree-of-freedom air-
floating platform. The total energy of the platform can then be expressed as the sum of kinetic energy and potential
energy:

Esum = Ed + Es (30)
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where, Ed = 0.5ωTJω represents kinetic energy and Es represents potential energy. If the system is in equilibrium,
then Es ≈ 0, meaning that the system’s rotational kinetic energy is conserved, i.e., Ed(t) = Ed(0). Therefore,
the variation curve of the system’s rotational kinetic energy can reflect the performance of the automatic leveling
algorithm.

Figure 2. Response curve of the mass block displacement

Figure 3. Angular velocity response curve of the three-degree-of-freedom air-floating platform

Figure 4 presents the system’s kinetic energy response curves before and after leveling. In the figure, Ea
d

represents the kinetic energy response curve after the platform after leveling, while Eb
d represents the kinetic energy

response curve before leveling. When the platform is not leveled, the system’s kinetic energy and potential energy
continuously transform into each other, resulting in the periodic variation seen in the figure. After leveling, the
kinetic energy no longer transforms into potential energy, and the kinetic energy curve stabilizes. Therefore, it can
be clearly observed from the figure that after leveling, the potential energy of the air-floating platform decreases
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significantly, which is sufficient to demonstrate the effectiveness of the leveling algorithm.

Figure 4. Kinetic energy response curve of the system

5 Experimental Results
5.1 Experimental Platform

The algorithm proposed in this study was validated on a three-degree-of-freedom air-floating simulation platform
developed by the Beijing Institute of Control Engineering, as shown in Figure 5. The automatic leveling system
consists of three linear motion mechanisms and a mass block. The mass block is driven by a stepper motor, with a
maximum motion speed of 100 mm/s. The air-floating platform is capable of rotating freely around the Z-axis by
360°, while the rotation angles around the other two axes are ±30°.

As shown in the figure, the platform is equipped with a three-axis high-precision fiber-optic gyroscope to
accurately measure angular velocity information. Additionally, a dual-axis inclinometer is mounted to precisely
measure the attitude information along the X and Y axes, while the Z-axis attitude information is obtained through
the integration of the angular velocity measured by the gyroscope. Due to the platform’s integration of a cold gas
thrust system, the research on automatic leveling algorithms with uncertain moment of inertia becomes imperative.

Figure 5. Three-degree-of-freedom air-floating platform

5.2 Control Parameter Settings

There are two types of automatic leveling methods: hardware-based and software algorithm-based leveling
methods. Hardware-based leveling methods involve a larger number of control parameters, such as the configuration
of stepper motors, the layout of air-floating units, the selection and installation locations of sensors, and the
construction of electrical control systems. The leveling method studied in this research is of the software algorithm
type. It calculates the position of the slider based on the attitude and angular velocity information of the air-floating
platform, aiming to adjust the center of mass so that it aligns as closely as possible with the CR. The experiment
was conducted using a three-degree-of-freedom air-floating simulation platform developed by the Beijing Institute
of Control Engineering, with the hardware control parameters already being set. Therefore, no new settings are
required for this experiment, and only a few parameters need to be configured. Table 2 shows the automatic leveling
test parameters for the three-degree-of-freedom platform.

Figure 6 presents the sliding position response curve of the mass block during the experiment. Compared to
the simulation curve in Figure 2, the distance travelled by the slider in the experiment is shorter. This suggests that
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the simulation parameters were slightly conservative, while the actual deviation of the center of mass remains well
within the capacity of the automatic leveling system.

Table 2. Automatic leveling test parameters for the three-degree-of-freedom platform

Simulation Parameter Value
Slider mass 0.8 kg
Slider stroke ±260 mm

Initial attitude q =
[
0.1022 0.0951 −0.012

]
Desired attitude q =

[
0.0868 0.0868 −0.0076

]

Figure 6. Sliding position response curve of the mass block

Figure 7 shows the response curve of the angular velocity during the experiment. It can be observed that the
angular velocity ultimately stabilizes at zero, and the system completes the automatic leveling process within 20
seconds. This confirms the effectiveness of the method from an experimental perspective.

Figure 8 displays the kinetic energy response curve Ea
d after applying an angular velocity excitation to the three-

degree-of-freedom air-floating platform following automatic leveling. The platform’s kinetic energy response curve
Eb

d before leveling is also shown. It is evident from the figure that automatic leveling significantly reduces kinetic
energy fluctuations, thereby mitigating the influence of gravity on the angular velocity of the three-degree-of-freedom
air-floating platform. If the effect of gravity on the angular velocity is negligible, it indicates that gravity’s influence
on the angular momentum of the platform is minimal. Consequently, during attitude maneuver simulations, the
gravitational impact on the platform can be ignored.

5.3 Comparison with Other Leveling Methods

Leveling methods are generally classified into three main categories: hardware leveling methods, software
algorithm leveling methods, and manual leveling methods. Hardware leveling methods involve the layout of air-
floating units, selection and installation of sensors, as well as the construction of electrical control systems. For
example, capacitive sensor-based leveling methods utilize changes in capacitance to accurately measure the platform’s
position, angle, and load variations, thus achieving leveling.

Software algorithm leveling methods involve data processing, error compensation, and control strategies, such
as Proportional-Integral-Derivative (PID) control, to achieve precise leveling of the platform [21–23].

The leveling method studied in this research falls under the software algorithm category. Experiments were
conducted on the three-degree-of-freedom air-floating simulation platform developed by the Beijing Institute of
Control Engineering. A review of publicly available literature on leveling methods (references 1-39) was conducted,
and the results are summarized in Table 3.
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Figure 7. Angular velocity response curve of the three-degree-of-freedom air-floating platform

Figure 8. Kinetic energy response curve of the three-degree-of-freedom air-floating platform

Six key evaluation criteria were selected [24–27], as follows:
• Leveling time, i.e., speed or response time.
• Leveling accuracy, i.e., sensitivity.
• Leveling stability.
• Dynamic range of leveling, which refers to the system’s capability range.
• Manufacturing cost, which refers to the cost of implementation.
• Ease of operation.

Table 3. Comparison with other leveling methods

Method Time Accuracy Stability Dynamic Range Cost Operation
Manual Long Low Low Large Low Complex

Hardware category Medium Low Medium Medium High Simple
Algorithm category Medium Medium Medium Medium Low Simple
Proposed algorithm Short High High Large Low Simple

5.4 Potential Limitations

The automatic leveling algorithm studied in this research is suitable for small-scale fine adjustments of the attitude
of small or medium-sized satellites. Due to the limitations imposed by the mass of the leveling slider and the sliding
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distance, it is not suitable for large-scale attitude adjustments of heavier satellites. For example, the method cannot
be used to adjust the attitude of an Earth observation satellite, such as when the camera is facing away from the Earth.
In this case, the method would be unable to reposition the satellite’s camera to face the Earth for surface imaging.

5.5 Potential Applications in Other Scenarios

The three-degree-of-freedom air-floating satellite simulation platform serves as an effective means for verifying
satellite attitude control devices and methods. This study can also be applied to modern high-end manufacturing
fields, such as precision measurement, micro-nano fabrication, and optical systems.

6 Conclusion

The automatic leveling method studied in this research is based on adaptive feedback control technology, which
enables high-precision adjustment of the platform’s center of mass under conditions of uncertainty in the moment
of inertia of the three-degree-of-freedom air-floating satellite simulation platform.

An automatic leveling algorithm was proposed for the platform in situations where the moment of inertia of the
three-degree-of-freedom air-floating satellite simulation platform is unknown. The algorithm drives the mass block
via a linear motion mechanism, allowing for real-time adjustment of the distance between the platform’s center of
mass and its CR. To overcome the leveling challenges induced by uncertainties in the platform’s moment of inertia
and mass, an automatic leveling algorithm was designed. The stability of this method was proven using the Lyapunov
stability principle. Finally, both mathematical simulations and physical experiments were conducted, with the results
demonstrating that the method can quickly and effectively achieve automatic leveling of the three-degree-of-freedom
air-floating satellite simulation platform.

The innovations of this study are as follows: First, the uncertainty in the moment of inertia within the three-
degree-of-freedom air-floating satellite simulation platform model was analyzed and separately addressed. Second,
adaptive control technology was applied in the design of the control method, using attitude and angular velocity
information to calculate the position of the mass block to be adjusted. This allows for the adjustment of the platform’s
center of mass to align as closely as possible with the CR. During the leveling process, the mass block is only driven
by the linear motion mechanism for leveling.

In terms of practical applications, this study is not only applicable to the simulation of satellite attitude motion on
the ground using the three-degree-of-freedom air-floating platform, enabling effective satellite ground simulation, but
also has potential applications in modern high-end manufacturing fields, such as precision measurement, micro-nano
fabrication, and optical systems.

Data Availability

The data supporting our research results are deposited in Hanyu Gao and Shengchen Yu at email address:
200600737ysc@ncist.edu.cn.
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