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Abstract

Three-degree-of-freedom (3-DoF) air-bearing simulators are widely used for
ground-based validation of spacecraft attitude determination and control
systems. However, residual gravity torques caused by center-of-rotation to
center-of-gravity (CR-CQG) offsets can degrade simulation fidelity, particu-
larly during coupled three-axis maneuvers. This paper presents a sequential
coarse-to-fine automatic mass balancing framework, referred to as the Robust
Automatic Mass Balancing Operator (RAMBO), designed to reduce resid-
ual CR-CG offsets under mechanical non-orthogonality and cross-axis cou-
pling while maintaining a negative vertical offset for pendulum stability. The
framework sequentially applies an active coarse stage (CRAMBO) for rapid
offset reduction and a fine stage (FRAMBO) for precise CR-CG offset estima-
tion using free-response motion data collected after platform reinitialization.
The final FRAMBO estimate is subsequently used to construct an attitude-
dependent gravity-torque feedforward term within a conventional quaternion
proportional-derivative (PD) controller for the hardware attitude-control ex-
periment. Hardware experiments demonstrated that the dynamic-equivalent
CR-CG offset estimate converged to approximately [0.08,0.12, —27.62] pm.
Based on the onboard VN-100 estimates, the resulting hardware configura-
tion maintained steady-state attitude errors within 4+0.5° and angular ve-
locity errors within +0.4°/s for roll and +0.2°/s for pitch and yaw during
a coupled diagonal maneuver. A secondary IMU comparison further pro-
vided a roll/pitch consistency check rather than an independent ground-truth
validation. These results demonstrate the hardware implementation of the
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two-stage RAMBO procedure and the subsequent use of its final estimate in
safety-constrained three-axis attitude-control testing.

Keywords: 3-DoF air-bearing simulator, spacecraft attitude simulator,
automatic mass balancing, CR-CG offset estimation, gravity-torque
feedforward, batch least-squares estimation

1. Introduction

Ground-based attitude simulators are widely used to verify spacecraft at-
titude determination and control systems (ADCS) prior to on-orbit operation
[1-3]. Among them, three-degree-of-freedom (3-DoF) air-bearing simulators
provide a nearly frictionless rotational environment, enabling hardware-in-
the-loop (HIL) integration of sensors, actuators, and control algorithms |1, 4—
10]. Therefore, these simulators serve as experimental platforms for bridging
the gap between numerical simulations and practical spacecraft attitude con-
trol validation.

A key requirement for accurate ground-based attitude simulation is the
alignment between the center of rotation (CR) and the center of gravity (CQG)
of the floating platform [8, 9, 11]. In a 1-¢g ground environment, a residual CR-
CG offset generates a gravity-induced disturbance torque, which can distort
the free rotational response of the simulator, reduce the available actuator
margin, and degrade the reliability of attitude control experiments [12, 13|.
To mitigate this issue, manual balancing procedures and automatic mass
balancing systems using sliding mass mechanisms have been investigated to-
gether with estimation algorithms, including least-squares estimation, recur-
sive identification, and Kalman filter-based approaches [3, 8, 9, 14-17].

Despite these efforts, practical hardware limitations remain challenging.
Many mass balancing methods are formulated under idealized assumptions,
such as orthogonal sliding mass axes, repeatable actuator motion, and time-
invariant mass properties [8, 9. However, non-orthogonal slider configura-
tions can produce coupled relationships between slider displacements and
centroid deviation components, indicating that the motion of one slider may
affect multiple components of the CR-CG offset [18]. In actual experimental
testbeds, similar coupling can also arise from geometric installation errors, as-
sembly tolerances, actuator resolution limits, mechanical repeatability, sensor
noise, and unmodeled residual disturbances [3, 13]. These constraints indi-
cate the need for a balancing strategy that can reduce residual offsets under



non-ideal hardware conditions rather than relying on a single-stage or purely
static calibration procedure.

Another important design constraint is the vertical CR-CG offset. For
spherical air-bearing simulators, the ideal zero-offset condition eliminates
gravity-induced restoring torque; however, if the CG is located above the ro-
tational center, the platform becomes prone to tipping, whereas a CG below
the rotational center produces a pendulum-like restoring motion [11]. In the
coordinate convention used in this study, this stable pendulum configuration
corresponds to maintaining a slightly negative vertical CR-CG offset. There-
fore, the balancing objective is not to force all components of the CR-CG
offset to zero, but to reduce the residual gravity disturbance torque while pre-
serving a negative vertical offset for safe platform operation. This remaining
offset-induced torque should then be explicitly considered during attitude
control experiments.

To address these coupled challenges, this paper presents a two-stage auto-
matic mass balancing system, referred to as the Robust Automatic Mass Bal-
ancing Operator (RAMBO), for a hemispherical 3-DoF spacecraft attitude
simulator. The proposed RAMBO framework consists of a coarse balancing
stage, CRAMBO, which rapidly reduces the initial CR-CG offset, and a fine
balancing stage, FRAMBO, which refines the offset estimate through sequen-
tial platform reinitialization. This stop-and-restart operation is introduced
to reduce the influence of transient dynamic disturbances during the fine
estimation phase. The final FRAMBO estimate, r.4, is subsequently used
to construct an attitude-dependent gravity-torque feedforward term within a
conventional quaternion proportional-derivative (PD) controller for the hard-
ware attitude-control experiment [19, 20].

The main contributions of this study are summarized as follows:

e A two-stage automatic mass balancing framework is proposed to reduce
estimated residual CR-CG offsets under non-ideal sliding mass mecha-
nisms, while maintaining a negative vertical-offset stability constraint.

e A batch least-squares-based CR-CG offset estimation procedure is in-
tegrated with sequential coarse-to-fine estimate-and-correct operation

through CRAMBO and FRAMBO.

e The mass-balancing performance of the two-stage RAMBO framework
is experimentally validated on a 3-DoF spacecraft attitude simulator



equipped with a hemispherical air bearing. The final FRAMBO es-
timate is then applied as a fixed model parameter for gravity-torque
feedforward in a subsequent coupled three-axis hardware maneuver.

The remainder of this paper is organized as follows. Section 2 describes
the system configuration and dynamic model of the spacecraft attitude sim-
ulator. Section 3 presents the proposed two-stage automatic mass balanc-
ing system. Section 4 describes the quaternion PD attitude-control imple-
mentation using the final FRAMBO estimate for gravity-torque feedforward.
Section 5 presents the mass-balancing validation results and the subsequent
hardware attitude-control test results. Section 6 discusses practical limita-
tions and applicability to ground-based ADCS validation. Finally, Section 7
concludes the paper.

2. System Configuration and Dynamic Modeling

2.1. Spacecraft Attitude Simulator Configuration

The experimental platform is a hemispherical air-bearing-based three-
degree-of-freedom (3-DoF) spacecraft attitude simulator that permits unre-
stricted yaw motion and mechanically limits roll and pitch to £30°. The air
bearing provides nearly frictionless rotation about its center [11], while the
mass balancing subsystem reduces the residual gravity torque caused by the
CR-CG offset.

The simulator comprises sensing, attitude-control actuation, automatic
mass balancing, and processing/communication subsystems. A VectorNAV
VN-100 IMU/AHRS provides the primary attitude and angular-rate feedback
for control and performance evaluation. Its nominal pitch/roll accuracy is
0.5° RMS under static conditions and 1.0° RMS under dynamic conditions,
with a typical gyroscope in-run bias stability of 5°/h [21]. A WITMotion
BWT901CL is used only for secondary roll/pitch consistency checks. Three
orthogonally mounted reaction wheel assemblies generate the control torques,
while the RAMBO sliding-mass mechanism adjusts the platform CG relative
to the bearing center. A Raspberry Pi 5 executes the balancing algorithm,
attitude controller, actuator commands, and data logging. Figures 1 and 2
show the mechanical configuration and electrical /communication interfaces,
respectively.

Tables 1 and 2 summarize the simulator specifications and main hardware
components, respectively.
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Figure 1: Overall configuration of the 3-DoF spacecraft attitude simulator.
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Figure 2: Electrical and communication interface of the 3-DoF spacecraft attitude simu-
lator.



Table 1: Main physical and operational specifications of the 3-DoF spacecraft attitude
simulator.
Category Parameter Value Unit
Total floating mass, m¢ot 26.95 kg
Roll-axis MOI, Jyz 0.612 kg-m?
Platform Pitch-axis MOI, Jy, 0.684 kg m?
properties Yaw-axis MOI, J,., 0.668 kg-m?
Allowable roll/pitch range +30 deg
Allowable yaw range Unlimited -
. . Sphere diameter 100 mm
Alr bearing Operating pressure 80 psi
. Rated wheel speed 3000 RPM
Reaction wheel .
assembl Maximum control torque 48.6 mN-m
Y Angular momentum capacity 97.2 mN-m-s
Sliding mass, mg, my, m: 1.5, 1.5, 1.0 kg
Mass balancing Slider stroke, x and y axes +32.5 mm
mechanism Slider stroke, z axis +23.0 mm
5.0 wm

Slider positioning resolution

Note: The moments of inertia were estimated from the 3D CAD model.

Table 2: Main hardware components of the 3-DoF spacecraft attitude simulator.

Subsystem Component

Manufacturer / Model

Description

Hemispherical

Platform

air bearing

Floating
platform

Physik Instrumente /
A-653.045 [22]

In-house

Provides nearly frictionless
rotational support
Supports onboard sensors, actuators,
and balancing mechanisms

Sensing

Primary

IMU/AHRS

Secondary
IMU

VectorNAV / VN-100 [21]

WITmotion /
BWT901CL [23]

Provides onboard attitude and
angular-rate feedback for control
and evaluation
Used for roll/pitch relative-motion
consistency checks

Attitude
control

BLDC motor
Motor driver

Motor
encoder

Wheel disk

Maxon / EC-45 flat [24]

Maxon / EPOS Compact
50/5 [25]

Maxon / ENC MILE [26]

In-house

Drives each reaction wheel disk
Commands reaction wheel motor
speed
Provides wheel speed feedback for
motor control
Provides rotational inertia for
momentum exchange

Mass
balancing

Stepper
motor and
encoder

Sliding mass

Leadshine iCS-RS1706 [27]

In-house

Drives the sliding mass mechanism

Adjusts CR-CG offset along each
balancing axis

Processing

Control
computer

Raspberry Pi / 5

Executes RAMBO, attitude control,
and data logging




The distributed onboard components, reaction wheel assemblies, wiring,
and sliding masses produce a residual CR-CG offset that can vary with com-
ponent replacement, cable routing, and platform initialization. Because man-
ual rebalancing is time-consuming and sensitive to such hardware changes,
the automatic mass balancing procedure described in Section 3 is employed.

2.2. Mass Balancing Mechanism and Coordinate Frames

The automatic mass balancing subsystem adjusts the platform CG by
translating three independently actuated sliding masses. The inertial and
body-fixed frames are denoted by Fx and Fp, respectively, with the origin
of Fp located at the center of rotation (CR) of the air bearing. Unless
otherwise stated, all position vectors associated with the mass balancing
mechanism are expressed in Fg. Figure 3 shows the coordinate-frame and
sliding-mass geometry definitions, while Figure 4 shows the implemented
three-axis sliding-mass mechanism.
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Figure 3: Coordinate-frame and sliding-mass geometry definitions of the mass balancing
system: (a) definition of the body-fixed frame Fp, inertial frame Fx, CR-CG offset vector,
and gravity vector; (b) schematic definition of the sliding-mass reference positions and
sliding-axis unit directions.

The CR-CG offset vector is defined as

reg = [l'cg Yeg ch}Ta (1>
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Figure 4: Implemented mass balancing mechanism with three-axis sliding masses.

and the commanded slider-stroke vector is defined as
s=[s, s, SZ]T, (2)

where r.4 is the CG position relative to the CR, and s; is the commanded
displacement of the i-th sliding mass from its reference position. Let mgy and
ro denote the equivalent mass and CG position of the platform excluding the
sliding masses. The center position of the i-th sliding mass is modeled as

Pi(si) = Pio + sils,, i€ {x,y,z}, (3)

where p; ¢ is its reference position and ug, is the corresponding sliding-axis
unit vector expressed in Fp. The resulting CR-CG offset is

moro + e P m;P;(s;)
Teo(s) = p— , (4)

where m; and my denote the individual sliding masses and the total
floating mass, respectively. For an incremental slider displacement, the cor-
responding CR-CG shift is

1

Mot

Ar., = —U,M,As, ()

where



U, = [ﬁsw u,, ﬁSJ , M, = diag(my, my, m,). (6)

Ideally, the sliding axes are aligned with the body-fixed axes, such that
U, = I. In the actual hardware, slight non-orthogonality caused by assembly
and installation errors allows a single-slider displacement to affect multiple
components of r.,. This cross-axis coupling motivates the two-stage balanc-
ing procedure introduced in Section 3.

2.3. CR-CG Offset and Gravity Disturbance Torque

In a 1-g environment, the residual CR-CG offset generates the following
gravity disturbance torque expressed in Fp:

Ty = rch (mtoth) ) (7>

where my, is the total floating mass of the simulator, gg is the gravity
vector expressed in Fp, and r.,* denotes the skew-symmetric matrix of r,,

defined as

0 —Zeg Yeg
Teg " = | Zeg 0  —zq] . (8)
_ycg xcg 0

The body-frame gravity vector is obtained from

gz = Cpngn, gy =1[0 0 —Q]Ta 9)

where Cpgy transforms vectors from Fy to Fpg, and g is the gravitational
acceleration. When r., = 0, the gravity disturbance torque vanishes. In
practice, however, a small residual offset remains because of sensing uncer-
tainty, actuator resolution, and mechanical assembly errors. Moreover, a
hemispherical air-bearing platform becomes statically unstable when the CG
is located above the CR, whereas a slightly lower CG provides pendulum-
like restoring stability [11]; therefore, the balancing objective is to minimize
the residual offset while maintaining z., < 0. Because gp varies with plat-
form attitude, the remaining CR-CG offset produces an attitude-dependent
gravity torque. In the subsequent hardware attitude-control experiment, the
final FRAMBO estimate is used to construct the corresponding model-based
feedforward term, as described in Section 4.



2.4. Rigid-Body Rotational Dynamics with Mass Imbalance

The floating platform is modeled as a rigid body rotating about the CR
of the hemispherical air bearing. Let w = [w, w, w.]7 denote the angular
velocity of Fp relative to Fy, expressed in Fp. The inertia matrix is

Jac:v Jzy sz
J=\Jp Jyy Jy.|. (10)
Jzz Jzy Jzz

The inertia properties were estimated from the 3D CAD model of the
simulator assembly. Table 1 lists the principal moments of inertia, while the
full inertia matrix was used in the attitude-control implementation. Including
the residual gravity disturbance torque, the rotational dynamics are

Jo+wIw=T.4+7T,+ T4, (11)

where T, is the reaction-wheel control torque, 7, is the gravity distur-
bance torque defined in Section 2.3, and 7T, represents unmodeled distur-
bances, including bearing friction, cable effects, actuator imperfections, and
measurement uncertainty. The skew-symmetric angular-velocity matrix is

0 —w, wy
w =|w, 0 —wgl. (12)
—Wy Wy 0

For controller design, the angular acceleration is expressed as
w=J""(r.+7y+ 74— wIw). (13)

3. Two-Stage Automatic Mass Balancing System

3.1. Overview of RAMBO

The Robust Automatic Mass Balancing Operator (RAMBO) is a pre-
test/intermittent mass-balancing framework that reduces the residual CR-
CG offset before attitude-control experiments, rather than continuously re-
distributing mass during closed-loop control. It combines free-response data
processing, batch least-squares offset estimation, slider-command decision
logic, and sequential coarse-to-fine operation through CRAMBO and FRAMBO.
The overall architecture is shown in Figure 5.

10
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Figure 5: Overall architecture of the Robust Automatic Mass Balancing Operator
(RAMBO).

During each balancing execution, the free-response attitude quaternion,
q, and angular velocity, w, are processed to estimate the residual CR-CG
offset, r.;. The estimate is evaluated against the stage-specific admissible
conditions; if further correction is required, RAMBO generates the slider
command, As,,,4, with the resulting actual displacement denoted by Asg.

CRAMBO first reduces the initial offset through an automatic iterative
loop. After the coarse admissible conditions are satisfied, FRAMBO applies
smaller corrections using stop-and-restart operation with platform reinitial-
ization between trials. The final FRAMBO estimate is retained as a model
parameter for the subsequent hardware attitude-control experiment, where it
is used to construct an attitude-dependent gravity-torque feedforward term
as described in Section 4. The batch least-squares estimation procedure is
described next.

3.2. Batch Least-Squares-Based CR-CG Offset Estimation

The CR-CG offset is estimated from free-response data using an inte-
grated least-squares approach based on |2, 12]. During each estimation win-
dow, the reaction wheel control torque is disabled, and the measured attitude
quaternion and angular velocity are used for estimation. A simplified low-rate
model is adopted in which gravity torque is treated as the dominant excita-
tion, while products of inertia, gyroscopic coupling, and residual disturbance
torques are absorbed into the estimation residual:

11



Mot g

(—Yeg cOS P cOs O + 2480 ¢ cos )

J.Tm
W= % (g cOS P cOS O + 2,50 6) : (14)
vy
m}"tg (—eysin g cosl — ye,sinf)

where ¢ and # are the roll and pitch angles reconstructed from the attitude
quaternion. This simplified model is used only for RAMBO offset estimation;
the full inertia matrix is retained in the attitude-control implementation.
Integration over the sampling interval [ty, tx11] yields

Awk = <I>krcg, (15)

where

We k+1 — We k T
Awy = |Wy k1 — Wyk | Teg = [xcg Yeg zcg} ) (16)
Wz k+1 — Wz k

Using trapezoidal integration, the regression matrix is

0 @ Dizp
D= Dy 0 Pogi|, (17)
D31 Paar 0

with

_ Mot AL

oy = 57 [(cos ¢ cos B) 41 + (cospcosb)y], (18)
Biap = %‘C]At [(sin ¢ cos 0) 41 + (sin ¢ cos b)), (19)
oy = Mg Al [(cos ¢ cos @)1 + (cospcosh)y], (20)
2Jyy
Mot AL . .
Doy = T2 (5in 0) .y + (sin )] (21)
2Jyy
Mot g AL ;
By = 7 [(sin ¢ cos )41 + (sin g cos )], (22)
Mot AL .
q)gg’]g = —% [(Sln 9)k+1 + (Sln 9>k] 5 (23>
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where At = ;.1 — t;, is the sampling interval. Stacking the N sampling
intervals yields

AQL = (I)chg, (24)
where
Aw1 q)l
AQJQ @2
A= ||, eL=| .. (25)
AQJN @N

Assuming that ® has full column rank, the batch least-squares estimate
is

~ -1
fey = (2.®1) ®AQ;. (26)

The estimate T, is interpreted as a dynamic-equivalent CR-CG offset
estimate rather than an independent measurement of the physical CR-CG
offset. It is the model-consistent parameter that best explains the measured
free-response motion and may absorb sensor noise, bias drift, unmodeled dis-
turbance torques, and modeling approximations. In this study, the estimate
is used first for slider correction and subsequently as a model parameter for
constructing an attitude-dependent gravity-torque feedforward term in the
hardware attitude-control experiment. Figure 6 summarizes the estimation
and decision logic used in RAMBO.

q 0 D,A2 Feg AScma

—— Data Processing Le:ss,ttirTS‘g:liz:\es Decision Logic

final g

Figure 6: Batch least-squares CR-CG offset estimation and decision logic in RAMBO.

Using a nominal diagonal mass-shift relation, the raw slider correction is
computed as

13



Mo _

ASraw,i = (TAcg,tar,i - TACg,i) %7 (S {‘Ta Y, Z} (27)

The full non-orthogonal slider-axis matrix, Uy, is not explicitly identi-
fied. Instead, residual cross-axis coupling and command errors are addressed
through repeated estimate-and-correct operation and stage-dependent weight-
ing. The final command, As¢,q, is determined by the CRAMBO or FRAMBO

decision logic described in Sections 3.3 and 3.4, respectively.

3.8. Coarse Balancing Stage: CRAMBO

Coarse RAMBO (CRAMBO) is the first-stage automatic iterative pro-
cedure that reduces the initial CR-CG offset to a coarse admissible range
before FRAMBO. At each iteration, attitude and angular-velocity data are
collected during a free-response window of duration ¢¢ win, and processed us-
ing the batch least-squares method in Section 3.2 to obtain r,. The estimate
is then evaluated against the coarse lateral condition

[Tl < ac and  [gey| < ac, (28)

and the vertical admissible range

BC’,I S 2cg S BC,ua (29)

where a¢ is the allowable lateral bound, and (¢, and B¢, are the lower
and upper vertical bounds, respectively. The vertical range is defined below
the CR to retain pendulum-like restoring stability.

If either admissible condition is not satisfied, the raw slider corrections
are converted into CRAMBO commands using stage-dependent weighting.
The lateral commands may be scaled by w¢ , according to the vertical-offset
condition, while the vertical command is scaled by wc¢ g according to the
corresponding vertical-offset region. These weighting factors provide conser-
vative corrections under cross-axis coupling and actuator repeatability errors.

CRAMBO repeats the estimate-and-correct procedure until both the lat-
eral and vertical admissible conditions are satisfied. The resulting coarse-
balanced condition provides a stable initial state for the subsequent FRAMBO
stage rather than the final balancing accuracy. Figure 7 summarizes the
CRAMBO operation.

14
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Figure 7: Operational flowchart of the Coarse RAMBO (CRAMBO) stage.

3.4. Fine Balancing Stage: FRAMBO

Fine RAMBO (FRAMBO) is the second-stage procedure that refines
the residual CR-CG offset after CRAMBO. Unlike the automatic iterative
CRAMBO loop, each FRAMBO trial performs one free-response estimation
and, if required, one slider correction. The platform is then stopped and
reinitialized before the next trial to reduce the influence of transient motion
and residual oscillation on the subsequent estimate.

During each trial, attitude and angular-velocity data are collected over
the estimation window, tp win, and processed using the batch least-squares

15



method in Section 3.2 to obtain r.,. The estimate is evaluated against the
fine lateral condition

|'7Ajcg| S ap and |gcg| S af, (30>

and the fine vertical admissible range

BF,Z S 2cg S /BF,ua (31>

where ap is the allowable lateral bound, and Sr; and (g, are the lower
and upper vertical bounds, respectively. The vertical range remains below
the CR to preserve passive pendulum-like stability while reducing the residual
gravity torque.

If either admissible condition is not satisfied, FRAMBO converts the
raw slider corrections into smaller, condition-dependent commands. The
intermediate vertical thresholds, 8p; through 85, determine whether lateral,
vertical, or weighted correction is applied, while wp, and wpg,...,wWra4
limit the corresponding correction magnitude. This conservative command
strategy reduces overcorrection and residual cross-axis coupling near the fine
admissible range.

Each FRAMBO execution terminates after one slider command is ap-
plied, and successive trials are performed using the stop-and-restart proce-
dure described above. FRAMBO is completed when both the lateral and
vertical admissible conditions are satisfied. The final estimate, r.,, repre-
sents the dynamic-equivalent CR-CG offset estimate for the final balanced
configuration and is retained as a fixed model parameter during the subse-
quent hardware attitude-control maneuver, where it is used to construct an
attitude-dependent gravity-torque feedforward term. Figure 8 summarizes
the FRAMBO operation.

3.5. Summary of RAMBO Operational Logic

Table 3 compares the operational roles of CRAMBO and FRAMBO.
Both stages use the batch least-squares estimator described in Section 3.2;
CRAMBO performs rapid coarse correction through an automatic iterative
loop, whereas FRAMBO applies conservative single-step corrections with
platform stop-and-restart operation.

The final FRAMBO estimate, 14, is retained as a fixed model parame-
ter for the subsequent hardware attitude-control maneuver, as described in
Section 4.

16
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Figure 8: Operational flowchart of the Fine RAMBO (FRAMBO) stage.
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Table 3: Key operational differences between CRAMBO and FRAMBO.

Item CRAMBO FRAMBO
p Rapid coarse reduction of the initial Fine refinement of the residual
urpose
P CR-CG offset CR-CG offset

. - . Single-st. ti ith platf

Execution mode Automatic iterative loop mngle-step execution W,l platiorm
stop-and-restart operation

. Relatively large correction using Reduced and condition-dependent

Correction strategy . . .
coarse bounds correction to avoid overcorrection

R L. L Provides the final offset estimate
Final rol Provides a coarse admissible initial tained f b ¢ hard
inal role retained for subsequent hardware
condition for FRAMBO . d
attitude control

4. Attitude Control Implementation
A small residual CR-CQG offset remains after RAMBO because of hard-

ware resolution, sensing uncertainty, and the negative vertical-offset require-
ment for platform stability. For the subsequent hardware attitude-control
experiment, the final FRAMBO estimate, Iy, is retained as a fixed model
parameter and used to construct an attitude-dependent gravity-torque feed-
forward term within a conventional quaternion PD controller. The feed-
forward term represents the estimated offset-induced torque, while the PD
feedback provides closed-loop stabilization under residual modeling errors
and unmodeled disturbances.

4.1. Quaternion PD Control with Gravity-Torque Feedforward
Following the conventional quaternion feedback formulation [19, 20|, the
current and target attitudes are represented using scalar-last unit quaternions
as
T T
@ =[ad, ¢4 . A =[d}, 4] . (32)
where the subscripts s and ¢ denote the current and target attitudes,
respectively, and q;, and ¢;4 are the vector and scalar parts for j € {s,t}.
The attitude error quaternion is defined as

a = (a7 )%, = [af, .d]”, (33)

where (-)® denotes the quaternion multiplication matrix operator. To

resolve the sign ambiguity arising from the double-covering property, the
sign of g is selected such that g4 > 0.

18



The angular-velocity error is defined as

we = wc - w, (34>

where w. and w are the commanded and measured angular velocities
expressed in Fp, respectively. The quaternion PD torque is

TpPD = _que,v - dee7 (35)

where K, and K, are the proportional and derivative gain matrices, re-
spectively. For the fixed target attitude used in this study, w. = 0. Residual
gravity torque caused by the CR-CG offset can degrade the pointing accuracy
of air-bearing simulators [28|. The final FRAMBO estimate, T, is used to
evaluate the gravity-torque component predicted by the model in Section 2.3:

'TA-g = f'ch (mtoth) . (36)

The commanded platform torque combines the quaternion PD torque
with a model-based feedforward term defined as the negative of the estimated
gravity torque:

Tc:TPD_+g- (37)

During the attitude-control experiment, 1, is held fixed, whereas gp is
updated from the measured attitude. The resulting feedforward term there-
fore varies with attitude and opposes the gravity-torque component predicted
by the adopted model. Exact cancellation is not assumed because estimation
errors, modeling approximations, and unmodeled disturbances may remain;
quaternion PD feedback provides closed-loop stabilization under these resid-
ual effects.

4.2. Reaction Wheel Torque Command Generation

The three reaction wheels are aligned with the body-fixed axes; therefore,
no redundant control allocation is required. Because the rotor torque pro-
duces an equal and opposite reaction torque on the platform, the commanded
wheel-torque vector is

T
Trw,emd = [Trw,m,cmd Trw,y,cmd Trw,z,cmd} = —Te¢. (38)

For the i-th reaction wheel, the rotor torque is related to the wheel ac-
celeration by

19



Trw,i = erQi7 (XS {iE, Y, Z}, (39)

where J,.,, and €2; are the wheel inertia and angular speed, respectively.
With the discrete command-update interval At, the wheel-speed command
is updated as

Qiemalk+ 1) = Qumalk) + AL, (40)

The torque and wheel-speed commands are constrained by the operational
limits summarized in Table 1. Figure 9 shows the orthogonal three-axis
reaction wheel configuration.

Y-axis
W Reaction wheel

p A
"y 4

b

Figure 9: Three-axis orthogonal reaction wheel configuration used for attitude control
torque generation.

5. Validation Results

5.1. Experimental Setup

Hardware validation comprised RAMBO-based mass balancing followed
by attitude-control testing using the final balanced configuration. The CRAMBO
and FRAMBO admissible conditions and decision-logic parameters are sum-
marized in Table 4.
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Table 4: RAMBO admissible conditions and decision-logic parameters.

Category Parameter Value Unit
CRAMBO lateral admissible condition [Zegl, |Teg] <1 pm
. CRAMBO vertical admissible range —100 < Z¢g < —70 wm
Requirement
FRAMBO lateral admissible condition |Zegls |Feg] < 0.5 pm
FRAMBO vertical admissible range =30 < Z¢g < =20 pwm
Control IMU sampling rate 50 Hz
Target vertical offset, Z¢q,tar 75 wm
Estimation window, tc win 40 sec
CRAMBO Intermediate vertical bounds, B¢, —100, —70, —100 pwm
Lateral weighting factor, wg o 0.5 -
Vertical weighting factors, wc g,k 0.6, 0.6 -
Target vertical offset, Zcq,tar —25 pm
Estimation window, tg win 80 sec
FRAMBO Intermediate vertical bounds, Bg —100, —20, —100, —50, —20 pm
Lateral weighting factor, wp 0.5 -

Vertical weighting factors, wg g 0.3, 0.6, 0.3, 0.3 -

These parameters define the balancing requirements, target vertical off-
sets, estimation windows, and weighting factors used in the mass balancing
experiment. Using the final balanced configuration, a coupled three-axis ma-
neuver from (0°,0°,0°) to (15°,—10°,35°) was conducted using the conven-
tional quaternion PD controller with the FRAMBO-estimate-based gravity-
torque feedforward term applied. The final FRAMBO estimate was held
fixed throughout the maneuver. Table 5 summarizes the attitude-control re-
quirements, controller gains, and test conditions. Performance was evaluated
using the attitude and angular-velocity tracking errors and the commanded
and measured reaction wheel speeds.

Although the RW command/encoder communication was performed at
5 Hz, the wheel-speed command value was updated every 1.0 s and held
constant between updates. This command update interval was selected to
allow the reaction wheel speed response to settle sufficiently before the next
command update, as illustrated in Fig. 10.
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Table 5: Attitude-control test conditions and controller parameters.

Category Parameter Value Unit

. Attitude error <1 deg
Requirement

Angular velocity error < 0.5 deg/s

IMU sampling rate 50 Hz

RW command/encoder 5 Hz

Control communication rate
RW speed command update interval 1.0 s

Proportional gain, K, diag([0.27, 0.28, 0.10]) N-m
Derivative gain, Kq4 diag([1.00, 1.04, 0.36]) N-m-s

Initial attitude [0, 0, 0] deg

Test case Target attitude [15, —10, 35]T deg
Target angular velocity [0, 0, 0] deg/s

Control Attitude error deadband 0.3 deg
deadband Angular velocity error deadband 0.3 deg/s
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Figure 10: Reaction wheel speed response used to justify the wheel-speed command update
interval: (a) overall command and measured speed response; (b) enlarged view showing
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speed settling within one command update interval.

5.2. CRAMBO/FRAMBO Mass Balancing Results

Before CRAMBO, the platform was manually pre-balanced to prevent
excessive initial tipping; therefore, the results represent automatic refine-
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ment of the remaining residual CR-CG offset. Table 6 summarizes the eight
CRAMBO iterations and eleven FRAMBO trials, through which the esti-
mated offset changed from [1.562, 1.810, —265.142]7 pum to
[0.083, 0.115, —27.621]" um.

Table 6: Summary of CR-CG offset convergence before and after each RAMBO stage.

Stage Executions Initial f.; [pm] Final f.y [um]
CRAMBO 8 iterations [1.562, 1.810, —265.142]" [0.303, 0.005, —95.083]"
FRAMBO 11 trials [0.232, 0.393, —84.336]" [0.083, 0.115, —27.621]7

Detailed balancing records are provided in Appendix A. In the final two
FRAMBO trials, no additional slider command was applied, and the esti-
mates were [0.0848, 0.0938, —23.1258]" wm and
[0.0830, 0.1146, —27.6205]7 wm, respectively. Both remained within the
fine admissible range, providing repeatable dynamic-equivalent CR-CG off-
set estimates for the final balanced configuration.

Figure 11 shows that CRAMBO brought the estimated offset into the
coarse admissible range within eight iterations, while maintaining micrometer-
level lateral components and a negative vertical offset.

CRAMBO Lateral CR-CG Offset Convergence CRAMBO vertical CR-CG Offset Convergence

|

o
=}

—e—z

°g
d —— ey

o A B 9
S © © &

Estimated vertical CR-CG offset [;zm]
\ R N
8 8

Estimated lateral CR-CG offset [1zm]

1 2 3 4 5 8 7 8 1 2 3 4 5 6 7 8
CRAMBO iteration CRAMBO iteration
(a) (b)

Figure 11: Estimated CR-CG offset convergence during the CRAMBO balancing test: (a)
lateral components; (b) vertical component.

Figure 12 shows that FRAMBO brought the estimated residual CR-CG
offset into the fine admissible range over eleven stop-and-restart trials, despite
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trial-to-trial variations associated with estimation uncertainty and cross-axis
coupling.

FRAMBO Lateral CR-CG Offset Convergence FRAMBO vertical CR-CG Offset Convergence

Estimated lateral CR-CG offset [m]
Estimated vertical CR-CG offset [;:m]

1 2 3 4 5 6 7 8 9 0 1 1 2 3 4 5 6 7 8 9 110 1
FRAMBOQO trial FRAMBQ frial

(a) (b)

Figure 12: Estimated CR-CG offset convergence during the FRAMBO balancing test: (a)
lateral components; (b) vertical component.

Figure 13 compares the free-response roll and pitch motions before
CRAMBO and after FRAMBO. The post-FRAMBO amplitude is not nec-
essarily smaller because reducing |z.,| weakens the passive pendulum stiff-
ness, while the response amplitude also depends on the release condition.
Therefore, the free-response change should be interpreted together with the
dominant oscillation period and the estimated CR-CG offset convergence.

For a secondary quantitative interpretation, the mean-removed roll and
pitch responses were characterized by their peak amplitudes and dominant
periods. Under a small-angle equivalent-pendulum approximation, neglecting
damping for the period estimate,

.. Je
Jqu + ]{398 ES O, k?e ~ mtotgha T =27 qa (41>
6

where h = |zy|, Joq is the equivalent roll-pitch inertia, and 7" is the
dominant oscillation period. The relative stiffness and equivalent pendulum-
mode energy ratios are estimated as

k?&,a ~ E 2 &N Qrp,a 2 E 2 (42>
kop T.) ' Ey Orp.b T,)
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Figure 13: Free-response roll and pitch responses before and after automatic mass balanc-
ing: (a) manually pre-balanced condition before CRAMBO; (b) final balanced condition
after FRAMBO.
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{=]

Euler Angle [deg]
(=]

where the subscripts b and a denote the conditions before CRAMBO and

after FRAMBO, respectively, and 6,, = \/ HrvmaXQ + Hp,maXQ is the root-sum-
square peak metric of the roll and pitch responses. As summarized in Table 7,
the dominant period increased from approximately 20 to 50 s. Assuming a
negligible change in Jo, this corresponds to an effective restoring-stiffness
ratio of 0.16. Although the root-sum-square peak metric increased from
approximately 0.38° to 0.50°, the corresponding equivalent pendulum-mode
energy ratio was estimated as 0.28. This ratio is a model-based indicator
of the free-response change rather than a direct measurement of mechanical
energy.

Table 7: Free-response roll-pitch oscillation comparison before CRAMBO and after
FRAMBO.

e Roll Pitch Combined Dominant Stiffness Energy
Condition peak peak peak period [s] ratio ratio
[deg] [deg] [deg]
Before CRAMBO 0.1901 0.3291 0.3801 20 1.000 1.000
After FRAMBO 0.1894 0.4612 0.4985 50 0.160 0.275
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5.8. Three-Axis Diagonal Maneuver Experiment and Tracking Error Analy-
518

Following RAMBO, the hardware testbed executed a coupled three-axis
maneuver from (0°,0°,0°) to (15°, —10°,35°). Figure 14 presents the attitude
responses and tracking errors measured by the primary VN-100, together
with the secondary WITMotion roll/pitch measurements. Based on the VN-
100 estimates, the roll, pitch, and yaw tracking errors settled within approxi-
mately +0.5°. The WITMotion measurements are included only as a relative
roll/pitch consistency check after initial-offset removal and sign-convention
correction, rather than as an independent ground-truth reference.
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Figure 14: Platform attitude response and tracking errors during the three-axis diagonal
maneuver: (a) commanded Euler angles and responses measured by the primary VN-
100 and secondary WITMotion IMUs; (b) corresponding tracking errors. WITMotion
measurements are shown only for roll and pitch because its yaw estimate was unreliable
in the experimental magnetic environment.

Figure 15 shows the angular velocity response and tracking error during
the maneuver. Based on the VN-100 estimates, the steady-state errors re-
mained within approximately £0.4° /s for roll and 40.2° /s for pitch and yaw,
with bounded residual oscillations.

Figure 16 shows that the measured wheel speeds followed the commanded
responses and remained within the allowable operating range. Together with
the bounded attitude and angular-velocity errors, these measurements doc-
ument stable three-axis hardware tracking in the final RAMBO-balanced
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configuration with the FRAMBO-estimate-based gravity-torque feedforward

term applied.
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Figure 15: Platform angular velocity response and angular velocity tracking error during
the three-axis diagonal maneuver: (a) angular velocity response; (b) angular velocity
tracking error.
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Figure 16: Reaction wheel speed commands and measured wheel speeds during the three-
axis diagonal maneuver.
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6. Discussion

Perfect CR-CG alignment is not the balancing objective because a slightly
negative vertical offset, z., < 0, is intentionally retained to provide passive
restoring stability. Accordingly, the final balanced condition reduces the
residual gravity disturbance torque subject to this stability constraint. Be-
cause the feedforward term is constructed from r.4, any discrepancy between
the true residual offset and the FRAMBO estimate results in a difference be-
tween the gravity torque predicted by the adopted model and the actual dis-
turbance acting on the platform. This sensitivity was not quantified explicitly
in the present study. In addition, because a PD-only hardware baseline was
not included, the independent performance contribution of the feedforward
term could not be isolated or quantified. The reported maneuver therefore
demonstrates stable tracking of the implemented PD-plus-feedforward con-
figuration as a whole, rather than the effectiveness of the feedforward term
alone.

The full non-orthogonal slider-axis matrix, Uy, was not separately identi-
fied. Accordingly, RAMBO should not be interpreted as a geometric calibra-
tion or real-time decoupling method; cross-axis effects remain as implementa-
tion uncertainties handled through iterative estimate-and-correct operation.
The switching thresholds and weighting factors were selected empirically for
the present hardware configuration. Therefore, RAMBO does not provide a
formal global convergence guarantee for arbitrary initial offsets or slider-axis
coupling; convergence was demonstrated only from the tested manually pre-
balanced initial condition. The 1.0-s wheel-speed command update interval
limits the present implementation to relatively low-bandwidth maneuvers;
higher-bandwidth testing will require faster command updating and explicit
consideration of the reaction wheel dynamics.

The framework relies on IMU-based attitude and angular-rate measure-
ments for both CR-CG offset estimation and attitude control; therefore, mea-
surement errors can affect the balancing result and closed-loop performance.
The reported micrometer-level values are not independent measurements of
the physical CR-CG offset because sensor errors and unmodeled mechan-
ical disturbances may be absorbed into the batch least-squares estimate.
Accordingly, t., should be interpreted as a dynamic-equivalent CR-CG off-
set estimate used within the adopted model for slider correction and, after
balancing, for constructing the gravity-torque feedforward term used in the
hardware attitude-control experiment. The present implementation is limited
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to pre-test/intermittent balancing: the final FRAMBO estimate is held fixed
during the subsequent attitude-control maneuver, and time-varying changes
in the mass distribution are not estimated online. Furthermore, the experi-
ments were conducted within the allowable motion range of the hemispherical
air-bearing platform; therefore, the results demonstrate ground-based ADCS
validation rather than direct in-orbit performance.

7. Conclusions

This study presented and experimentally validated a two-stage RAMBO
framework, comprising CRAMBO and FRAMBO, for automatic CR-CG bal-
ancing of a hemispherical 3-DoF spacecraft attitude simulator. CRAMBO
provided rapid coarse offset reduction, whereas FRAMBO refined the resid-
ual offset through sequential stop-and-restart trials.

The CRAMBO stage was completed after eight iterations, and the
FRAMBO stage was completed after eleven trials.
The final dynamic-equivalent CR-CG offset estimate converged to approxi-
mately [0.08, 0.12, —27.62] um, indicating micrometer-level estimated lat-
eral components while retaining the required negative vertical offset. For
the subsequent hardware attitude-control experiment, this final estimate
was retained as a fixed model parameter and used to construct an attitude-
dependent gravity-torque feedforward term within a conventional quaternion
PD controller. During the three-axis diagonal maneuver from (0°,0°,0°)
to (15°,—10°,35°), the steady-state attitude errors remained within approxi-
mately +0.5° based on the onboard VN-100 estimates, with the roll and pitch
responses additionally checked using a secondary IMU. The corresponding
angular velocity errors remained within approximately 4+0.4°/s for roll and
+0.2°/s for pitch and yaw. These results demonstrate the hardware imple-
mentation of the two-stage RAMBO procedure and the subsequent use of its
final estimate in three-axis attitude-control testing. The experiment did not
isolate the performance contribution of the feedforward term or demonstrate
exact cancellation of the residual gravity torque.

Future work will focus on three areas: vision-based external ground-
truth measurements for independent evaluation of the attitude response and
dynamic-equivalent CR-CG offset estimate; hardware calibration of the sliding-
mass geometry and reaction wheel characteristics; and higher-bandwidth im-
plementation through faster wheel-command updates and explicit modeling
of the actuator dynamics.
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Appendix A. Detailed RAMBO Balancing Results

Tables A.1 and A.2 summarize the detailed CRAMBO and FRAMBO
balancing records. Here, As,,y; denotes the correction value computed be-

fore

decision weighting, Ascma,; denotes the applied slider command after the

RAMBO decision logic, and enc; denotes the accumulated encoder position.

Table A.1: Detailed CRAMBO balancing records. The estimated CR-CG offsets are given
in pm, and the slider commands and encoder positions are given in degrees.

Iter.

Bog [Hm] Geg [H] 2oy [um]  Aspan [dog]  Aspay [dog]  Aspa s [deg]  Asana [deg]  Asenay [deg]  Asena: [deg] enc, [deg]  enc, [deg]  enc. [deg]

1

o Gtk w N

o ~1

1.5615 1.8100  -265.142 -10.2207 -11.8470 1806.0982 10.2207 11.8470 0 10.044 11.628 0

-0.0156  -0.4661 -250.971 0.1020 3.0507 1671.4923 0 0 -360 10.044 11.628 -359.856
0.0088  -0.4010 -219.011 -0.0574 2.6250 1367.9145 0 0 -360 10.044 11.628 -719.856
0.1030  -0.1940 -165.652 -0.6745 1.2699 861.0744 0 0 -360 10.044 11.628 -1079.86
0.7859  -0.0877 -149.482 -5.1442 0.5739 707.4807 0 0 -360 10.044 11.628 -1439.82
1.2497 0.1684  -127.977 -8.1797 -1.1021 503.2116 8.1797 1.1021 0 18.180 12.744 -1439.86
-0.0128  -0.1532 -127.820 0.0839 1.0029 501.7203 0 0 -360 18.180 12.744 -1799.86
0.3035 0.0054  -95.0828 -1.9865 -0.0353 190.7601 0 0 0 18.180 12.744 -1799.86

Table A.2: Detailed FRAMBO balancing records. The estimated CR-CG offsets are given
in um, and the slider commands and encoder positions are given in degrees.

Trial Gg (] Jep [M0]  Zep (0] ASpaes [deg] Aspwy [deg] Asws [deg] Asamas [deg] Asomay [deg] Asamas [deg] enc, [deg] enc, [deg] enc. [deg]
1 0.2316 0.3934 -84.3363 -1.5157 563.6170 0 0 -338.1700 0 0 -338.184
2 0.9817 3.7124  -190.9290 -6.4257 1576.1100 6.4257 24.2996 0 6.408 24.228 -338.184
3 -2.3233  -7.0698  -69.1763 15.2070 419.6170 -7.6035 -23.1376 0 -0.972 1.404 -338.184
4 -0.0652 0.4231 -60.2105 0.4268 334.4540 0 0 -200.6724 -0.972 1.404 -538.814
5 0.0958 0.6867 -42.3175 -0.6271 -4.4945 164.4940 0 0 -49.3481 -0.972 1.404 -587.810
6 0.0207 1.2984 -33.3349 -0.1354 -8.4986 79.1702 0 4.2493 0 -0.972 5.328 -587.810
7 -0.1358 0.0075 -36.8673 0.8891 -0.0490 112.7240 0 0 -33.8171 -0.972 5.328 -621.542
8 0.2929 0.3646 -33.6496 -1.9175 -2.3862 82.1594 0 0 -24.6478 -0.972 5.328 -646.094
9 0.6119 0.7235 -30.3074 -4.0053 -4.7358 50.4133 2.0027 2.3679 0 1.116 7.678 -646.094
10 0.0848 0.0938 -23.1258 -0.5551 -0.6139 -17.8027 0 0 0 1.116 7.628 -646.094
11 0.0830 0.1146 -27.6205 -0.5432 -0.7502 24.8911 0 0 0 1.116 7.628 -646.094
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