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Abstract—Servicing space satellites presents significant chal-
lenges, particularly with increasing debris and satellite obsoles-
cence. A promising solution involves utilizing a high-degree-of-
freedom space manipulator system to deploy a deputy satellite for
maintenance, inspection, and debris removal. This work proposes
an approach that leverages the manipulator’s throwing motion
to launch the deputy toward a client satellite, reducing fuel
consumption and improving accessibility for orbital maintenance.
In simulations, the deputy is released from a chief satellite in
geostationary orbit toward a client satellite, targeting a 3-hour
rendezvous over a distance of 1 km. The mission achieves this
with imparted velocities of approximately 10 cm/s, assuming no
external thrusters are used for deputy attitude or trajectory
control.

Index Terms—CubeSats, Manipulators, Servicing, Deployment,
Rendezvous

I. INTRODUCTION

As more satellites are deployed into space, the increasing
density of orbiting bodies raises the risk of collisions. Par-
ticularly in low Earth orbit, the growing number of satellites
significantly increases the amount of space debris, which in
turn exacerbates the need for effective spacecraft maintenance
to prevent systems from becoming obsolete. This phenomenon,
known as Kessler syndrome [1]], describes the critical threshold
at which cascading debris collisions pose a serious threat to
new satellite deployments and the long-term sustainability of
space operations.

Traditionally, astronauts have been sent into space to per-
form maintenance tasks on systems such as the International
Space Station. While astronauts play an essential role in space
missions, extravehicular activities expose them to hazardous
conditions, including radiation [2]], micro-meteoroid impacts
[3[], and extreme temperature fluctuations [4f]. To mitigate these
risks, recent research has explored the use of autonomous
spacecraft for maintenance and inspection tasks [5[]. In particu-
lar, CubeSats offer a cost-effective solution [[6]. However, their
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compact design imposes significant limitations on onboard
propulsion and power availability [7]], which restricts their
maneuverability for servicing missions.

Recent efforts have proposed modular spacecraft architec-
tures to support on-orbit servicing throughout a satellite’s life
cycle [8]. Rather than designing for fixed lifespans, these
architectures emphasize adaptability, allowing components to
be swapped during servicing or interchanged to accommodate
evolving mission requirements. This approach replaces tradi-
tional monolithic designs with standardized modules, improv-
ing maintainability and extending operational life. The concept
of using robotic manipulators in space is not novel. In 2007,
the Defense Advanced Research Projects Agency collaborated
with the National Aeronautics and Space Administration to
develop the Orbital Express system [9]. The servicing vehicle
in this system employed a robotic manipulator to perform
maintenance tasks. While this approach provides maximum
flexibility due to the high Degree-Of-Freedom (DOF) arm, it
can reduce efficiency because it requires more complex plan-
ning. In the case of Orbital Express, the 6-DOF manipulator
was used to autonomously transfer battery units and capture
an unconstrained client [10]. The benefits of manipulators in
space robotics include increased autonomy, expanded oper-
ational capability, and flexibility under off-nominal mission
conditions. When combined with CubeSats performing inspec-
tion tasks [11]], this forms an efficient strategy for extending
the operational life of deployed satellites.

This work proposes an approach for autonomous satellite
servicing using small CubeSat deputies. Instead of relying
solely on onboard propulsion, a robotic manipulator mounted
on a host satellite imparts a controlled throwing motion to the
CubeSat, providing the necessary change in velocity (Av) to
reach its desired location. This approach reduces the CubeSats’
dependence on onboard thrusters, conserving valuable space
within their constrained volume. By minimizing the need for
onboard fuel, this method enhances the feasibility of CubeSats
for autonomous maintenance and inspection in space.

II. PROBLEM DEFINITION

With the motivation for autonomous satellite servicing es-
tablished, the key components of the system are defined. The
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Fig. 1. Diagram showing the interaction between the Deputy and the Chief’s
manipulator, and the intended goal relative to the Client.

“Client” is the satellite requiring servicing. The “Chief” is the
host satellite, equipped with a robotic manipulator that carries
“Deputies,” typically CubeSats, which are deployed to perform
servicing operations (see Fig. [T). The “Desired Deputy Orbit”
is the intended destination of the Deputy relative to the Client.
This study evaluates the feasibility of using a manipulator to
impart Av to the Deputy for autonomous on-orbit servicing.

The problem is divided into several steps to simplify the
interaction between the Chief and the Deputy:

1) The Deputy is held within the gripper.

2) The Deputy is released with a calculated Av.

3) The Deputy flies passively toward the Desired Deputy
Orbit for servicing operations.

The following key assumptions are made:

o Chief: The base satellite is unactuated and free-floating.

o Deputy: It is a fully passive satellite and is initially
rigidly attached to the gripper.

o Servicer Orbit: The Chief and Client occupy the same
circular geostationary orbit.

« Initial State: The Chief and Client are positioned 1 km
apart in the same orbit.

o Deployment: The manipulator imparts the required Av
with ideal separation.

o Dynamics: The system is simplified to planar motion.

III. METHODOLOGY

Given the complexity of launching a deputy via a robotic
manipulator for a servicing mission, careful planning is re-
quired at each stage. From defining the problem to formu-
lating the mathematical model and developing a preliminary
simulation to predict system behavior, each step enhances
understanding of mission feasibility.

Accurate modeling and control of the system require the
definition of several reference frames: the inertial frame N,
the base frame B, the End-Effector (EE) frame F, the Deputy
frame D, and the i-th joint frame .J;. Each frame origin is
denoted by O with the corresponding subscript (e.g., Oy for
the inertial origin). The inertial frame is centered at the base
satellite’s center of mass at the initial condition. For simplicity,
the origin notation O is omitted in vector definitions. Frame
transformations are expressed using direction cosine matrices
(e.g., Cgp maps vectors from D to F).
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Fig. 2. Description of body frames and their relationships.

A. Kinematics & Dynamics

This work considers a free-floating base satellite equipped
with a four-link planar manipulator. The first link is rigidly
attached to the base and is unactuated, while links 2—4 are
actuated. The system state vector q € R is defined as:
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where rp/n € R? is the base’s position relative to N,
Op/n denotes the base’s orientation relative to IV, and q,,, =
[¢2 q3 qa)T € R3 represents the manipulator’s joint angles
relative to the previous joint frame. The superscript denotes
the expression in the corresponding frame. For simplicity, the
superscript IV is omitted.

To control the EE’s position and velocity, the kinematics are
formulated in V. Fig. 2] illustrates the reference frames and
their relationships. The system is modeled sequentially from
B through J; to E. The joint and EE frames are represented
as J; and F.

B. Frame Definition

The forward kinematics, obtained by differentiating the EE
position rg,y, yield the EE velocity:

ve/N =J4q 2
and the corresponding inverse kinematics are given by:
a=Jvg /N 3

where J € R6%6 s the geometric Jacobian, and J t s its
inverse.

The equations of motion, derived via the Newton-Euler or
Lagrangian method, describe manipulator dynamics and form
the basis for control, as follows [[12]:

M(q)i + c(a, q) = [03“} )

Tm



where M (q) € R%6 is the mass-inertia matrix, c(q,q) € RS
is the vector of centrifugal and Coriolis terms, and 7, € R?
is the manipulator joint torques.

C. Orbital Mechanics

The primary objective of the manipulator motion is to impart
a specific initial velocity to the Deputy at the release time, %,.,
enabling it to intercept the desired relative orbit around the
Client after a designated transfer duration, ¢¢. This maneuver
is modeled using the Clohessy-Wiltshire (CW) equations [13]],
which describe the linearized relative dynamics between two
bodies in a circular orbit.

To ensure the Deputy reaches a targeted relative position dry
at the end of the transfer period, the required initial relative
velocity immediately after release, Av, is calculated as:

AV = O, (t;) ! [6rg — @y (tf)dro) &)

where Jrg is the relative position of the Deputy at ¢,.. This
impulse is provided entirely by the manipulator’s motion, after
which the Deputy follows a passive trajectory. Here, the state
transition matrices ®,., and ®,.,, for the duration ¢; are given
by:
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where s, = sin(nty) and ¢, = cos(nts). The parameter n =
v/ 1t/ R3 is the mean motion of the Client for a reference orbit
radius IR, where p is the Earth’s gravitational parameter.

Once the Deputy is released at ¢,., its orientation is assumed
to remain constant throughout the transfer. This approach
focuses on the precision of the initial impulse delivered by the
manipulator to achieve the transition into the desired relative
orbit.

D. Control Law

A feedback Nonlinear Model Predictive Control (NMPC)
algorithm is employed to achieve EE position and velocity
tracking [14]]. In [15], NMPC is shown to be effective for
controlling space manipulators, which are highly nonlinear
systems. Traditional approaches, such as proportional-integral-
derivative control, often struggle to guarantee stable perfor-
mance in the presence of dynamic coupling. NMPC effectively
tracks trajectory changes while predicting future disturbances,
a capability demonstrated for a planar robotic system in [16].
In this work, the controller generates joint torques to match
the EE state to the required Av at ¢,.

To reach the desired state at release, the cost function is
split into two components: Guidance and Release, where the

subscripts g and r represent Guidance and Release, respec-
tively. The controller targets a smooth guidance trajectory until
the release time enters the prediction horizon, at which point
it prioritizes the terminal release states. The cost function is
defined as:
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where Q, Q,€ R**4, and R € R3*3 are positive definite
weighting matrices. The term ¢;, denotes the prediction hori-
zon. The transition factor 5 = clip[(t+tp—t,)/th, 0, 1] ensures
a smooth shift between Guidance and Release modes without
discontinuity.
The Release error e, € R* and Guidance error e, € R* are
defined as:
reg,,/ N —TE/N
€. g = 9 9)
e [VE,,-,Q/N - VE/N} (
where rg/y and vg,y rtepresent the actual EE state. The
desired terminal state at release, rg,,n and Vg, /v ( Vg, /N =
Av), are determined by the orbital requirements in Eq. ().
T}.le guidance trajectory rp, /n is defined by a cubic poly-
nomial:

rg, /N (t) =Tro + Vot + ant® + ast® (10)

which leads to

ve,/N(t) = Vo + 2ast + 3ast? (11)

Here, ro and vq are the initial EE position and velocity, re-
spectively. The coefficients are derived to satisfy the boundary
conditions at ¢,:

3(rg, /N —To) — (2vo + Vg, /N )tr
t2

r

Qo =

(12)

2(rg —rg,/N) + (Yo + Ve, /Nt
t}

o3 = (13)

The controller predicts the system states over ¢, and min-
imizes Eq. (8) to find the optimal control sequence u* =
[ug,uj,...,u; ]. Following the receding horizon principle,

only the first torque command is applied:
Tm = U (14)

The optimization is repeated at each time step, using
state feedback to reject disturbances arising from the base-
manipulator dynamic coupling.

E. Simulation Model

To evaluate the dynamic interaction between the Chief,
the manipulator, and the Deputy, a high-fidelity MATLAB
simulation environment was developed. Because ground-based
testing cannot fully replicate the microgravity conditions of
space, the simulation serves as the primary platform for
assessing system dynamics and validating the NMPC strategy.
As shown in Fig. the model is composed of the base
satellite, a Kinova Gen3 7-DOF arm, a Robotiq 2f-140 rigid
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Fig. 3. Geometric simplification of Kinova Gen3: (left) 4-link planar model
configuration and (right) original 7-DOF actuator frame dimensions.

two-finger gripper, and the Deputy satellite designated for
deployment.

To maintain computational efficiency while capturing the
essential non-holonomic coupling, the 7-DOF Kinova Gen3 is
treated as a 4-link planar arm, using physical parameters and
mass properties from [[17].

IV. SIMULATION STUDY

Addressing a problem of this complexity requires compre-
hensive simulation and numerical analysis to identify feasible
deployment solutions. In this study, a high-fidelity MATLAB
simulation environment is utilized to analyze how the dynamic
coupling between the manipulator and the free-floating base
affects the Deputy’s trajectory. The simulation parameters are
closely modeled to match actual hardware systems. Additional
information about initial conditions and simulation configura-
tion is found in Table[l] This approach enables characterization
of realistic interactions between the manipulator and the Chief,
providing insights into the precision of the NMPC-based
“throwing” maneuver.

The primary scope of this work is to evaluate the feasibility
of providing the required initial impulse to the Deputy solely
through the manipulator’s motion, eliminating the need for
immediate onboard thruster burns. Consequently, the simu-
lation focuses on the precision of the Deputy’s state at the
release time and propagates the resulting orbital trajectory over
a designated transfer duration to assess intercept accuracy.

The deployment sequence consists of several key phases, as
demonstrated in Fig. @ Initially, the Chief rigidly grasps the
Deputy, assuming no external disturbances. As the simulation
progresses, the EE follows a cubic guidance trajectory toward
the release point. Once the release time enters the NMPC
prediction horizon, the controller shifts priority to minimizing
the terminal release error. Upon reaching the target state, the
gripper releases the Deputy, which then follows a passive
orbital trajectory governed by CW dynamics.

TABLE I
SIMULATION PARAMETERS

Parameter Value Unit
Base Mass 132 kg
Arm Mass 8.08 kg
Gripper Mass 1.025 kg
Deputy Mass 3 kg
Release Time 10 S
Transfer Duration 3 hr
Sampling Time 0.05 S
Prediction Horizon 1 S
Joint 2 Initial Angle 75 deg
Joint 3 Initial Angle —130 deg
Joint 4 Initial Angle 55 deg
Desired Release Position (N Frame) [1.50.1)7 m
Desired Release Velocity (N Frame) — [0.1248 0.0827]7  m/s
Client Location (N Frame) [1000 0] m

Fig. 4. Demonstration of throwing motion to release a Deputy.

TABLE 11
RELEASE ERROR OF THE NMPC

State Variable Release Error Terminal Error

Position ~ 0.011 cm, 0.07% <30 cm
Velocity ~ 0.0002 cm/s , 0.02% -
Orientation ~ 0.005 deg , 0.50% -

Angular Velocity  ~ 0.087 deg/s , 8.71% -

The EE tracks the guidance trajectory towards the desired
release state.The actual EE position and velocity closely match
the guidance profiles, as seen in Fig.[5} The deviation observed
at the end of the guidance phase corresponds to the transition
toward prioritizing the release state over path-following.

The NMPC maintains sub-millimeter accuracy despite the
dynamic coupling from the free-floating base, as summarized
in Table By modeling the deputy’s trajectory after the
release from Fig. [§| for three hours, the Deputy reaches a
point just 29 cm from the desired intercept point on the
Desired Deputy Orbit (Fig. [6), which is well within the
10 m mission requirements. This demonstrates that the Release
mode successfully prioritized the critical states to minimize
drift during the orbital transfer window.
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Fig. 5. Evolution of the EE position and velocity compared to the expected
guidance trajectory phase.
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Fig. 6. Propagation of Deputy trajectory after release, considering a passive
system.

To examine the robustness of the proposed algorithm, a
Monte Carlo simulation was conducted using 100 randomized
initial joint configurations. A simulation run is defined as
successful if the final state is bounded within a 10 m radius
from the Desired Deputy Orbit point relative to the Client (cor-
responding to (0,0) in the Hill frame). Based on this criterion,
Fig.[7illustrates that 99% of the test cases land within the 10 m
boundary at the 3 hour mark. The single remaining trajectory
is approximately 21 m away at this cut-off time. However,
extending the propagation time by an additional 4 minutes
brings this worst-case trajectory within the 10 m boundary,
as shown in Fig. [§] The complete statistical summary of the
Monte Carlo simulation is provided in Table
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Fig. 7. Monte Carlo CW propagation of 100 Deputy trajectories following
release from different initial joint configurations.
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Fig. 8. The worst-case Monte Carlo trajectory propagated for an additional
4 minutes beyond the initial 3 hours.

TABLE III
MONTE CARLO STATISTICS

Statistic Release Error Terminal Error
Position (cm) Velocity (cm/s)  Euclidean Norm (m)
(X, Y) (Ve Vi)
Best (0.015,0.002)  (0.001,0.001) 0.422
Worst (4.429,2.583)  (0.152,0.073) 9.98"
Median (0.128,0.111)  (0.014,0.008) 2.42
Average  (0.259,0.174)  (0.019,0.014) 3.12

"Based on an additional 4 minutes of passive flight.



V. CONCLUSION

This paper presents a new deployment approach that utilizes
a “throwing” manipulation motion to impart a specific delta-v
to a Deputy satellite, enabling it to reach a desired relative orbit
without the immediate use of onboard thrusters. By utilizing a
hybrid cost function to blend two objectives, the NMPC allows
the Deputy to reach the desired orbit around the Client within
30 cm without additional onboard thrust. Future work will
extend the planar control logic to three-dimensional motion
and explore the implementation of an active free-flying Chief
controller to assess the robustness of this approach across a
wider range of mission scenarios.
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