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Abstract—In space, accurately delivering payloads enables
inspection, monitoring, and debris-removal missions. Space tether
systems have long been explored for momentum exchange,
deorbiting, and inspection. However, existing methods have not
considered using a robotic arm in a space tether system to actively
accelerate and launch payloads. Also, most prior models neglect
the tether mass or approximate it as massless. To close these gaps,
a robotic space tether launching system with a unified modeling—
control framework is established. A full nonlinear model is derived
considering the tether’s mass distributions and directional tension
coupling. An optimal control scheme is formulated that combines
feedforward profiles with tension-feedback regulation for
robustness to uncertainties and disturbances. Simulation results
verify accurate targeting with specified terminal velocity, enabling
propellant-free, high-precision deployment.

Keywords—Space tether, robotic launching, dynamic modeling,
optimal control

I. INTRODUCTION

Space tether is a concept with many applications, including
satellite servicing [ 1] and cargo transfer between spacecraft, and
also shows promise for precision payload delivery in space
operations removing space debris[2]. Similar tether systems
have already been applied on GEO satellites for deploying space
robots[3], space tether-net system capture and delivery[4]. Due
to structural and actuation constraints, traditional rigid
manipulators are inherently limited in end-effector speed and
workspace; by contrast, tether-assisted systems exploit
centrifugal force for velocity amplification and offer a
promising alternative, but their dynamics are strongly
influenced by tether mass and directional tension coupling[5]
and the nonlinear characteristics exhibited by the cable
system[6], posing significant challenges for modeling and
control[7].

Existing research on space tethered systems spans multiple
domains. Early foundational work by Cartmell & McKenzie [§]
comprehensively reviewed space tether applications and
dynamics, highlighting the complex nonlinearities inherent in
these systems. For robotic throwing mechanisms, Williams [9]
explored optimal deployment strategies for tethered satellite
formation spinning in the orbital plane, while Jin & Hu [10]
investigated optimal control of tethered subsatellites with three
degrees of freedom. In tension control, Chu [11] developed a
hybrid tension control method to stabilize a satellite system
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tethered to large space debris. More recently, Lu et al. [12]
addressed saturated control for space tether systems
maneuvering between arbitrary spinning orientations, tackling
input saturation challenges during large-scale maneuvers. For
trajectory optimization, Zhang et al. [13] developed a
computational feedback control framework for flexible tethered
space systems, Hong et al. [14] reviewed the performance of
various deployment controllers for Tethered Space Systems
(TSS), while Longuski et al. [15] provided comprehensive
coverage of optimal control applications in acrospace systems.

Despite substantial progress, critical gaps remain. Owing to
complexity, most studies either neglect tether mass or treat the
tether as massless, thereby simplifying tension dynamics;
consequently, the coupled dynamics between variable-length
tethers and rotating systems are often over-simplified,
particularly during the transition from rotational acceleration to
the controlled-release phase. However, as space tethers are
increasingly applied for payload delivery, the dynamic effects
induced by tether mass have become too significant to ignore.
Moreover, existing control approaches typically treat the
acceleration and controlled-release phases in isolation, lacking a
unified framework for integrated control across both phases,
which constrains the optimization of control performance. To
address these shortcomings, this work proposes a model that
systematically accounts for tether mass effects, directional
tension coupling, and seamless phase transitions.

Building on this, an innovative tether-assisted deployment
concept was considered that employs a robotic arm with an
integrated winch to control the release and tensioning of the
payload-connected tether, establishing a dedicated nonlinear
dynamic model of the robotic space tether launching system,
which enables a unified control framework that spans the entire
deployment process. a combined feedforward (FF) and a model
predictive control (MPC)-based tension-feedback law was
designed to generate optimal control inputs through receding
horizon optimization, ensuring robust targeting under
uncertainties and disturbances while adhering to tether tautness
and actuator constraints. This capability enables precise payload
deployment for on-orbit applications such as celestial body
inspection, satellite monitoring, and active space debris removal.
In summary, this paper makes three primary contributions:

e An innovative concept of space tether launching and control
system exploiting robotic manipulators is proposed,
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constituting rotational acceleration and controlled release
phases;

e A dedicated nonlinear dynamic model of the robotic space
tether launching system is developed, considering the
tether’s mass distributions and directional tension
throughout the two phases;

e A control framework integrating feedforward and NMPC-
driven feedback was developed to proactively compensate
for uncertainties and disturbances.

The remainder of this paper is organized as follows. Section
IT presents the dynamic modeling of the robotic space tether
launching system. Section III introduces the optimal and NMPC
control strategy. Section IV provides simulation results followed
by the conclusion in Section V.

II. DYNAMIC MODELING OF THE TETHER LAUNCHING SYSTEM

In space operations, the absence of gravitational and
atmospheric forces enables the use of novel propulsion-free
launching methods. This work investigates a strategy where a
payload, tethered to a robotic arm via a winch system, is
accelerated and launched toward a target point. As Fig. 1 shows,
the system comprises two main operational phases:

e Phase A - rotational acceleration: The robotic arm rotates at
a constant angular velocity, while accelerating the payload
by slowly paying out the tether. The payload is released at a
precisely calculated instant.

e Phase B — controlled release: After release, the payload
enters a free-flight phase. It remains connected to the winch
via the tether. A control torque applied to the winch
modulates the tether tension, enabling trajectory corrections
to ensure the payload arrives at the target.

Payload =/

Winch

Tether

N Robotic arm

Fig. 1. Schematic illustration of the two operational phases in the robotic
space tether launching system

A. Rotational Acceleration

As the controlled release phase of Fig. 2 shows, the objective
of this phase is to accelerate the payload of mass m from rest to

a designated launch velocity vy, which typically exceeds the
maximum permissible linear speed v,, of the robotic arm’s tip.
The acceleration is achieved by spinning the arm at a constant

rate while slowly paying out the tether. Let r(¢) denote the
length of tether paid out from the winch exit pointA located at
the arm’s tip. Given that the angular velocity of the rotation is
wp , to achieve the target launch velocity v, at the release time
t.a1, the required tether length deployed at ¢, is found by

Vo
Wo

7Ra7 (1)

To —

where R, is the radius of the rotation in the robotic arm. The
dynamics of the tether itself, which is modeled as inextensible
and has a linear mass density p., is considered to determine the
tension profile.

A coordinate p along the tether is defined, where p =0
corresponds to the arm’s tip (winch exit point) and p =7 ()
corresponds to the payload end. For a tether segment at position
p , its radial acceleration relative to O is composed of the
translational acceleration of the r(¢) and the centripetal
acceleration, expressed as:

a,(p,t) =7 (t) — wi (R, + p) @)
The tension force T (p,t) within the tether balances the

inertial forces of the tether segments beyond it. This leads to a
differential equation describing the tension gradient along the
tether:

L) _pof (R p) 7). @

This equation is integrated from the payload inward to find
the tension at any point. The boundary condition is defined at
the payload p=r(t), where the tension must provide the

necessary centripetal force for its circular motion:

T(r(t),)=mwi (R +r()—7()]. @
Integrating the tension gradient from p=r(¢) to p=0

and applying this boundary condition yields the tension at the
winch exit point A :

T, (t)= [m(Ra + 1)+ p. <Rdr + %ﬂ)]wg
(%)
-(m+ p.r)i.

The motion of the winch, which controls the deployment rate
7(t) , is governed by its own dynamics. The kinematic
relationship between the paid-out tether length r(¢) and the
angular displacement of the winch 6,(¢) (with radius r,) is:

(1) =—row(t), (©)
where w,(t) is the winch’s angular velocity, defined such that
a positive value corresponds to reeling in. The winch dynamics,
which has an effective moment of inertia J, and a viscous
damping coefficient b, is derived from the balance of torques:
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Toon(t) = 7() — 1, Tu(t) —bwi(t), :
Js:Js()ichSQTa ( )

where, J,o is the moment of inertia of the winch when all the
tether is wound on the winch, 7(¢) is the control torque input,

Vo

—— ——

I// /
/Tether >

which typically has a negative value, meaning to prevent the
movement of the tether, ,T,(¢) is the load torque from the
tether tension, and bw, () is the resisting torque due to damping.

Target

Robotic arm
Winch

Fig. 2. The illustration of rotational acceleration (Phase A) and controlled release (Phase B).

B. Controlled Release

Following the release of the payload at time ?,., the system

enters a controlled release phase. The winch exit is now fixed in
the inertial frame, and the payload’s motion is influenced solely
by the tension in the tether, which is controlled by the torque
applied to the winch. The system is subject to no external torque
about the fixed pivot point, leading to the motion in a two-
dimensional plane and the conservation of angular momentum.
The process is illustrated in the controlled release phase of Fig.
2. The polar angle of the payload is denoted by 6(¢) and its

angular velocity by H(t) . The effective moment of inertia of
the system (payload and tether) about the pivot is given by:

I(r)=mr*+ 37" ®)

The constant angular momentum h is therefore:

h=1(r) 6. 9)
This relationship determines the evolution of the angular
velocity as the tether length 7 (¢) changes:

_h
I(r(t))

The tangential velocity component of the payload is
consequently:

o(t)= (10)

1@(t)::r(t)é(t)::j%g%%%j. (i

The radial acceleration of a point on the tether located at p
is derived as:

a,(p,t) =7 (t) —pO(t)*. (12)

Integrating the force balance along the tether, considering

the boundary condition at the payload end p =17, yields the
tension distribution:

T (p,t) :m[réz f%‘]

1 : ) (13)
ol (2= 08— (= )i
The tension at p = () is:
Tona =m(r 0% — 7). (14)

The tension at p = 0 is a critical value for winch dynamics:

Toz[mr+%pcr2][92—(m+pcr)¥ (15)

Substituting (15) and (6) into the winch dynamics equation
(7) yields the explicit form for the radial acceleration:

C(T) . T+Z’I"/T5

)
M eff

_ h
I(r)’
where the effective mass term and the centrifugal force term are:

;=
(16)
0

JSO
Meff:m+ 2
Ts

1 (17)
C(r)=[mr+ §pcr2]92.

C. Reachable Workspace Analysis

The maximum release speed of the Phase A is constrained
by the maximum angular velocity of the robotic arm Wy, and
the maximum centrifugal tension F. ,,.. the arm can withstand.
The tension at the winch end is given by:

To,w:[m(Ra+r)+pc(Rar+%TQ)]wg. (18)
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When the condition wy = Wy, is satisfied to fully exploit the
robotic arm’s performance, the constraint T ,, = F’. .. yieldsa
quadratic inequality in 7 :

(R4 )+ (Bt 577 o= P <0, 19)

Taking the positive root of the corresponding equation and
further constraining it by the maximum tether length, the
effective maximum achievable radius is:

m oty mi ot p2RE 4 P
Tnas = p Pelos —(20)

In the phase of controlled release, the maximum range
attainable appears when 7 = u,,;, , where U,,;, is the minimal

torque to keep the cable taut, providing a margin for control. The
maximum deployable radius is computed by integrating the
coupled dynamics (16) until the first turning point t* of the

radial motion is detected, defined as the earliest time when
7(t*)=0, r(t*)<0. (21
The corresponding radius 7 (¢*) is accepted as the attainable
range, further bounded by the maximum tether length 7oy :

Thax =min{7 (t*), Teape }- (22)
This result 7/, provides a fundamental performance limit

for the system’s reachable workspace under passive deployment.

III. OPTIMAL AND FEEDBACK CONTROL STRATEGY

A minimal state-space model for the flight phase can be
defined using three states. The state vector and control input are:

x=[r,7 0], u=". (23)
The corresponding nonlinear state equations are:

O(’/’) . u+£f/rs

. h
0=y @

r=r, r— ;

M eff

A. Optimal Trajectory Generation

An optimal control problem (OCP) is constructed to generate
the optimal FF trajectory of the tether length and the winch’s
torque. The solution must adhere to several path constraints. For
the model to remain valid, the tether must remain under tension.
This imposes constraints on the radial acceleration, derived from
requiring non-negative tension at both ends of the tether:

Toa=0 = ¥ <102,

(25)
T,=0 = r< &
m+ p.r
Furthermore, the winch actuator is subject to physical limits

on its torque:

Umin <u<< umax7 (26)

where Up,,, is the maximum torque the winch can provide. The
initial conditions are defined by the state at the release time:
To, 8o and wy . Let 7 be the tether length when the payload
reaches the target point. The terminal conditions at the final time

t; are defined by the target point and the desired terminal speed
v

,r<tf):rf7 H(tf)zeh
vfmin = iﬂ(tf)2 + (rfé(tf)) i = Us2max; (27)

6, <arctan2 (rfé (t;),r (tf)) =0,,.

‘min

where r; and 6; are the polar coordinates of the target point,
v, and v,  define the minimum and maximum allowable
speeds, and the velocity direction arctan2 (rfO (t f),i”(tf)) is
constrained to lie within a specified range defined by 6, and
0, . The OCP minimizes a cost functional J that penalizes
control effort, tension, and radial velocity to achieve a smooth
and efficient trajectory expressed as:

J/tf(wru(t)2+wT To(t)? +w, 7(t)*) dt (28)

where w,, wr, and w;. are non-negative weighting coefficients
that adjust the priority of minimizing control torque, tether
tension at the winch, and radial jerk, respectively. The final time
t; may be fixed or free, depending on the problem formulation.
Solve this constrained OCP and obtain the reference trajectory
X,.; and the winch’s torque input u,;, as well as the initial
condition X .

B. NMPC-driven Feedback Control

The whole control block diagram is as Fig. 3. The
continuous-time dynamics (24) are discretized using the forward
Euler method, yielding the discrete-time system:

xk+1:fd(xkauk)~ (29)

The controller's objective is to track an offline-computed
optimal reference trajectory X,., by minimizing the tracking

error defined as

e, =x, — x. (30)
The control deviation is defined as
Sup = vy, — uf. (31

An NMPC is employed to attenuate the deviation while
explicitly enforcing input and state constraints. At each time step
k , a finite-horizon optimal control problem is solved online over

a prediction horizon of N steps. The cost function is a quadratic
form in the error state and control deviation, given by

N-1l/.T T
(e+ixQep i + 6uys i p R Sup )
b

min T
+ ek+N|kP €Lt Nk

SUpiper ooy OUp N 1| i—o
32
— _ ref ( )

st epp =X, —Xj

— ref,b
Crtitik— f, (xk+i\k7uk+i|k) — Xp{it1

where Q, R, P are the tuning matrices. In order to avoid a
reduction of the prediction length when the horizon extends
beyond the last sampling time ¢, the reference sequence that
enters the optimisation is extended by holding its terminal value
constant, which can be expressed as:
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X, if te i A<ty
X if tp+i-At=>t,

ref,b __
Xkt —

(33)

After the optimisation is solved only the first input correction
Ouy, is applied. The horizon is then shifted forward, the

problem is reformulated with the new measurements, and the
procedure is repeated.

Xy
OCP

Controlled X
Release

Fig. 3. The control block diagram of the two-loop control architecture

Rotational
Xo | acceleration

IV. SIMULATION RESULTS

A. Simulation Setup

To verify the effectiveness of the proposed tether-assisted
deployment system, a simulation was conducted in a zero-
gravity vacuum environment. Fig. 4 schematizes the model
setup. The model consists of a URSe robotic arm—whose first
joint allows continuous rotation—fitted with a simulated winch
on its end-effector. A 1 kg payload is connected to the winch via
the tether.

Tether

Fig. 4. Simulation model of the robotic space tether launching system

The manipulation process comprises two stages: In Phase A,
the arm spins at a constant velocity while deploying the tether to
accelerate the payload, which is released at a calculated instant.
In Phase B, the payload enters free-flight, and a control torque
applied to the winch modulates tether tension to perform real-
time trajectory corrections for accurate targeting.

B. Simulation Results

In the first stage, an optimal control problem was solved to
obtain a reference trajectory for the FF control. Specifically, the
target location is set as 7, =10 m, §,=1.2 rad . The

solution gives the initial condition as:
70=3.0m, ,=2.9 rad, wo=—1.1 rad/s. (34)

Also, the optimal trajectory of input torque and the
corresponding 7 () are summarized as Fig. 5. The reference
trajectory in Fig. 5 (a) shows a trend of expanding outward in a

spiral shape, which is due to the non-zero torque acting on the
winch system.

— —_ 7 ’g
g g Z, 04
> -
41 6 ~
0.5
5
24 = Trajectory 0.6 1
4
. Start
@ Target 07
N 3 0.7
-2 0 2 4 0 2 4 0 2 4

x [m] t[s] t[s]
Fig. 5. The optimal FF trajectory of the controlled release phase

To emulate the model error, the initial velocity v, and angle

0, are perturbed. Simulations were conducted under both FF

and NMPC on this basis, and the results are as Fig. 6, where (a)
presents the reference trajectory and trajectories obtained under
FF and NMPC, (b), (¢), and (d) show the tracking error of the

trajectory, the radius r, and the angle 6.

The Cartesian trajectory and the tracking error in Fig. 6 (a)
and (b) show that the FF trajectory exhibits a significant and
growing deviation, culminating in a final position error of
0.40 m. In contrast, the NMPC trajectory closely adheres to the
reference, achieving a maximum tracking error of only 0.02 m,
realizing a deduction of 95%. In the radius tracking error shown
in Fig. 6 (c), the NMPC scheme initially exhibits a transient
growth in the opposite direction before converging toward zero.
This occurs because the NMPC action prioritizes rapid
correction of the angular deviation, temporarily trading off
radial accuracy. In contrast, the radius tracking error of FF
remains persistently large. The final radius tracking error is
159.8 mm for FF and 3.5 mm for NMPC, corresponding to a
97.8% reduction. Between 4.2 and 5 seconds, an increase in the
radius tracking error is observed, which is attributed to the
control input reaching actuator saturation. In the angle tracking
error shown in Fig. 6 (d), the FF strategy reaches a final 2.1°,
while the NMPC controller effectively suppresses the error
within +0.1° throughout the trajectory, which further
demonstrates the robustness and effectiveness of the NMPC
control strategy in the robotic space tether launching system.

10
(a) (bﬁ) 4004 B (perturbed) g
N g — NMPC s
=300 //
o
5 .
= 6 |5 /'/
? = = Reference Lé}\, 2001 '/‘
4 ==+ FF (perturbed) IS} .~ -
—— NMPC 3100
5 @ St 5]
@ Target = 0
- 0 2 ' : '
() x [m] (d
04 (\—\
g \, =
£ 50 > 5
= 50 ~. S
5 ~— £
5 - P
3
2 -100 \'\ El
5 : <
3 . \
& — = FF (perturbed) .
~150{ —— NMPC N
; : : 6 é i
([s] t[s]

Fig. 6. The NMPC result compared with the FF reference under perturbation
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V. CONCLISION

This study has introduced a dynamic modeling and control
framework for a robotic space tether launching system, aiming
to achieve precise payload delivery with constrained mechanical
actuation. The proposed approach integrates a two-phase control
strategy: rotational acceleration through progressive tether
deployment, followed by the controlled release via torque
regulation at the winch. The model fully captures nonlinear
tether dynamics, including mass, tension, and directional
misalignment effects. An optimal control-based feedforward
trajectory, enhanced by an NMPC strategy using tether length
and angle feedback, significantly improves targeting accuracy
under disturbances. Simulations confirm that the payload
reaches the desired position with specified terminal velocity, and
comparative tests demonstrate the method’s strong capability in
compensating for initial perturbations. The results highlight the
feasibility and effectiveness of using tether-based passive
actuation mechanisms to achieve high-precision control in space
applications. The approach offers a novel solution for extending
the capabilities of robotic systems where direct propulsion or
high-speed actuation is constrained, opening new possibilities in
autonomous payload delivery, satellite servicing, and orbital
maneuvering under limited-resource conditions.

Subsequent research will focus on robust control synthesis
using disturbance observers and adaptive laws for uncertain
environments and experimental validation through ground-
based microgravity emulators. These efforts aim to enhance
system reliability for orbital deployment missions.
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