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CASCADED CONTROL ARCHITECTURE FOR SPACECRAFT
WITH ARM-MOUNTED THRUSTERS USING REACTION TORQUE

COMPENSATION

William R. Schwend*, Hanspeter Schaub†

A cascaded control architecture for spacecraft with arm-mounted thrusters is presented. The
goal is to maneuver in close proximity to another satellite. It explicitly incorporates a pre-
scribed hub-torque term within the inner servo loop to cancel instantaneous reaction torques
induced by joint motion. This enables continuous attitude pointing during rapid arm recon-
figuration where the thrusters are positioned into a configuration for the next burn. This
arm-mounted approach reduces the required number of thrusters and eliminates the need for
thrust cancellation strategies common in fixed thruster configurations. However, dynamics
and control challenges with time-dependent inertia must be overcome. The coupled space-
craft–arm dynamics are formulated and used to design feedback control laws for the relative
motion, attitude pointing, and joint actuation. The main spacecraft bus must maintain a pre-
scribed orientation relative to the neighboring spacecraft during the arm motions. The stabil-
ity and performance of the overall control system are discussed, and numerical simulations
demonstrate its ability to achieve full six-degree-of-freedom regulation while highlighting
the importance of compensating for arm-induced reaction torques.

INTRODUCTION

With the growth of more complex mission concepts, the ability to launch fully operational spacecraft on
a single rocket is rapidly becoming infeasible1 requiring on-orbit assembly. Additionally, the need to extend
mission lifetimes, repair broken components, build new spacecraft, and upgrade on-orbit legacy systems
has led to In-Orbit Servicing, Assembly, and Manufacturing (ISAM) capabilities becoming a key priority
for both commercial and national space interests alike.2, 3 Similarly, the steady growth of on-orbit debris
has driven interest in space debris removal technologies.4 Two technologies shared between these interests
include the development of close-proximity operations capabilities and the integration of multi-degree-of-
freedom (DOF) arms onto spacecraft. Robotic arms have been used in conjunction with proximity operations
since the servicing missions to the Hubble Space Telescope conducted by the Space Shuttle.5 The OSAM-1
mission, formerly under development by NASA‡, and the proposed ClearSpace-1 mission by ClearSpace
SA§, Fig. 1, similarly seek to utilize robotic arms to conduct ISAM and space debris removal operations,
respectively.

Traditionally, the control of spacecraft conducting proximity operations has been implemented using fixed
thruster configurations, often with the assistance of on-board momentum management devices such as reac-
tion wheels (RWs), control moment gyroscopes (CMGs), and variable speed CMGs (VSCMGs).6–10 Utilizing
these fixed thruster configurations allows for a variety of well established thruster allocation algorithms to be
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(a) OSAM-1 mission concept art‡ (b) ClearSpace-1 mission concept art§

Figure 1: Concept figures of spacecraft using robotic arms in proximity operations.

used including: table lookup, Moore-Penrose pseudoinverse based methods, linear programming, quadratic
programming, mixed integer linear programming, and Lyapunov theory based methods.10–13 These fixed
thruster configurations are not without limitations, however. To achieve 6-DOF control, thruster configura-
tions of eight or more thrusters are typically required. This results in a large amount of mass being added
to the spacecraft due to the additional thrusters and associated fuel systems and often requires additional
thrusting to counteract undesired control wrenches produced by non-ideal thruster geometry.14

Recently, spacecraft such as the Northrop Grumman Mission Extension Vehicle (MEV)* and Astroscale’s
Life Extension In-orbit (LEXI)†, Fig. 2, have been proposed. These spacecraft seek to take advantage of
the presence of robotic arms on-board ISAM and space debris removal spacecraft by attaching thrusters at
the ends of the arms. This allows less thrust to be used for the same control wrench as the thrusters can be
reconfigured eliminating the need for thrust cancellation.15–22 Additionally, the number of thrusters on the
spacecraft can be reduced to just two,18–20 potentially reducing the required mass of the thruster systems.

(a) MEV mission concept art* (b) LEXI mission concept art‡

Figure 2: Concept figures of spacecraft with thrusters mounted on robotic arms.

Incorporating robotic arms into spacecraft significantly increases the complexity of control design due to
the dynamic coupling between arm motion and hub dynamics.23–25 Significant work in the field of space
robotics has addressed the design of control systems for such spacecraft,26–32 but these efforts primarily fo-
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puter-vision-robotics-lab-and-clean-room
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cus on the coordinated manipulator-spacecraft control or momentum management rather than exploiting the
arms as thruster mounting points. Recent studies have investigated the use of arm mounted thrusters for sta-
tion keeping control and momentum management of geostationary Earth orbit (GEO) spacecraft.15–19 The
slow mission timescale of these GEO maneuvers permits lengthy arm reconfigurations, allowing traditional
RW-based attitude control to absorb the resulting disturbances. In contrast, proximity-operation missions
require rapid arm reconfigurations and tighter pointing requirements. Reference 20 introduces a loop dy-
namics formulation that uses thrusters mounted on robotic arms to conduct proximity operations with no
additional momentum management devices, allowing for hub attitude deviations during arm motion. More
recently, Ref. 21 develops a task-space controller that uses dynamic decoupling and attitude regulation to per-
form spacecraft center-of-mass (CoM) translation with an end effector mounted thruster while regulating the
spacecraft’s attitude. By explicitly considering base-attitude regulation during end-effector alignment, their
work reinforces the importance of preserving pointing constraints while exploiting arm-mounted thrusters
for proximity-operation maneuvers. Finally, Ref. 22 introduces a prescribed hub torque to counteract reac-
tion torques generated by arm motion in real time, though the analysis is limited to planar dynamics with
single-DOF arms.

While these prior studies have examined spacecraft control using arm-mounted thrusters, none incorporate
an inner-loop solution to explicitly prevent hub angular accelerations resulting from arm motion. Works such
as Refs. 15–19 either neglect the reaction torques that joint articulation introduces or combine the torques
with environmental effects as part of a low-frequency disturbance on the hub. Reference 20 corrects for
the resulting attitude deviations during thruster firing but does not prevent them from occurring during arm
motion. Reference 21 utilizes coordinated manipulator and reaction-wheel torques to regulate the attitude of
the spacecraft during arm motion, but does not formulate the reconfiguration phase as an explicit hub inverse-
dynamics problem or compute the hub torque required to enforce zero hub angular acceleration. Additionally,
Ref. 21 uses the end-effector thruster only for CoM translational motion rather than full 6-DOF spacecraft
control.

This paper extends prior efforts through the novel incorporation of a prescribed hub-torque term into a cas-
caded 6-DOF control architecture for spacecraft employing arm-mounted thrusters while conducting prox-
imity operations. The proposed formulation explicitly computes the hub torque required to enforce zero hub
angular acceleration during rapid multi-DOF arm reconfiguration, thereby compensating for instantaneous
arm-induced reaction torques in real time. This allows the hub to maintain stability and sensor line-of-sight
(LOS) throughout arm articulation, even during fast-paced maneuvers. In addition, this work quantifies the
prescribed hub-torque demands associated with the rapid reconfiguration necessitated by proximity oper-
ations, evaluates the effect of limiting the available prescribed torque to levels representative of practical
momentum-exchange devices, and assesses the validity of the hub-inertia-dominant modeling assumption
used by the outer-loop attitude controller over a range of arm-to-hub mass ratios. The remainder of this
paper first introduces the coupled manipulator-spacecraft dynamics and summarizes the cascaded control ar-
chitecture used for arm-mounted-thruster control. The outer-loop control and allocation methods are then
developed, followed by the inner-loop controller and prescribed-hub-torque approach used to compensate
manipulator-induced reaction torques. The paper concludes with numerical simulation results and a sum-
mary of the primary findings.

NUMERICAL SYSTEM MODELING

The spacecraft considered in this work is comprised of a rigid central hub with attached lightweight multi-
DOF robotic arms. The spacecraft’s thrusters are mounted on these robotic arms. The example configuration
in Fig. 3 has two 4-DOF arms with a single thruster at the end of each arm, though the formulation allows for
an arbitrary number of arms, joints, and thrusters. The rigid hub has a CoM located at point Bc, while the full
spacecraft CoM is located at point C. Each revolute joint has a joint frame Ji centered at point Ji and spin
axis ŝi. Each fixed length arm link has a CoM at point Aic and an arm frame Ai centered at point Ai. Finally,
each thruster has a thrust force direction f̂i and thruster frame Ti centered at point Ti. The thrusters generate
external forces and torques on the overall system, while additional external control torques may be directly
applied to the spacecraft hub during joint actuation. The equations of motion presented in this section form
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the basis for the control development presented later in this paper.
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ŝ1

<latexit sha1_base64="6Eivjas93t7EY/deyRVU2j1BMsM=">AAAB8nicbVBNS8NAEN3Ur1q/qh69LC2Cp5IUqR4LXjxWsB+QhrLZbtqlm92wOxFKyM/w4kERr/4ab/4bt20O2vpg4PHeDDPzwkRwA6777ZS2tnd298r7lYPDo+OT6ulZz6hUU9alSig9CIlhgkvWBQ6CDRLNSBwK1g9ndwu//8S04Uo+wjxhQUwmkkecErCSP5wSyEw+ypr5qFp3G+4SeJN4BamjAp1R9Ws4VjSNmQQqiDG+5yYQZEQDp4LllWFqWELojEyYb6kkMTNBtjw5x5dWGeNIaVsS8FL9PZGR2Jh5HNrOmMDUrHsL8T/PTyG6DTIukxSYpKtFUSowKLz4H4+5ZhTE3BJCNbe3YjolmlCwKVVsCN76y5uk12x4rUbr4brerhVxlNEFqqEr5KEb1Eb3qIO6iCKFntErenPAeXHenY9Va8kpZs7RHzifP5iHkWA=</latexit>

ŝ2
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Figure 3: Example spacecraft with a rigid hub and two 4-DOF arms with end-mounted thrusters

The coupled rigid-body dynamics of the spacecraft and attached robotic arms are represented using the
standard generalized-coordinate multi-body formulation33 as shown in Eq. (1). These dynamics may be
simulated using any general multi-body dynamics solver. For the control discussed later in this paper, the
solver must provide access to the full system mass matrix and the non-actuator generalized bias forces arising
from Coriolis, centrifugal, gravitational, and other configuration-dependent effects. For the results presented
in this work, the open-source physics engine MuJoCo34 is selected as the dynamics simulator. MuJoCo
implements Featherstone-style articulated rigid-body dynamics with additional handling for constraints and
contact physics.

[M(q)]q̈ +C(q, q̇) = τ (1)

In Eq. (1)[M(q)] is the state-dependent system mass matrix and τ is the vector of generalized forces acting
on the system corresponding to generalized coordinates q. The coordinates used for the remainder of this
paper are q = [rB/N ,σB/N ,θ]T , q̇ = [ṙB/N ,ωB/N , θ̇]T , and q̈ = [r̈B/N , ω̇B/N , θ̈]T . The vector rB/N

is the position vector of the body frame B origin, B, of the hub with respect to the inertial frame N origin,
N . The matrix σB/N contains the Modified Rodrigues Parameters (MRP) set describing the orientation of B
relative to N while ωB/N is the angular velocity of B relative to N .35–38 The vector θ ∈ RNJ denotes the
current joint angles for each of the NJ joints in the robotic arms. Using these coordinates the vector C can
be broken down as

C =

CT

CR

Cθ

 (2)
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where CT ∈ R3 is the translational component of the generalized bias force associated with the hub, CR ∈
R3 is the corresponding rotational component, and Cθ ∈ RNJ contains the joint-space bias torques. The
vector τ can be rewritten as

τ =

 F thr

Lthr + τ pre

τ thr + uJ

 (3)

with F thr ∈ R3 being the thruster control force acting on the spacecraft hub. Lthr ∈ R3 is the thruster
control torque acting on the spacecraft hub and τ pre ∈ R3 represents a control torque applied directly to the
hub to counteract reaction torques during joint actuation, negating any hub angular accelerations. The set
τ thr ∈ RNJ represents the torque on the joint that results from thruster firing while uJ ∈ RNJ is the vector
of control torques acting on the joints.

The system mass matrix can also be represented using submatrices as

[M ] =

MTT MTR MTθ

MT
TR MRR MRθ

MT
Tθ MT

Rθ Mθθ

 (4)

with MTT ,MTR,MRR ∈ R3×3, MTθ,MRθ ∈ R3×NJ and Mθθ ∈ RNJ×NJ . These equations of motion
expose the coupling between joint articulation and hub dynamics. The control architecture developed in the
next section exploits this structure to maintain pointing performance while reconfiguring the robotic arms.

CONTROL ARCHITECTURE

During proximity operations, the deputy spacecraft must regulate its relative translation and attitude while
simultaneously reconfiguring its robotic arms to satisfy control authority requirements. As illustrated by the
representative inspection mission in Fig. 4, the narrow field-of-view (FOV) of the deputy’s sensing instru-
ments demands precise pointing to maintain continuous LOS to the chief spacecraft. However, articulation of
the robotic arms produces reaction torques on the deputy’s hub, which can drive the hub attitude away from
these pointing constraints. Consequently, the control architecture must explicitly account for, and counteract,
these reaction torques to ensure pointing performance throughout the mission.

Deputy

Chief

Inspection 
Trajectory

Sensor 
Field-of-

View

Figure 4: Concept inspection mission using a deputy spacecraft with arm-mounted thrusters.

To address these coupled requirements, a cascaded control architecture is adopted, as shown in Fig. 5.
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The outer control loop computes the required control wrench u, from which the desired joint angles θ∗ and
thruster firing times t∗fire are generated. The inner control loop consists of two phases: (1) joint articulation,
wherein the robotic joints track their commanded configurations, and (2) thruster firing, during which the
arm-mounted thrusters realize the outer-loop wrench.

During the joint articulation phase, τ pre is applied to the spacecraft hub to cancel the reaction torques
induced by joint motion in real time. This torque enforces zero hub angular acceleration during arm recon-
figuration, thereby preventing the commanded joint motion from disturbing the hub attitude while the arms
reconfigure. The explicit inclusion of this prescribed hub torque within the inner control loop is the cen-
tral contribution of this study, as it enables stable hub pointing despite rapid and dynamically coupled arm
motion.

It is important to note that in this work τ pre is treated as an ideal control input rather than being generated
by a specific actuator (e.g. RWs, CMGs, or VSCMGs). This abstraction is intentional, as the objective of this
study is to isolate and characterize the instantaneous hub torque requirements arising from manipulator-hub
dynamic coupling, independent of actuator implementation details. In particular, momentum storage, accu-
mulation, and desaturation management are not considered here, as they constitute a higher-level resource
allocation problem separate from the coupled rigid–manipulator dynamics under investigation. Incorpora-
tion of representative actuator models and momentum management strategies is therefore reserved for future
work.

Thruster 
Firing

Translation and 
Attitude Control

Joint/Thruster
Allocation

Outer Control Loop Joint 
Articulation

Inner Control Loop

Spacecraft
Dynamics
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Figure 5: Cascaded control loop design

OUTER CONTROL LOOP

The objective of the outer control loop is to drive the spacecraft to track the desired reference states. By
exploiting the separation of time scales between the outer and inner control loops, and taking advantage
of the asymptotic stability of the joint actuation control in the Inner Control Loop section, the spacecraft
may be treated as a rigid body for the purpose of computing the required outer-loop control wrench. This
approximation enables the outer loop to focus on achieving the mission-level objectives, while the inner loop
handles the rapid configuration changes required to realize the commanded wrench.

Approach and inspection phases of in-space servicing, assembly, and manufacturing (ISAM) or debris-
removal missions often require long-duration, high-accuracy relative-motion control. The ADRAS-J mission,
for example, maneuvered to within approximately 15 m of a tumbling rocket body during its inspection op-
erations.39 Such scenarios emphasize the need for precise control of the deputy spacecraft’s relative position
and attitude. Because translational relative motion is governed strictly by the location of the system CoM,
the outer-loop controller in this work regulates the state vector [rd,σB/N , ṙd,ωB/N ]T where rd denotes the
inertial position of the deputy system CoM.
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Using the system CoM as the reference point offers a key advantage: it effectively decouples translational
motion from hub rotational dynamics, even in the presence of significant internal arm motion. As a result,
the desired control wrench decomposes naturally into two components, one governing translational motion
of the CoM and the other governing hub attitude.

The computed control wrench is subsequently passed to the control allocation stage, where the commanded
forces and torques are mapped into desired joint configurations and thruster firing durations. These allocations
are then executed by the inner-loop controllers, which actuate the robotic arms and thrusters to realize the
commanded wrench.

Translational Control

To derive the translational control law, the system CoM position and velocity must first be expressed in
terms of the hub state and joint-dependent arm geometry. The position of the deputy spacecraft system CoM
is first determined through

rd = rB/N + rC/B (5)

with

rC/B =
mhubrBc/B +

∑Na

i=1 mairAic/B

md
(6)

Here, mhub is the mass of the spacecraft hub and mai
is the mass of the ith arm segment and Na is the total

number of arm segments. The variable rBc/B is the position vector from point B to the hub CoM and rAic/B

is the position vector from point B to the ith arm segment’s CoM. The total spacecraft mass md is defined as

md = mhub +

Na∑
i=1

mai (7)

The velocity of the deputy system CoM follows directly from differentiating Eq. (5)

ṙd = ṙB/N + ṙC/B (8)

where ṙC/B is found using the transport theorem38 as

ṙC/B = r′C/B + ωB/N × rC/B (9)

where the prime denotes a time derivative of the vector as seen by the B frame. Because each arm segment
is rigid and of fixed length, and rBc/B is constant, the only contribution to r′C/B arises from the joint-driven
motion of the arm link CoMs, giving

r′C/B =

∑Na

i=1 mai
(ωAi/B × rAic/B

)

md
(10)

where ωAi/B is the angular velocity between the ith A frame and the B frame. With these expressions for
the system CoM kinematics, the translational dynamics of the chief rc and deputy spacecraft CoMs follow
directly from Newton’s second law as

mcr̈c = F c (11a)
mdr̈d = F d + F thr (11b)

where the chief spacecraft is in an uncontrolled orbit and the deputy is being controlled to maintain the desired
relative orbit. The vectors F c and F d are the sum of all external, non-control forces acting on the chief and
deputy, respectively. The desired deputy position r∗d is defined relative to the chief spacecraft as

r∗d = rc + ρ∗ (12)
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where ρ∗ is the vector pointing from the chief position to the desired deputy position. The corresponding
desired CoM dynamics then satisfy

mdr̈
∗
d = F ∗

d + F ∗
thr (13)

Here F ∗
d is the sum of all external, non-control forces acting on the desired deputy, and F ∗

thr is the ideal
control force required to keep the deputy on the desired relative orbit. Following the development of the
cartesian coordinate continuous feedback control law in Ref. 38 the position tracking error is defined as

∆r = rd − r∗d (14)

To track the desired trajectory, a Lyapunov candidate function is constructed using this error vector and its
derivative:

V (∆r,∆ṙ) =
md

2
∆ṙT∆ṙ +

1

2
∆rT [KT ]∆r (15)

where [KT ] ∈ R3×3 is a positive definite proportional gain matrix. Taking the time derivative of V , substi-
tuting in Eqs. (11b) and (13), and enforcing the condition

V̇ = −∆ṙT [PT ]∆ṙ (16)

where [PT ] ∈ R3×3 is a positive definite derivative gain matrix, yields a control law that renders the tracking
error dynamics globally asymptotically stable (see the Appendix for the corresponding Lyapunov stability
proof).

F thr = −(F d − F ∗
d)− [KT ]∆r − [PT ]∆ṙ + F ∗

thr (17)

Rotational Control

Having determined the desired translational force, we now establish the rotational component of the control
wrench. Consistent with the architectural assumptions introduced in the Control Architecture section, the
spacecraft is modeled as a rigid body without internal momentum exchange devices, and the hub torques
required to counteract the effects of arm motion are treated as ideal control inputs. The remaining control
torques are produced exclusively by the thrusters. Under these assumptions, the rotational equations of
motion follow the formulation in Ref. 38 and take the form

[I]ω̇B/N = −[ω̃][I]ωB/N +Lthr +Lext (18)

where [I] denotes the full spacecraft inertia tensor about point B, [ω̃] is the skew-symmetric matrix represen-
tation of the angular velocity vector ωB/N , and the vector Lext is the sum of all external, non-control torques
acting on the spacecraft.

Because the rotational control torque is used by the joint allocation algorithm, as discussed later in this
section, to determine the required arm configuration, the full inertia tensor [I], which is dependent on that
configuration, cannot be treated as known a priori when computing the control torque. This implicit coupling
introduces a circular dependence between inertia evaluation and torque computation, because accurate eval-
uation of [I] would require knowledge of the arm configuration selected to realize the commanded torque.
Numerous rotation control laws could be employed to determine this torque without perfect knowledge of
[I], including inertia free formulations and adaptive schemes.40, 41 For this work, the classical MRP feedback
control law is selected due to its relative simplicity and demonstrated robustness to inertia modeling errors.38

For this controller an estimate of [I] is used in the form of the fixed spacecraft hub inertia about point B, [IH ].
This approximation is motivated by the design regime of interest, in which the central hub mass significantly
exceeds the total arm mass. Under this assumption, [IH ] represents the dominant contribution to the total
inertia, and the configuration dependent contributions from the arms constitute a bounded modeling error.
The control torque follows as

Lthr = −KRδσ − [PR]δω + [IH ](ω̇∗ − [ω̃]ω∗) + [ω̃][IH ]ωB/N −Lext (19)
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where KR is a positive scalar proportional gain for attitude feedback, and [PR] ∈ R3×3 is a positive-definite
derivative gain matrix. The vector δσ is a measurement of the attitude error and the angular velocity error
δω is defined using the desired angular velocity of the spacecraft ω∗ through

δω = ωB/N − ω∗ (20)

While the Lyapunov stability proof for the control law assumes exact knowledge of the inertia tensor,
prior studies and simulation evidence suggest that the controller maintains satisfactory performance under
moderate inertia mismatch.38 The impact of inertia mismatch on closed-loop performance is evaluated in a
later section, where the hub-to-arm mass ratio is varied while maintaining translational and joint performance.

Joint and Thruster Allocation

Once the required control wrench is computed, it must be mapped into feasible joint configurations and
thruster commands that the inner loop can execute. This wrench is expressed as

u =

[
F thr
Lthr

]
(21)

Following the approach by Ref. 18, the desired joint angles θ∗ ∈ RNJ and NT thruster force magnitudes
f∗ ∈ RNT are determined by solving the constrained nonlinear optimization problem defined through

min
θ∗,f∗

(u− uctl(θ
∗,f∗))TW u(u− uctl(θ

∗,f∗)) +W T
f f

∗ (22)

subject to

θmin ≤ θ∗ ≤ θmax

0 ≤ f∗ ≤ fmax
(23)

Here, W u ∈ R6×6 and W f ∈ RNT are the weights penalizing control error and total thrust usage, respec-
tively. The control wrench resulting from a given configuration is

uctl(θ
∗,f∗) = [T (θ∗)]f∗ (24)

where [T (θ∗)] ∈ R6×NT is the joint configuration-dependent thruster mapping matrix

[T (θ∗)] =

[
f̂(θ∗)1 · · · f̂(θ∗)NT

rT1/B(θ
∗)× f̂(θ∗)1 · · · rTNT

/B(θ
∗)× f̂(θ∗)NT

]
(25)

where rT1/B(θ
∗) is the position vector of the first thruster relative to point B for the desired configuration.

The optimization problem is solved using the Sequential Least-Squares Programming (SLSQP) algorithm
implemented in the SciPy Python package.

Under a zeroth-order hold assumption on the outer-loop command, each thruster’s desired on-time is com-
puted from the ratio of the desired force to its fixed output level, yielding

ti,fire =
fitouter

fi,mag
(26)

where fi is the magnitude of the force for the ith thruster in vector f∗, touter is the control period of the outer
control loop, and fi,mag is the fixed thruster force for the ith thruster.

9



INNER CONTROL LOOP

While the outer control loop is responsible for ensuring the spacecraft achieves its mission-level objectives,
the inner control loop governs the actuation of the arms and thrusters required to realize the outer-loop com-
mands. This inner control loop is divided into two distinct phases: the first phase performs joint actuation,
in which the arms are driven toward the desired joint angles determined by the optimization problem in the
prior section. The second phase executes thruster firings for the commanded durations to produce the desired
control wrench on the spacecraft.

The primary contribution of this work is the incorporation of a prescribed hub-torque term into the joint-
actuation phase of the inner control loop in a 6-DOF spacecraft control architecture using of arm-mounted
thrusters. This torque is computed in real time to counteract the reaction torques generated by joint motion.
This enforces zero angular acceleration of the spacecraft hub during arm articulation, thereby maintaining
sensor LOS. Prior proximity-operations control architectures that utilize arm mounted thrusters have either
permitted hub attitude deviations during arm motion20 or regulated the spacecraft attitude without formu-
lating the reconfiguration phase as an explicit hub inverse-dynamics problem to enforce zero hub angular
acceleration.21

Joint Actuation

The joint actuation phase of the inner-loop control is responsible for driving the joints to their desired
angles and bringing them to rest at that commanded configuration, such that

δθ = θ − θ∗ → 0, θ̇ → 0 (27)

During the joint actuation phase, the thrusters are inactive, resulting in all thruster associated wrenches
being zero. Additionally, a prescribed hub-torque τ pre is applied such that the hub angular acceleration
satisfies ω̇B/N = 0. Unlike prior approaches that neglect sensor LOS requirements during reconfiguration,
this formulation explicitly enforces zero hub angular acceleration. By enforcing this condition, the first and
third equations in Eq. (1) is simplified to

MTT r̈B/N +MTθθ̈ = −CT (28a)

MT
Tθr̈B/N +Mθθθ̈ = uJ −Cθ (28b)

Solving the Eq. (28a) for r̈B/N yields

r̈B/N = −M−1
TT (MTθθ̈ +CT ) (29)

Substituting this result into Eq. (28b) leads to

[M ]θ̈ = uJ −C (30)

where
[M ] = Mθθ −MT

TθM
−1
TTMTθ, C = Cθ −MT

TθM
−1
TTCT (31)

Because the system mass matrix [M ] is symmetric positive-definite (SPD), every principal submatrix of
[M ] including those appearing in Eq. (28) is also SPD.42 Consequently, the Schur complement [M ] is SPD.43

Selecting the Lyapunov function

V (δθ, θ̇) =
1

2
θ̇
T
θ̇ +

1

2
δθT [Kθ]δθ (32)

where [Kθ] ∈ RNJ×NJ is a positive-definite gain matrix. Taking the derivative yields

V̇ (δθ, θ̇) = θ̇
T
(
θ̈ + [Kθ]δθ

)
(33)
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Forcing V̇ to be negative-semidefinite by setting it equal to V̇ (δθ, θ̇) = −θ̇
T
[Pθ]θ̇ where [Pθ] ∈ R(NJ×NJ )

is also a positive-definite gain matrix and substituting in θ̈ from Eq. (30) leads to

θ̇
T
[
[M ]−1(uJ −C) + [Pθ]θ̇ + [Kθ]δθ

]
= 0 (34)

Solving for the control by setting the term inside the brackets to zero yields the control

uJ = [M ](−[Kθ]δθ − [Pθ]θ̇) +C (35)

This control law guarantees global stability since V is positive-definite and radially unbounded, and V̇ is
negative semi-definite. To prove asymptotic stability the methodology presented by Mukherjee and Chen44

is employed. On the invariant set Ω = {(δθ, θ̇) : θ̇ = 0}, V̇ = 0. The second derivative of V is

V̈ = −2θ̇
T
[Pθ]θ̈ (36)

Since θ̈ is bounded under the globally stable control law, V̈ = 0 on Ω. Taking the third derivative of V on Ω
yields ...

V = −2
[
(uJ −C)T [M ]−1[Pθ][M ]−1(uJ −C)

]
(37)

Substituting the value of the control derived in Eq. (35) and taking advantage of the SPD nature of [M ]
reduces the third derivative to ...

V = −2
[
δθT [Kθ]

T [Pθ][Kθ]δθ
]

(38)

Because both [Kθ] and [Pθ] are positive-definite, [Kθ]
T [P ]θ[Kθ] is also positive definite resulting in

...
V being

negative-definite in δθ. Therefore, the control uJ is globally asymptotically stabilizing.

With the joint control law established, the remaining task is to compute the prescribed hub torque τ pre that
enforces the zero-angular-acceleration condition assumed throughout the joint actuation phase. Substituting
the values of uJ into Eq. (30) produces the joint accelerations θ̈. These values can then be used in Eq. (29) to
produce the hub translational acceleration. The corresponding instantaneous hub torque required to satisfy the
rotational dynamics under the ideal control input assumption introduced in the Control Architecture section
follows from Eq. (1) as

τ pre = MT
TRr̈B/N +MRθθ̈ +CR (39)

Thruster Actuation

During the thruster firing phase of the inner control loop, the thrusters are commanded to generate the
desired control wrench specified by the outer-loop controller. The prescribed hub torque is set to zero in
this phase to allow the thrusters to generate the complete commanded control wrench. The joint motors, in
turn, provide the necessary counteracting torques to offset the moments induced on the joints by the thruster
firings, thereby maintaining θ̈ = 0. Together with the zero joint velocities achieved during the preceding
joint actuation phase, this condition ensures that the rigid-body assumptions underlying the outer-loop control
remain valid during thruster execution.

Using Eq. (1) with τ pre = 0 and θ̈ = 0 produces[
MTT MTR

MT
TR MRR

] [
r̈B/N

ω̇B/N

]
+

[
CT

CR

]
=

[
F thr
Lthr

]
(40a)

MT
Tθr̈B/N +MT

Rθω̇B/N +Cθ − τ thr = uJ (40b)

Solving Eq. (40a) for r̈B/N and ω̇B/N and substituting the results into Eq. (40b) provides the joint torques
required to nullify joint accelerations. The thruster-induced joint torques are defined as

τ thr = [J ]TF (41)

where [J ] ∈ R3NT×NJ is the Jacobian mapping the forces generated by the thrusters, F ∈ R3NT , to the
torques experienced at the joints.
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SIMULATION AND RESULTS

Simulation Setup and Scenario Definition

In this section, the cascaded control outlined in the Control Architecture section and developed in the
preceding sections is implemented in numerical simulation. To evaluate the proposed architecture in a rep-
resentative proximity operations scenario that requires simultaneous translational tracking and precise LOS-
constrained pointing, the relative motion inspection task shown in Fig. 6 is utilized. The simulated spacecraft
consists of a 980 kg rectangular hub with dimensions 0.79× 0.69× 0.52 m. The spacecraft has two identical
arms mounted at centers of the ±b̂1 face of the hub. Each arm is comprised of two segments: 1) joints 1
and 2 with the first boom, and 2) joints 3 and 4 with the second boom and the thruster. The properties of the
arms are detailed in Table 1. The local spin axes of each joint are detailed in Table 2, the joints on each arm
share identical spin axes. Each joint motor is capable of producing up to 2.5 Nm of torque. Each arm has a
single thruster mounted at the end which produces a fixed 0.25 N of thrust and exerts the force along the local
[−1, 0, 0]T direction. The control gains for the simulation are listed in Table 3.
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Figure 6: Control tracking performance over 8 hr duration

Table 1: Arm parameters

Segment Length Mass Inertia

1 1 m 8 kg

0.04 0 0
0 0.687 0
0 0 0.687

 kg·m2

2 0.1 m 2 kg

0.0025 0 0
0 0.021 0
0 0 0.021

 kg·m2

The multi-body spacecraft dynamics are simulated using the astrodynamics simulation framework Basilisk’s
implementation of MuJoCo*. An example implementation of a related regulation scenario using the Basilisk
framework is available in the online documentation†. To isolate controller performance, the simulation is set

*https://avslab.github.io/basilisk/Learn/makingModules/advancedTopics/mujocoDynObject.html
†https://avslab.github.io/basilisk/examples/mujoco/scenarioThrArmControl.html
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Table 2: Local joint spin axes

Joint 1 2 3 4

Spin axis [1, 0, 0]T [0, 1, 0]T [0, 0, 1]T [0, 1, 0]T

Table 3: Control gains

Gain Value Gain Value

[KT ] [N/m] 0.02× [I3×3] [PT ] [N·s/m] 50× [I3×3]
KR [N·m] 1.75 [PR] [N·m·s] 15.0× [I3×3]

[Kθ] [N·m/rad] 22× [I8×8] [Pθ] [N·m·s/rad] 14× [I8×8]

up in a gravity-free environment with no other external forces or torques. The outer control loop operates
at 0.1 Hz, while the dynamics and inner control loop operate at 100 Hz. The joint angles are constrained
to (−π, π], and the maximum thrust is limited to fmax = 0.25 N when using SLSQP to solve the joint and
thruster allocation optimization problem. The weighting for the control errors and thruster forces during
the optimization are 1.0 and 10−4 respectively. A simple rounding based firing algorithm45 is used to turn
thruster force request into on-times considering minimum thruster on-times and pulse resolution.

The spacecraft’s initial conditions are rC/N (t = 0) = [0.5, 19.65,−0.25]T m, ṙC/N (t = 0) = [2.5 ×
10−3,−4 × 10−4, 1.75 × 10−3]T m/s, σB/N (t = 0) = [0.16, 0.05,−0.54]T , and ωB/N (t = 0) = [1.0 ×
10−3,−2.5× 10−4,−9.5× 10−4]T rad/s. All joint angles and velocities are initialized to zero. The goal of
the simulation is for the spacecraft to fly the trajectory shown in Fig. 6a over an 8 hr time span while pointing
its first body frame axis, b̂1, at the chief throughout the simulation*. It is important to note that Fig. 6b only
displays the tracking about the second and third body axes because rotation about b̂1 does not contribute to
pointing error. This first set of simulation results does not set limits on the deputy’s prescribed hub torque
generation.

Control Performance with Unconstrained Prescribed Hub Torque Authority

The performance of the proposed control architecture with no limits on prescribed hub torques is first
evaluated. Figure 7 shows that the deputy’s translational errors converge to zero within the first 3 hours of the
simulation. After convergence, the position and velocity errors reach steady-state values of approximately 8
mm and 7 µm/s, respectively. Similarly, Fig. 8 shows the attitude errors converging to zero within the first 5
min of the simulation. After this point the controller is able to maintain an average pointing error of 0.57 deg
and angular velocity error of 0.01 deg/s. Figure 8 shows some larger variation in both attitude and angular
velocity errors; however, this is primarily due to the numerical differentiation used to generate the reference
angular velocity. Unlike the attitude error the angular velocity error about b̂1 is included as the system is
desired to be non-rotating about that axis.

Figure 9 illustrates the time required for arms to reach their desired configuration, defined as a max joint
angle error of less than 1×10−3 rad and max joint velocity of less than 1×10−3 rad/s. As can be clearly seen,
the majority of outer loop control periods settle in between 3s and 7s. Approximately 5% of cases do not
settle within the 10 s outer control loop period, resulting in no thruster firing during that cycle. Almost 90%
of the cases that do not settle correspond with more than half of the joints being required to reorient in excess
of 100 deg. Despite this, approximately 65% of these non-settling cases are still able to fire the thrusters in
the next control period. As shown by Figs. 7 and 8 these missed firing times do not result in meaningful
tracking errors. When comparing these settling times with the thruster on-time requests in Fig. 10 it is clear
that the thrusters are able to complete their requested firing times the vast majority of the time.

*https://avslab.github.io/basilisk/Documentation/fswAlgorithms/attGuidance/locationPointing
/locationPointing.html
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Figure 7: Translational error for the system CoM
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Figure 8: Rotational error for the spacecraft hub

0 2 4 6 8 10 10+
Joint Settle Time [s]

0

100

200

300

400

500

Co
un

t

Figure 9: Time taken for joints to settle at desired
values

0 2 4 6 8
Time [hr]

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

Th
ru

st
er

 O
n-

Ti
m

e 
Re

qu
es

t [
s]

Thruster 1
Thruster 2

Figure 10: Requested thruster firing time

14



The prescribed hub torques required to prevent hub acceleration during arm articulation are shown in
Fig. 11. The required hub torques exhibit large transient peaks, particularly about b̂2 and b̂3, demonstrat-
ing that rapid arm articulation induces significant instantaneous reaction torques on the hub. These results
highlight the need for a subsystem capable of counteracting the reaction torques; without compensation, the
hub would experience large angular accelerations that degrade the performance of the relative motion sen-
sors mounted to the spacecraft hub. However, these peaks are short-lived, often decaying to just 10-20% of
their maximum value in fractions of a second, as shown by Fig. 11b. This behavior suggests that saturation
of the prescribed hub torques may provide a practical implementation strategy, enabling reduced actuator
requirements while maintaining acceptable pointing performance.

5

0

5

pr
e,

1 [
Nm

]

50
0

50

pr
e,

2 [
Nm

]

0 2 4 6 8
Time [hr]

100
0

100

pr
e,

3 [
Nm

]

(a) Prescribed torque over full simulation time

5

0

5

pr
e,

1 [
Nm

]

50

0

50

pr
e,

2 [
Nm

]
2790 2795 2800 2805 2810 2815 2820

Time [s]
100

0

100

pr
e,

3 [
Nm

]

(b) Prescribed torque between t = 2788 s and t = 2820 s

Figure 11: Prescribed hub torques required to offset arm motion

Control Performance with Limited Prescribed Hub Torque Authority

Due to the short-lived but extreme prescribed hub torque demands observed in the previous results, the
feasibility of the control architecture under limited hub torque authority is investigated next. To accomplish
this, the prescribed torque along each body axis is limited to 20 Nm. This value represents the torque that
could reasonably be produced by a multi-CMG cluster of commercially available products*. All other pa-
rameters are kept identical to the prior simulation. For this work, a camera half angle of 20 deg is chosen as
the conservative metric for maintaining LOS based on prior wide FOV relative motion cameras.46

As expected, the limitations on prescribed hub torque show a minimal impact on the translational portion
of the controller as demonstrated by Fig. 12 marginally reducing steady state errors. Figure 13a demonstrates
the hub is able to track the pointing orientation throughout the simulation despite the limit of the prescribed
hub torque. The attitude controller experiences more chatter than the case with no limits in Fig. 6b, as is
to be expected due to the lack of ideal reaction torque cancellation. Figure 13b shows the amount of time
spent at a given pointing error throughout the simulation. When subjected to the torque limits the average
pointing error grows to 3.52 deg and average angular velocity error is 0.1 deg/s, much higher than in the
uncapped case, however, over 70% of the simulation duration is spent at below 5 deg of pointing error. After
the initial pointing error is eliminated, more than 99.9% of the remaining nearly 8 hr of the simulation is
spent with a pointing error below the 20 deg camera half-angle. Thus, although a single brief LOS violation
occurs, LOS-constrained pointing is effectively maintained for the vast majority of the simulation despite the
limitations placed on the prescribed hub torque. Therefore, despite the saturation of the prescribed hub torque,
the controller maintains LOS-constrained pointing, demonstrating the robustness of the control architecture
to actuator limitations.

*https://www.bluecanyontech.com/components/control-moment-gyroscopes/
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Figure 12: Translational error for the system CoM with hub torque limits
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Figure 13: Rotational tracking performance with hub torque limits
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Control Performance Under Hub-Inertia-Dominant Modeling Assumption

As discussed in the Rotational Control section, the outer-loop rotational control law makes the simplifying
assumption that the total spacecraft inertia is dominated by the static rigid hub inertia. This section aims to
investigate this assumption by evaluating the control performance for different arm-to-hub mass ratios. To
evaluate this, control performance for arm-to-hub mass ratios of Case 1 (0.1) and Case 2 (0.2) is compared
to the base case (∼ 0.0204) discussed in the unconstrained results section. For each simulation the hub mass
and inertia are kept identical to the base case as are the arm dimensions. The mass of each arm segment is
then scaled according to the specified arm-to-hub mass ratio. The parameters in Table 4 are varied to keep the
translational performance as close to the base case as possible as well as force the joint settling behavior to
be close to the base case. This resulted in the steady state position error decreasing by 4-6 mm and velocity
errors decreasing by 2-3 µm/s. Similarly, the percent of episodes where the joints do not settle varied by less
than 0.2% in both cases and the median settling time improved by 0.3-0.5 s.

Table 4: Parameters for varied arm-to-hub mass ratio trials

Parameter Case 1 Case 2

Total Mass [kg] 1078 1176
Thruster force [N] 0.2695 0.294

[KT ] [N/m] 0.02156× [I3×3] 0.022352× [I3×3]
[PT ] [N·s/m] 53.9× [I3×3] 58.8× [I3×3]

Max Motor Torque [N·m] 11.75 23.5
[Kθ] [N·m/rad] 22.5× [I8×8] 21× [I8×8]
[Pθ] [N·m·s/rad] 14.25× [I8×8] 13.5× [I8×8]

While the translational and joint performance are tuned to maintain comparable performance across trials,
the attitude-pointing response varies significantly with arm-to-hub mass ratio. As shown in Fig. 14 Case 1
exhibits slightly larger transients than the base case but converges on a similar timescale. In contrast, Case
2 shows substantially larger transients and a longer convergence time. All three cases also exhibit an error-
growth region around t ≈ 8− 12 min. The amplitude and duration of this secondary response increase with
mass ratio, with Case 2 showing the largest and most persistent deviations.

To quantify these time-history trends, Fig. 15 summarizes the pointing- and rate-error distributions after
the initial errors have been resolved (final 90% of simulation duration). Both Case 1 and 2 degrade relative
to the base case in both pointing- and rate-error, with Case 2 showing substantial degradation: even its lower
quartile exceeds most of the non-outlier data from the base case. In addition, Case 2 contains post-transient
outliers that begin to violate the previously established LoS constraint. These results indicate that the hub-
inertia-dominant assumption in the Rotational Control section remains effective over a nontrivial range of
arm-to-hub mass ratios, but its robustness degrades as the ratio increases.

CONCLUSIONS

This paper develops a cascaded control architecture that incorporates a prescribed hub-torque term com-
puted in real time to counteract reaction torques generated during arm motion, enabling 6-DOF spacecraft
control using thrusters mounted on robotic arms while reducing the number of required thrusters and leverag-
ing existing manipulator systems. This formulation prevents loss of pointing LOS during arm reconfiguration,
ensuring that the chief spacecraft remains within the deputy’s FOV despite rapid joint motion.

Simulation results of a relative motion inspection scenario demonstrate that the proposed control architec-
ture can achieve simultaneous translational tracking and attitude pointing throughout the maneuver using only
two arm-mounted thrusters. While the unconstrained prescribed hub-torque demands are shown to be large,
additional simulations demonstrate that the proposed controller remains effective when torque authority is
limited to levels achievable by commercially available multi-CMG clusters. Finally, the controller is shown
to remain viable under a hub-inertia dominant modeling assumption and to retain acceptable performance
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(b) Case 1: arm-to-hub mass ratio = 0.1
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(c) Case 2: arm-to-hub mass ratio = 0.2

Figure 14: Spacecraft hub pointing error for first 18 min of simulation

Base Case 1 Case 2
0

5

10

15

20

25

Po
in

tin
g 

Er
ro

r [
de

g]

(a) Pointing error

Base Case 1 Case 2
0.000

0.002

0.004

0.006

0.008

0.010

An
gu

la
r V

el
oc

ity
 E

rro
r M

ag
ni

tu
de

 [r
ad

/s
]

(b) Angular velocity error

Figure 15: Attitude tracking performance throughout final 90% of simulation
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over a nontrivial range of arm-to-hub mass ratios. These results demonstrate that arm-mounted thrusters,
when paired with real-time reaction torque compensation, offer a viable path toward reduced-actuator 6-DOF
control architectures for future proximity operations and ISAM missions.

Disclaimer

The views expressed in this article are those of the author and do not reflect the official policy or position
of the United States Space Force, Department of Defense, or the U.S. Government.
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APPENDIX: TRANSLATIONAL RELATIVE MOTION CONTROL STABILITY PROOF

The control law in Eq. (17) is globally asymptotically stabilizing, as shown below using the Lyapunov
function defined in Eq. (15). Because the Lyapunov function is positive definite and radially unbounded
while its derivative Eq. (16) is negative semi-definite, the control law is globally stabilizing.

To establish the asymptotically stability, we evaluate higher-order derivatives of V on the set where V̇ = 0,
defined as

Ω =
{
(∆r,∆ṙ)

∣∣∆ṙ = 0
}
. (42)

Evaluating the second derivative of V on Ω results in V̈ = 0, as the value of ∆r̈ is bounded due to the
stabilizing nature of the control. The third derivative of V on Ω is found to be

...
V = − 2

md
∆rT [KT ]

T [PT ][KT ]∆r (43)

Because both [KT ] and [PT ] are positive definite, the matrix [KT ]
T [PT ][KT ] is also positive definite, there-

fore
...
V on Ω is negative definite in ∆r. Since the first non-zero derivative is of an odd order and is negative

definite in ∆r, the theorem by Mukherjee and Chen44 establishes the control as globally asymptotically
stabilizing.
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