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Abstract

To address the trajectory detours and increased control effort that can arise from field-
of-view (FOV) avoidance schemes in environments containing multiple third-party ob-
serving spacecraft, this paper investigates joint attitude–trajectory planning for geometry-
based low-detectability proximity operations of a spacecraft with unidirectional main
thrust. A coupled attitude–trajectory optimal control model with multiple constraints is
established by considering a fixed forward-looking camera, a rear propulsion aperture,
direction-dependent solar-array geometric blocking, and unidirectional main thrust. Com-
pound state-triggered constraints (cSTCs) are used to describe the direction-dependent
low-detectability geometric requirements activated within third-party observation FOVs,
and the resulting problem is solved within a successive convexification (SCvx) frame-
work. In the main case, all FOV-active transcription nodes of the attitude-assisted solution
satisfy the prescribed direction-dependent geometric constraints. Compared with the FOV-
avoidance scheme, the attitude-assisted scheme reduces the thrust impulse by 45.35% in the
considered main scenario. In a scenario in which the terminal location is unavoidably inside
a third-party observation FOV, the attitude-assisted formulation admits a discrete solution
by adjusting the direction-dependent low-detectability geometry, illustrating the additional
mission-design freedom provided by attitude assistance for the specific terminal-covered
geometry considered in this study.

Keywords: spacecraft proximity operations; stealth attitude planning; unidirectional thrust;
compound state-triggered constraints; successive convexification

1. Introduction
With the continuing advancement of space situational awareness (SSA), the orbital

states and mission activities of on-orbit spacecraft are subject to increasingly persistent
and detailed observation. Existing space-object surveillance systems mainly comprise
ground-based radar, ground-based electro-optical systems, and space-based optical sys-
tems. Ground-based systems offer advantages in aperture and power but are limited by
geographical deployment, Earth occultation, and atmospheric conditions. Space-based
observing platforms can expand their surveillance coverage through orbital motion and
obtain high spatial resolution at close range, thereby providing an important complement
to ground-based surveillance [1,2]. Therefore, when performing proximity operations,
inspection, and formation-flying missions, a spacecraft may need not only to satisfy conven-
tional requirements concerning safety, fuel, and terminal states but also to reduce the risk
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of continuous tracking of its trajectory and mission activities by third-party observation
systems. This need gives rise to the problem of spacecraft covert-maneuver planning.

Covert spacecraft maneuvers are generally achieved by actively designing the space-
craft motion states and relative geometric relationships so that a mission spacecraft reduces
its exposure to space-object surveillance systems while satisfying orbital dynamics and
mission boundary conditions [2]. Existing studies first focused on surveillance avoidance
at the trajectory level. Wang et al. [3] used changes in the relative positions of a spacecraft
swarm to construct internal occultation relationships and employed a geodesic method to
plan swarm trajectories satisfying dynamics, collision-avoidance, and covert-configuration
constraints. Tang et al. [4] further used an affine-geodesic method to address nonlinear
relative dynamics and covert maneuvers with multiple constraints. Zheng et al. [5] con-
structed FOV constraints from the optical-sensor FOVs of observing spacecraft and planned
spacecraft-swarm trajectories around the observation regions to achieve covert maneuvers
under fixed and rotating sensor conditions. When the surveillance regions are relatively
sparse, these methods can effectively exploit spatial geometric freedom to obtain covert
trajectories. However, as the number of surveillance platforms increases and observation
regions become contiguous or overlapping, orbital maneuvers alone may have difficulty
continuously avoiding space-object surveillance systems.

In addition to actively avoiding detection by changing the trajectory, reducing the
observable signatures of the spacecraft itself is another important means of improving
on-orbit low-detectability. Existing studies have investigated low-observable spacecraft
design in terms of external configuration, materials, and related aspects and have obtained
favorable low-observable performance [6–8]. The associated simulations and experiments
also show that the radar cross-section (RCS) of a spacecraft is strongly direction-dependent
and is closely related to the observer’s direction relative to the spacecraft body. Con-
sequently, a low-observable configuration can generally maintain favorable scattering
characteristics within a limited range of observation angles. This directional dependence
has also been studied in the field of low-observable aircraft. Lu et al. [9] indicated that
RCS peaks and their exposure durations in different incident directions can substantially
affect radar-detection probability. Guan et al. [10] showed from the maneuver-mechanism
perspective that relative-attitude changes induced by roll during turning may cause an
aircraft to re-enter a high-RCS angular region.

Su [11] performed active attitude planning based on the RCS, orbital position, and
radar-threat direction of a microsatellite, orienting its low-RCS direction toward the
principal threat region to reduce the risk of radar detection during on-orbit operation.
Hua et al. [12] further considered multisource detection by ground-based, sea-based, and
space-based systems and studied microsatellite attitude optimization based on directional
low-RCS characteristics under complex attitude constraints. More recently, Li et al. [13]
developed an attitude planning and control framework directly on SO(3) for flexible space-
craft subject to attitude-forbidden regions, combining an SO(3)-based RRT* planner with
prescribed-performance control. However, existing low-observable attitude planning and
spacecraft covert-trajectory planning remain largely separate. The former generally opti-
mizes a low-RCS orientation with a prescribed orbit or flight path, without treating orbital
motion as a simultaneous decision variable. The latter mainly avoids observation regions
by changing the spacecraft position trajectory or relative formation configuration and
seldom exploits the spacecraft’s own direction-dependent low-detectability characteristics.
If a low-detectability servicing spacecraft is designed to minimize exposed propulsion
apertures and to concentrate its main propulsion along a single body-fixed direction, the
translational thrust vector must be redirected through attitude maneuvers. Meanwhile, the
forward-looking camera in a proximity mission must maintain continuous observation of
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the target. Target imaging, low-detectability orientation, attitude motion, and translational
control therefore exhibit pronounced 6-DOF coupling and pose a challenge to spacecraft
planning algorithms.

For an autonomous approach to a noncooperative target, Chen et al. [14] used an im-
proved RRT* algorithm and a “rotate–fire–rotate again” strategy to construct a real-time
integrated guidance-and-control framework for an underactuated microsatellite, providing
a sampling-based approach to joint attitude–trajectory planning under collision-avoidance,
camera-FOV, and single-thruster executability constraints. Recent work by Wei et al. [15]
formulated a nonlinear optimal control problem for spacecraft rendezvous and docking un-
der force, velocity, field-of-view, and collision-avoidance constraints and solved it using a
symplectic numerical method. For spacecraft optimal control problems involving nonlinear
dynamics, control constraints, and nonconvex path constraints, convex-optimization-based
trajectory-generation methods have become an important approach to spacecraft trajectory
optimization because of their computational efficiency and constraint-handling capability [16].
Liu and Lu [17] solved nonconvex optimal control problems using sequential convex pro-
gramming. On this basis, to alleviate artificial infeasibility and local-model distortion caused
by linearization, Mao et al. proposed successive convexification (SCvx), introducing vir-
tual control and slack variables into the convex subproblem and combining them with trust
region updates to maintain the feasibility of successive iterations [18]. They subsequently
extended this framework to optimal control problems with nonconvex state constraints [19].
Zhou et al. [20] applied sequential convex programming to an autonomous approach toward
a noncooperative target while considering coupled attitude–trajectory dynamics, camera
FOV, and collision-avoidance constraints for the target spacecraft body and solar arrays.
Zhang et al. [21] further applied sequential convex programming to autonomous rendezvous-
and-docking trajectory optimization involving 6-DOF dynamics and complex path constraints.
Building on these studies, this paper investigates 6-DOF joint attitude–trajectory planning for
low-detectability spacecraft proximity operations under multiple third-party observation con-
straints. The resulting nonconvex optimal control problem is solved using an SCvx framework
with cSTC-based conditional low-detectability constraints.

The main contributions of this paper are as follows:

1. A 6-DOF coupled attitude–trajectory model is formulated for low-detectability prox-
imity operations of a unidirectional-thrust servicing spacecraft under multiple third-
party space-based observation constraints. The model jointly incorporates the forward-
looking camera, rear propulsion aperture, direction-dependent solar-array geometric
blocking, and body-fixed main thrust, such that spacecraft attitude simultaneously
affects target imaging, the prescribed low-detectability geometry, and the translational-
control direction.

2. A position-dependent attitude-assisted low-detectability mechanism is introduced by
formulating the rear-propulsion-aperture and solar-array blocking requirements, acti-
vated inside third-party observation FOVs, as compound state-triggered constraints.
This formulation allows the servicing spacecraft to exploit attitude freedom after
entering an observation FOV to adjust the direction-dependent geometry, thereby
replacing part of the positional detour otherwise required by pure FOV avoidance.

The remainder of this paper is organized as follows. Section 2 formulates the 6-DOF
joint attitude–trajectory proximity optimal control problem. Section 3 presents the SCvx
solution method. Section 4 discusses the numerical results. Section 5 concludes the paper.
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2. Modeling of the Six-Degree-of-Freedom Low-Detectability
Proximity Problem
2.1. Conceptual Configuration of a Low-Detectability Servicing Spacecraft with
Unidirectional Thrust

As early as the 1960s, the persistent external tracking of U.S. reconnaissance satellites
motivated research on low-RCS and signature-suppression technologies for spacecraft.
The U.S. Misty program is one of the early on-orbit low-detectability satellite projects
reported in open sources [22]. The Tianxun-1 (TX-1) microsatellite developed by Nanjing
University of Aeronautics and Astronautics further incorporated low-RCS requirements
into the overall structural design. It has a multifaceted low-observable shape and includes
body-mounted solar-cell arrays to control whole-spacecraft scattering characteristics while
meeting basic functional requirements [23]. Building on this work, Sun and Qin [8] further
optimized the low-observable shape, proposed the highly rotationally symmetric Olive-B
configuration, and verified its favorable low-RCS performance through numerical com-
putation and microwave anechoic chamber tests. However, these studies mainly focused
on low-observable configurations and their RCS characteristics and did not consider an
orbital propulsion system or its coupling with the low-observable configuration for active
proximity missions. Therefore, based on the Olive-B configuration and fan-shaped solar
array design, this paper further introduces a fixed forward-looking optical camera and a
rear-mounted main-propulsion module to construct a conceptual model of a maneuverable
low-detectability servicing spacecraft shown in Figure 1. This configuration is used to
study the 6-DOF joint attitude–trajectory proximity problem under multiple space-based
observation constraints.

Figure 1. Olive-B-inspired conceptual configuration of a maneuverable low-detectability servicing
spacecraft and definition of its body-fixed frame.

As shown in Figure 1, the optical navigation camera is fixed at the +xB end, with
its optical axis aligned with the +xB direction. The main-propulsion system is located
on the −xB side, and its resultant thrust acts along the +xB direction, while three-axis
attitude control is provided by independent attitude actuators. The solar array is located
on the +zB side, and its geometric relationship with the spacecraft body determines the
geometric exposure of the solar array to a third-party observer. Thus, spacecraft attitude
simultaneously affects the forward-looking camera pointing, the main-thrust direction, and
the geometric blocking of the solar array by the spacecraft body, providing the physical
basis for the subsequent 6-DOF joint attitude–trajectory planning.
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2.2. Six-Degree-of-Freedom Coupled Attitude–Trajectory Dynamics

The target local-vertical/local-horizontal (LVLH) frame FH is established with its
origin at the center of mass of the target spacecraft, and the body-fixed frame of the
servicing spacecraft is denoted by FB. The target spacecraft is assumed to operate in a
near-circular orbit, and the relative distance between the servicing spacecraft and the target
spacecraft is assumed to be much smaller than the orbital radius of the target spacecraft.
During the short-duration near-field proximity operation considered in this paper, the
orbital motion of the servicing spacecraft relative to the target spacecraft is described by
the Clohessy–Wiltshire (CW) equations [24].

First, consider the relative orbital motion of the servicing spacecraft. Let the transla-
tional state be xp = [r⊤ v⊤]⊤ ∈ R6, where r, v ∈ R3 are the relative position and relative
velocity expressed in the target LVLH frame FH , respectively. The relative translational
dynamics are written as

ẋp = Apxp + Bp
FH

m
(1)

where m is the mass of the servicing spacecraft and FH ∈ R3 is the control force expressed
in the target LVLH frame, with

Ap =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎣

0 0 0 1 0 0
0 0 0 0 1 0
0 0 0 0 0 1

3n2 0 0 0 2n 0
0 0 0 −2n 0 0
0 0 −n2 0 0 0

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎦
, Bp =

[︄
03×3

I3

]︄
, (2)

where n is the mean angular rate of the reference circular orbit of the target spacecraft.
Next, consider the attitude motion of the servicing spacecraft. Modified Rodrigues

parameters (MRPs), σBH ∈ R3, are used to describe the attitude of the body-fixed frame
FB of the servicing spacecraft relative to the target LVLH frame FH [25]. Let the rotational
state be xr = [(ωB

BI)
⊤ σ⊤BH ]

⊤ ∈ R6, where ωB
BI denotes the angular velocity of the servicing

spacecraft body frame FB relative to the inertial frame, expressed in the body frame. The
direction-cosine matrix from FH to FB determined by σBH is denoted by CB

H(σBH) and is
expressed as

CB
H(σBH) = I3 −

4(1− σ⊤BHσBH)[σBH ]
× − 8[σBH ]

×[σBH ]
×

(1 + σ⊤BHσBH)2
, (3)

where [·]× denotes the skew-symmetric cross-product matrix corresponding to a three-
dimensional vector.

The servicing spacecraft is treated as a rigid body, and its attitude control is provided
by independent three-axis attitude actuators. The rigid-body rotational dynamics satisfy
Euler’s equation

ω̇B
BI = −J−1

B [ωB
BI ]
× JBωB

BI + J−1
B τ, (4)

where JB is the inertia matrix of the servicing spacecraft expressed in the body-fixed frame,
and τ ∈ R3 is the attitude control torque.

Because the MRP σBH describes the attitude of the servicing spacecraft body frame
relative to the target LVLH frame, its kinematics can be expressed in terms of the angular
velocity relative to the LVLH frame. For a circular reference orbit, the angular velocity
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of the target LVLH frame relative to the inertial frame is ωH
HI = [0 0 n]⊤. Therefore, the

angular velocity of the servicing spacecraft body frame relative to the target LVLH frame is

ωB
BH = ωB

BI − CB
H(σBH)ω

H
HI . (5)

Define the MRP kinematic matrix as

Bσ(σBH) = (1− σ⊤BHσBH)I3 + 2[σBH ]
× + 2σBHσ⊤BH . (6)

The MRP attitude kinematics can then be written as

σ̇BH =
1
4

Bσ(σBH)ω
B
BH . (7)

Combining Equations (4) and (7), the attitude dynamics of the servicing spacecraft can
be expressed as

ẋr = fr(xr, τ). (8)

The orbital and attitude motions described above are explicitly coupled through
the direction of the unidirectional main thrust. According to the servicing spacecraft
configuration shown in Figure 1, the main-propulsion system is located on the −xB side,
and its resultant thrust is strictly aligned with the body-fixed +xB direction. Let f ≥ 0
denote the thrust magnitude of the main-propulsion system. Then,

FB = f e1, FH =
(︂

CB
H(σBH)

)︂⊤
e1 f , e1 =

[︂
1 0 0

]︂⊤
. (9)

Substituting the above control force into Equation (1) gives the attitude-dependent
relative translational dynamics

ẋp = Apxp + Bp

(︁
CB

H(σBH)
)︁⊤e1 f

m
, (10)

which can be expressed as
ẋp = fp(xp, xr, f ). (11)

As shown by Equation (10), the main-thrust direction is body-fixed, and the attitude σBH

directly determines, through the direction-cosine matrix, the main-thrust direction in the target
LVLH frame. Consequently, attitude not only affects the direction-dependent low-detectability
geometry introduced below but also directly participates in translational control, thereby
forming an explicit coupling mechanism in the 6-DOF attitude–trajectory dynamics.

Considering the main-thrust, attitude control torque, and angular rate limits, the
associated magnitude constraints are

0 ≤ f ≤ fmax, ∥τ∥2 ≤ τmax,
⃦⃦⃦

ωB
BI

⃦⃦⃦
2
≤ ωmax. (12)

2.3. Direction-Dependent Low-Detectability Constraints

The servicing spacecraft considered in this paper is modeled using direction-
dependent geometric conditions associated with favorable low-detectability observation
directions. Changes in its attitude alter the geometric relationships between the rear propul-
sion aperture, solar array, spacecraft body, and the third-party observation line of sight.
Based on the conceptual configuration shown in Figure 2, two mission-level geometric
constraints are introduced: the rear-propulsion-aperture constraint and the solar-array
geometric blocking constraint. These constraints serve as geometry-based proxies for
favorable observation directions and describe only the relative geometry between the
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servicing-spacecraft configuration and the observation line of sight; they do not directly
model or predict the radar cross-section (RCS), optical brightness, infrared radiation, or
detection probability.

Figure 2. Direction-dependent low-detectability geometry in the servicing spacecraft body frame.
The red cone denotes the rear-propulsion-aperture exclusion region along −xB, the blue cone denotes
the field of view of the forward-looking camera along +xB, and the purple elliptical cone denotes
observation directions for which the spacecraft body blocks the solar array.

2.3.1. Rear-Propulsion-Aperture Constraint

Let the position of the jth third-party observer be rG,j. The unit line of sight from the
servicing spacecraft to this observer is expressed in the target LVLH frame FH and the
servicing spacecraft body frame FB, respectively, as

lH
G,j =

rG,j − r⃦⃦
rG,j − r

⃦⃦
2

, lB
G,j = CB

H(σBH)lH
G,j. (13)

The main-propulsion module of the servicing spacecraft is located on the −xB side,
and the axis of its rear propulsion aperture is bB

a = −e1. Let θa be the exclusion half-
angle associated with the propulsion aperture. To prevent direct observation into the rear
propulsion aperture, the constraint is expressed as

ga,j(r, σBH) = (bB
a )
⊤lB

G,j − cos θa ≤ 0. (14)

2.3.2. Solar-Array Geometric Blocking Constraint

The spacecraft body is approximated as an ellipsoid of revolution about the xB axis.
Because the solar array is fixed in its deployed configuration on the +zB side, the set of
third-party observation directions for which the spacecraft body blocks the solar array is
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approximated by an equivalent elliptical cone extending along the −zB direction, as shown
in Figure 3.

Figure 3. Construction of the equivalent elliptical cone: (a) three-dimensional equivalent elliptical
cone; (b) tangency relation in the xB–zB principal section; and (c) tangency relation in the yB–zB

principal section.

Let the position of the apex of this equivalent elliptical cone in the body frame be
pB

a . The position of the jth third-party observer relative to the apex of the elliptical cone,
expressed in the servicing spacecraft body frame, is

qB
j = CB

H(σBH)(rG,j − r)− pB
a . (15)

Let the half-angles of this equivalent elliptical cone in the xB–zB and yB–zB principal
sections be θs,x and θs,y, respectively. The observation angular region satisfying the solar-
array blocking condition can then be expressed as

gs,j(r, σBH) =

⃦⃦⃦⃦
⃦
[︄

qB
j,x/ tan θs,x

qB
j,y/ tan θs,y

]︄⃦⃦⃦⃦
⃦

2

+ qB
j,z ≤ 0. (16)

Equation (16) defines an elliptical-cone constraint that extends along the −zB direction
with apex pB

a . The apex position pB
a and the two half-angles in the principal sections θs,x and

θs,y are predetermined from the idealized geometric relationship between the spacecraft
body and the fixed deployed solar array. When Equation (16) is satisfied, the third-party
observation direction lies within the equivalent elliptical cone so that the spacecraft body
geometrically blocks the solar array. The equivalent cone is intended as a low-dimensional
planning surrogate for the conceptual configuration rather than a high-fidelity visibility or
signature model; for a detailed spacecraft design, its parameters may instead be obtained
or replaced using CAD-based visibility analysis or direction-dependent signature data.

2.4. Mission and Observation Geometry Constraints

The servicing spacecraft is required to approach a prescribed inspection point r f

relative to the target spacecraft from a given initial state within a fixed mission duration
t f . Multiple third-party observing spacecraft with conical fields of view are present in the
mission region. The overall mission geometry is shown in Figure 4.

https://doi.org/10.3390/aerospace13100950
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Figure 4. Low-detectability servicing spacecraft proximity scenario under multiple third-party
observation constraints.

The initial and terminal boundary conditions are written as{︄
xp(0) = xp,0, xr(0) = xr,0,

xp(t f ) = [r⊤f 0⊤]⊤, ωB
BH(t f ) = 0.

(17)

Here, ωB
BH is defined by Equation (5). The terminal attitude σBH(t f ) is not prescribed,

allowing the servicing spacecraft to retain attitude-adjustment freedom while satisfying the
requirements for forward imaging and direction-dependent low detectability. The specific
mission duration, initial and terminal states, and dynamic parameters are given together in
the numerical-simulation section.

To prevent collision between the servicing and target spacecraft, a spherical safety
envelope of radius rkoz is used to describe the target keep-out zone (KOZ), requiring

gkoz(r) =
r2

koz − r⊤r
r2

koz
≤ 0. (18)

The unit line of sight from the servicing spacecraft to the target spacecraft is defined as

lH
T = − r

∥r∥2
.

Because the optical navigation camera is fixed at the +xB end, the direction of its
optical axis in the target LVLH frame is

(︁
CB

H(σBH)
)︁⊤e1. Let θcam denote the camera FOV

half-angle. The target-imaging constraint is then written as

gcam(r, σBH) = cos θcam − e⊤1 CB
H(σBH)lH

T ≤ 0. (19)

Equation (19) constrains the body-fixed +xB axis to remain within θcam of the target
line of sight while preserving roll freedom about that line of sight. This roll freedom
enables attitude changes to adjust the direction-dependent low-detectability geometry of
the servicing spacecraft relative to third-party observing spacecraft.

This paper focuses on close-range proximity planning with prescribed observation
geometry. Over a single short-duration mission interval, the positions and observation
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axes of the third-party observing spacecraft are treated as known parameters. There are NG

third-party observing spacecraft in the mission region. For the jth observing spacecraft, its
position in FH is denoted by rG,j, the unit vector along the center axis of its field of view
by dH

j , and its half-field-of-view angle by θG,j. The relative-position vector from the jth
observing spacecraft to the servicing spacecraft is defined as

pj = r− rG,j. (20)

Accordingly, the field-of-view trigger function associated with the jth third-party
observing spacecraft is defined as

gG,j(r) =
(dH

j )
⊤pj

∥pj∥2
− cos θG,j. (21)

Therefore,

gG,j(r) ≥ 0 ⇐⇒ r is inside the jth observer FOV. (22)

The FOVs of the third-party observing spacecraft and the direction-dependent low-
detectability geometry established in Section 2.3 correspond to constraints at two distinct
levels. The former describes whether the servicing spacecraft lies within the observation
range of a given third-party observing spacecraft, whereas the latter describes the favorable
low-detectability geometric relationship that the servicing spacecraft configuration should
satisfy for that third-party observation direction. Therefore, the rear-propulsion-aperture
constraint and the solar-array blocking constraint are enforced only when the corresponding
third-party FOV condition is triggered.

The corresponding mission-level conditional low-detectability requirement can be
expressed as

gG,j(r) ≥ 0 =⇒
[︁
ga,j(r, σBH) ≤ 0 ∧ gs,j(r, σBH) ≤ 0

]︁
, j = 1, . . . , NG. (23)

Equation (23) consists of one field-of-view trigger condition and two low-detectability
constraint conditions that become active simultaneously and can be represented as a
compound state-triggered constraint (cSTC). This expression describes the state-dependent
conditional constraint in the original mission; its continuous representation and local
convexification within the successive convexification framework are presented in Section 3.

2.5. Optimal Control Problem

For a fixed mission duration t f , the objective function is defined as

Jctrl =
∫︂ t f

0

[︂
w f f (t) + wτ∥τ(t)∥2

]︂
dt, (24)

Here, w f and wτ are the weights for translational propulsion and attitude control,
respectively. The tradeoff between translational maneuvering and attitude adjustment is
jointly determined by the coupled attitude–trajectory dynamics, the mission constraints,
and Equation (24).

Combining the above dynamics, boundary conditions, mission constraints, and
direction-dependent low-detectability constraints, the continuous-time six-degree-of-
freedom joint attitude–trajectory optimal control problem P0 is written as

https://doi.org/10.3390/aerospace13100950
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P0 : min
f (·), τ(·)

Jctrl, (25a)

s.t. ẋr = fr(xr, τ), (25b)

ẋp = fp(xp, xr, f ), (25c)

xp(0) = xp,0, xr(0) = xr,0, (25d)

xp(t f ) = [r⊤f 0⊤]⊤, ωB
BH(t f ) = 0, (25e)

gkoz(r) ≤ 0, (25f)

gcam(r, σBH) ≤ 0, (25g)

gG,j(r) ≥ 0 =⇒
[︁
ga,j(r, σBH) ≤ 0∧ gs,j(r, σBH) ≤ 0

]︁
, j = 1, . . . , NG, (25h)

0 ≤ f ≤ fmax, ∥τ∥2 ≤ τmax, (25i)

∥ωB
BI∥2 ≤ ωmax, (25j)

The terminal attitude σBH(t f ) is not prescribed. Problem (25) includes nonlinear MRP
attitude kinematics, attitude-dependent unidirectional thrust, the target keep-out-zone
constraint, the camera FOV constraint, and direction-dependent low-detectability geometric
constraints; it is therefore a nonconvex 6-DOF optimal control problem.

3. Successive Convexification Solution Framework
3.1. Model Linearization and Discretization

To solve the 6-DOF low-detectability proximity optimal control problem established
in Section 2 using convex optimization, the nonlinear coupled attitude–trajectory dynamics
are locally linearized about the current reference trajectory and then discretized into a
finite-dimensional piecewise-affine system.

3.1.1. Linearization of the Six-Degree-of-Freedom Dynamics

Define the complete state and control vectors of the servicing spacecraft as

x =
[︂

x⊤p x⊤r
]︂⊤

=
[︂
r⊤ v⊤ (ωB

BI)
⊤ σ⊤BH

]︂⊤
∈ R12, u =

[︂
f τ⊤

]︂⊤
∈ R4. (26)

Combining Equations (8) and (11), the complete 6-DOF coupled attitude–trajectory
dynamics can be expressed as

ẋ = fx(x, u) =

[︄
fp(xp, xr, f )

fr(xr, τ)

]︄
. (27)

At the ith successive convexification iteration, a first-order Taylor expansion of fx(x, u)
about the reference state and control trajectories x̄ i(t) and ū i(t) gives

fx(x, u) ≈ fx(x̄ i, ū i) + Λi(t)(x− x̄ i) + Gi(t)(u− ū i), (28)

where

Λi(t) =
∂ fx

∂x

⃓⃓⃓⃓
x̄ i ,ū i

, Gi(t) =
∂ fx

∂u

⃓⃓⃓⃓
x̄ i ,ū i

(29)

are the Jacobian matrices of the complete 6-DOF dynamics with respect to the state and
control, respectively.

Using x = [x⊤p x⊤r ]⊤ and u = [ f τ⊤]⊤ from Equation (26), the two Jacobian matrices
can be written as

Λi =

[︄
Ap Λi

pr

06×6 Λi
r

]︄
, Gi =

[︄
Gi

p f 06×3

06×1 Grτ

]︄
. (30)
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Here, Ap is the CW system matrix defined in Equation (2). Because the translational
dynamics in Equation (10) do not explicitly depend on the angular velocity ωB

BI , but change
the unidirectional main-thrust direction only through the attitude σBH , it follows that
Λi

pr = [ 06×3 Λi
pσ ], where

Λi
pσ = Bp

f̄ i

m

∂
[︂(︁

CB
H(σBH)

)︁⊤e1

]︂
∂σBH

⃓⃓⃓⃓
⃓⃓
σ̄ i

BH

. (31)

This term describes the local first-order effect of changes in the main-thrust direction
caused by attitude perturbations on the translational-state derivative and is the principal
term coupling the attitude and trajectory dynamics under unidirectional thrust conditions.

The Jacobian of the translational dynamics with respect to thrust magnitude is

Gi
p f = Bp

(︁
CB

H(σ̄
i
BH)

)︁⊤e1

m
, (32)

whereas Grτ =
[︂

J−1
B

03×3

]︂
.

For the rotational-state Jacobian in Equation (30), Equation (4) shows that the angular-
velocity dynamics explicitly depend only on ωB

BI and the control torque τ and not directly
on the attitude parameter σBH ; by contrast, the MRP kinematics in Equation (7) depend on
both ωB

BI and σBH . Therefore, with the state ordering xr = [(ωB
BI)
⊤ σ⊤BH ]

⊤, one obtains

Λi
r =

[︄
Λi

ωω 03×3

Λi
σω Λi

σσ

]︄
, (33)

where differentiating Equation (4) with respect to ωB
BI gives

Λi
ωω = J−1

B

(︂
[JBω̄B,i

BI ]
× − [ω̄B,i

BI ]
× JB

)︂
. (34)

Differentiating Equation (7) with respect to ωB
BI and using Equation (5) yields

Λi
σω =

1
4

Bσ(σ̄
i
BH). (35)

Because both the kinematic matrix Bσ(σBH) in Equation (7) and the relative angular
velocity ωB

BH in Equation (5) vary with the attitude σBH , the qth column of the Jacobian of
the MRP kinematics with respect to the attitude parameter is

[︂
Λi

σσ

]︂
:,q

=
1
4

⎡⎣ ∂Bσ

∂σq

⃓⃓⃓⃓
σ̄ i

BH

ω̄B,i
BH − Bσ(σ̄

i
BH)

∂CB
H

∂σq

⃓⃓⃓⃓
⃓
σ̄ i

BH

ωH
HI

⎤⎦, q = 1, 2, 3, (36)

where ω̄B,i
BH = ω̄B,i

BI − CB
H(σ̄

i
BH)ω

H
HI .

3.1.2. Discretization of the System Dynamics

To construct a finite-dimensional convex subproblem, the first-order linearized model
in Equation (28) is written in the continuous-time linear time-varying affine form

ẋ = Λi(t)x + Gi(t)u + ci(t), (37)

where
ci(t) = fx(x̄ i(t), ū i(t))−Λi(t)x̄ i(t)− Gi(t)ū i(t). (38)

https://doi.org/10.3390/aerospace13100950

https://doi.org/10.3390/aerospace13100950


Aerospace 2026, 13, 950 13 of 26

The fixed mission interval [0, t f ] is discretized into N state nodes and N − 1 control in-
tervals:

0 = t0 < t1 < · · · < tN−1 = t f , ∆tk = tk+1 − tk, k = 0, . . . , N − 2. (39)

A zero-order hold (ZOH) is applied over each control interval, i.e.,

u(t) = uk, t ∈ [tk, tk+1), k = 0, . . . , N − 2. (40)

Let Φi(t, τ) denote the state-transition matrix corresponding to the homogeneous
linear time-varying system

ż = Λi(t)z (41)

and let it satisfy Φi(τ, τ) = I12. The discrete system matrices associated with the kth control
interval are then

Ai
k = Φi(tk+1, tk),

Bi
k =

∫︂ tk+1

tk

Φi(tk+1, τ)Gi(τ)dτ,

ci
k =

∫︂ tk+1

tk

Φi(tk+1, τ)ci(τ)dτ.

(42)

The state-transition matrix and integral terms above are evaluated by numerical
integration along the current reference trajectory at each successive convexification iteration.

Consequently, the continuous-time linear time-varying affine system can be
discretized as

xk+1 = Ai
kxk + Bi

kuk + ci
k, k = 0, . . . , N − 2. (43)

Here, Ai
k, Bi

k, and ci
k are the discrete state-transition matrix, control matrix, and con-

stant term, respectively, associated with the kth control interval. Thus, at each successive
convexification iteration, the original nonlinear 6-DOF coupled attitude–trajectory dynam-
ics are locally approximated by a set of piecewise-affine discrete dynamic constraints.

Because the initial reference trajectory and the locally linearized models generated
during the iterations may be dynamically infeasible, a virtual control νk ∈ R12 is introduced
into the discrete dynamics. The dynamic constraint in the convex subproblem is therefore
written as

xk+1 = Ai
kxk + Bi

kuk + ci
k + νk, k = 0, . . . , N − 2. (44)

The virtual control νk prevents infeasibility of the convex subproblem caused by
dynamic infeasibility of the initial reference trajectory or by local linearization error. It is
heavily penalized in the objective function to drive it toward zero and does not correspond
to any physical actuator.

3.2. Convexification of Path Constraints

The target keep-out-zone constraint, forward-camera field-of-view constraint, and
conditional low-detectability constraints established in Section 2 all contain nonlinear
state relationships and cannot be imposed directly as constraints in a convex subproblem.
The thrust, control-torque, and angular-velocity magnitude constraints in Equation (12)
are convex and can be retained directly at every successive convexification iteration; the
remaining nonlinear path constraints are locally convexified to first order about the current
reference trajectory.
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3.2.1. First-Order Convexification of General Path Constraints

General nonlinear state constraints that do not involve conditional triggering are
denoted uniformly by gl(xk) ≤ 0. At the ith successive convexification iteration, with the
reference state x̄ i

k as the linearization point, the local first-order convexification is written as

gl(x̄ i
k) +

[︂
∇xgl(x̄ i

k)
]︂⊤(︂

xk − x̄ i
k

)︂
≤ sl,k, sl,k ≥ 0, (45)

Here, sl,k is a nonnegative slack variable that prevents the convex subproblem from
becoming infeasible when the reference trajectory violates nonlinear path constraints during
early iterations; it is penalized in the objective function to drive it toward zero.

The target keep-out-zone constraint in Equation (18) depends only on the relative
position r. A first-order expansion about the reference position r̄ i

k gives

r2
koz + ∥r̄

i
k∥

2
2 − 2(r̄ i

k)
⊤rk

r2
koz

≤ skoz,k. (46)

The forward-camera field-of-view constraint in Equation (19) depends on both
the relative position r and the attitude σBH . Linearizing about the reference state
(r̄ i

k , σ̄ i
BH,k) gives

gcam(r̄ i
k , σ̄ i

BH,k) + [∇r gcam]⊤i,k(rk − r̄ i
k) + [∇σ gcam]⊤i,k(σBH,k − σ̄ i

BH,k) ≤ scam,k, (47)

The corresponding gradients are evaluated at the reference state (r̄ i
k , σ̄ i

BH,k). Because
activation of the conditional low-detectability constraints in Equation (23) depends on
the position of the servicing spacecraft relative to the third-party FOVs, their continuous
representation and local convexification are presented in the next subsection.

In addition, the terminal relative-angular-velocity constraint ωB
BH(t f ) = 0 also con-

tains attitude-dependent nonlinearity. Define h f (x) = ωB
BI − CB

H(σBH)ω
H
HI . Its first-order

approximation about the reference terminal state at the ith iteration is

h f (x̄ i
N−1) +

∂h f

∂x

⃓⃓⃓⃓
x̄ i

N−1

(xN−1 − x̄ i
N−1) = 0. (48)

3.2.2. Convexification of the Compound State-Triggered Constraints

The conditional low-detectability constraints in Equation (23) contain discrete trigger-
ing logic determined by the position state of the servicing spacecraft and therefore cannot
be embedded directly in a continuous optimization framework. Following the treatment of
compound state-triggered constraints by Zhang et al. [21], the field-of-view trigger factor
for the jth third-party observing spacecraft is defined as

αG,j(r) = −min
{︁
−gG,j(r), 0

}︁
, (49)

Here, gG,j(r) is defined by Equation (21). It follows from Equation (49) that when the
servicing spacecraft lies inside the jth observation field of view, i.e., gG,j(r) > 0, one has
αG,j = gG,j > 0; when the servicing spacecraft lies outside that field of view, i.e., gG,j(r) < 0,
one has αG,j = 0.

Accordingly, the two low-detectability conditions in Equation (23) are constructed in
the following form:

ha,j(x) = αG,j(r)ga,j(r, σBH) ≤ 0,

hs,j(x) = αG,j(r)gs,j(r, σBH) ≤ 0,
(50)
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Here, x is defined by Equation (26). When gG,j > 0, because αG,j > 0, the two relations
in Equation (50) are equivalent to ga,j ≤ 0 and gs,j ≤ 0, respectively. When gG,j < 0,
αG,j = 0, and the corresponding low-detectability constraints are inactive. Therefore,
without introducing integer variables, Equation (50) provides a continuous-optimization
representation of the original state-dependent conditional-triggering logic.

Despite this continuous reformulation, ha,j and hs,j still contain nonlinear coupling be-
tween the trigger function and the direction-dependent geometric constraints and therefore
require a further local first-order approximation at each successive convexification iteration.
For compactness, let q ∈ {a, s} and denote both constraints uniformly by

hq,j(x) = αG,j(r)gq,j(r, σBH). (51)

At the kth discrete node of the ith iteration, its local first-order approximation, accord-
ing to whether the reference state lies inside the corresponding FOV, is written as

ˆ︁h i
q,j,k(xk) =

⎧⎨⎩hq,j(x̄ i
k) +

[︁
∇xhq,j(x̄ i

k)
]︁⊤(︁xk − x̄ i

k
)︁
, gG,j(r̄ i

k) > 0,

0, gG,j(r̄ i
k) ≤ 0,

q ∈ {a, s}. (52)

For a node whose reference state lies inside the observation field of view, αG,j = gG,j.
Therefore, by the product rule, the gradient required in Equation (52) is

∇xhq,j = gq,j∇xgG,j + gG,j∇xgq,j, q ∈ {a, s}, (53)

All functions and gradients in this expression are evaluated at the current reference
state x̄ i

k. Because gG,j depends only on the relative position r, whereas ga,j and gs,j depend on
both r and σBH , Equation (53) naturally retains the local coupling between the observation-
field triggering state and the low-detectability geometry of the servicing spacecraft.

In the ith convex subproblem, the following constraints are imposed for every third-
party observing spacecraft and discrete node:

ˆ︁h i
a,j,k(xk) ≤ sa,j,k, ˆ︁h i

s,j,k(xk) ≤ ss,j,k, (54)

where sa,j,k ≥ 0 and ss,j,k ≥ 0.
It should be noted that at the observation-field boundary gG,j(r) = 0, the trigger factor

in Equation (49) degenerates to zero, and the continuous cSTC undergoes a piecewise
transition. Therefore, Equation (50) and its local approximation are used primarily to
construct a continuous optimization model during successive convexification. The final
feasibility of a candidate trajectory is still assessed a posteriori using the original closed-set
observation FOV defined by Equation (21). At every node satisfying gG,j(rk) ≥ 0, the origi-
nal rear-propulsion-aperture constraint ga,j ≤ 0 and solar-array blocking constraint gs,j ≤ 0,
without multiplication by the trigger factor, are checked directly. This prevents trigger
degeneration at the field-of-view boundary from concealing an actual constraint violation.

3.3. Convex Subproblem and Hard Trust Regions

Combining the dynamic discretization, convexification of general path constraints,
and local convexification of the cSTCs described above, hard trust region constraints are
imposed at the ith iteration on the deviations of each state and control block from the
current reference trajectory, so as to limit the validity range of the local linear model:{︄

∥rk − r̄ i
k∥2 ≤ δi

r, ∥vk − v̄ i
k∥2 ≤ δi

v,

∥ωB
BI,k − ω̄B,i

BI,k∥2 ≤ δi
ω, ∥σBH,k − σ̄ i

BH,k∥2 ≤ δi
σ.

(55)
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| fk − f̄ i
k | ≤ δi

f , ∥τk − τ̄ i
k ∥2 ≤ δi

τ . (56)

Define the state and control trust region radius vectors, respectively, as

δi
x =

[︂
δi

r δi
v δi

ω δi
σ

]︂⊤
, δi

u =
[︂
δi

f δi
τ

]︂⊤
.

Each trust region radius is set according to the scale of the corresponding physical
quantity, and the radii are adjusted synchronously during the iterations according to the
local-model agreement. Let sk collect all nonnegative slack variables associated with the
general path constraints and cSTCs at node k. The following second-order cone subproblem
is then solved at the ith iteration:

min
{xk ,uk ,νk ,sk}

Jd
ctrl + λν

N−2

∑
k=0
∥νk∥1 + λs

N−1

∑
k=0
∥sk∥1, (57a)

s.t. xk+1 = Ai
kxk + Bi

kuk + ci
k + νk, k = 0, . . . , N − 2, (57b)

gl(x̄ i
k) +

[︂
∇xgl(x̄ i

k)
]︂⊤

(xk − x̄ i
k) ≤ sl,k, (57c)ˆ︁h i

a,j,k(xk) ≤ sa,j,k, ˆ︁h i
s,j,k(xk) ≤ ss,j,k, j = 1, . . . , NG, (57d)

x0 = [x⊤p,0 x⊤r,0]
⊤, xp,N−1 = [r⊤f 0⊤]⊤, (57e)

h f (x̄ i
N−1) +

∂h f

∂x

⃓⃓⃓⃓
x̄ i

N−1

(xN−1 − x̄ i
N−1) = 0, (57f)

0 ≤ fk ≤ fmax, ∥τk∥2 ≤ τmax, ∥ωB
BI,k∥2 ≤ ωmax, (57g)

Equations (55) and (56), sk ⪰ 0. (57h)

Here, Jd
ctrl = ∑N−2

k=0

(︂
w f fk + wτ∥τk∥2

)︂
∆tk is the discrete form of Equation (24). The

positive constants λν and λs are the penalty weights associated with the virtual-control
and path-slack variables, respectively. They are selected to be sufficiently larger than
the physical control weights so that artificial feasibility restoration is strongly penalized
relative to the nominal control objective. The same weighting parameters are used for all
comparison cases.

3.4. SCvx Iteration

The optimal solution {x⋆k , u⋆
k} of the convex subproblem is taken as the current can-

didate trajectory. To assess the predictive consistency of the local convex model with the
original nonlinear problem, define the nonlinear merit function

J (X, U) = Jd
ctrl(U) + λνVdyn(X, U) + λsVpath(X), (58)

Here, X and U denote the discrete state and control sequences, respectively; Vdyn is
the sum of the L1 norms of the dynamic defects obtained by propagating the candidate
nodal trajectory interval by interval using the original nonlinear dynamics, and Vpath is the
sum of the positive violations of the path constraints.

Correspondingly, denote the local merit function associated with the ith convex sub-
problem in Equation (57a) by Li, and denote its values at the zero step corresponding to the
current reference trajectory and at the optimal candidate point of the convex subproblem by
L0

i and L⋆i , respectively. The actual reduction and reduction predicted by the local model
are defined as

∆J act
i = J (X̄ i, Ū i)−J (X⋆, U⋆), ∆J pred

i = L0
i −L

⋆
i . (59)

When ∆J pred
i > 0, define the reduction ratio ρi = ∆J act

i /∆J pred
i , which measures

the accuracy with which the local convex model predicts the change in the nonlinear merit
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function. It is used to accept or reject the candidate trajectory and to adjust the trust region
radii of the individual physical blocks.

For a sequence of iterates, let J i = J (X̄ i, Ū i). The relative change in the merit
function between two consecutive updates is defined as

ϵi
J =

⃓⃓
J i+1 −J i

⃓⃓
max

{︁
1,
⃓⃓
J i

⃓⃓}︁ . (60)

When ϵi
J ≤ ϵJ , the normal SCvx iteration-termination condition is considered satisfied.

The detailed iterative procedure is given in Algorithm 1.

Algorithm 1 cSTC-based SCvx algorithm for the low-detectability proximity mission.

Input: {x̄0
k , ū0

k}, (δ
0
x , δ0

u), λν, λs, ϵJ
Output: {x⋆k , u⋆

k}
1: i← 0
2: while true do
3: Solve the convex subproblem in (57). → {x⋆k , u⋆

k}
4: (∆J act

i , ∆J pred
i )← (59)

5: if ∆J pred
i ≤ 0 then

6: (δi
x, δi

u)← 0.5(δi
x, δi

u)
7: else
8: ρi ← ∆J act

i /∆J pred
i

9: if ρi < 0 then
10: (δi

x, δi
u)← 0.5(δi

x, δi
u)

11: else
12: {x̄i+1

k , ūi+1
k } ← {x

⋆
k , u⋆

k}

13: (δi+1
x , δi+1

u )←

⎧⎪⎨⎪⎩
0.5(δi

x, δi
u), ρi < 0.25,

2(δi
x, δi

u), ρi ≥ 0.7,
(δi

x, δi
u), otherwise.

14: ϵi
J ← (60)

15: if ϵi
J ≤ ϵJ then

16: {x⋆k , u⋆
k} ← {x̄

i+1
k , ūi+1

k }
17: return {x⋆k , u⋆

k}
18: end if
19: i← i + 1
20: end if
21: end if
22: end while

4. Numerical Simulations
4.1. Simulation Parameters and Scenario Setup

To evaluate the proposed attitude-assisted scheme, a fixed terminal time, uniformly
spaced state nodes, and piecewise-constant control are adopted. The servicing spacecraft
approaches a prescribed terminal inspection position relative to the target spacecraft from
a given initial state, while the terminal attitude is not prescribed. The path constraints are
imposed at the discrete state nodes of the transcription, and the limitation associated with
possible inter-sample constraint violations is discussed separately in the subsequent results.
The principal physical and mission parameters are listed in Table 1.
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Table 1. Principal physical and mission parameters.

Parameter Value

Mission duration t f 300 s
State nodes N 140
Initial relative position r0 [−90, −32, 20]⊤m
Terminal inspection position r f [18, 8, 5]⊤m
Initial and terminal relative velocities v0, v f 0
Servicing spacecraft mass m 61 kg
Inertia matrix JB diag(0.5490, 2.3253, 2.3253) kg m2

Maximum main thrust fmax 1 N
Maximum control torque τmax 0.02 N m
Maximum angular velocity ωmax 1 rad/s
Target KOZ radius rkoz 2.5 m
Camera FOV half-angle θcam 30◦

Third-party observer FOV half-angle θG,j 30◦

Rear-aperture half-angle θa 16.95◦

Principal half-angles θs,x/θs,y 39.06◦/16.54◦

Note: The bold symbol 0 denotes a three-dimensional zero vector.

The two comparison schemes use identical initial trajectories, state and control bounds,
discretization grids, objective functions, penalty weights, and SCvx trust region parameters.
The initial position trajectory is obtained by linear interpolation between the initial and
terminal positions, and the controls are initialized to zero. This initial guess may be
dynamically infeasible, with the resulting infeasibility handled by the virtual control and
trust region mechanisms in SCvx. Because SCvx solves the underlying nonconvex optimal-
control problem locally, the resulting solution may depend on the initialization; a systematic
multi-start robustness study is beyond the scope of the present work. The principal solver
parameters are listed in Table 2.

Table 2. Principal numerical settings for SCvx.

Parameter Value

Virtual control penalty weight λν 3× 105

Path slack penalty weight λs 1× 106

Control weights (w f , wτ) (1, 0.05)
Initial position trust region radius δ0

r 6 m
Initial velocity trust region radius δ0

v 0.5 m/s
Initial angular velocity trust region radius δ0

ω 0.08 rad/s
Initial MRP trust region radius δ0

σ 0.04
Initial main thrust trust region radius δ0

f 0.25 N
Initial control torque trust region radius δ0

τ 5× 10−3 N m
Relative merit-function-change termination threshold ϵJ 10−2

The computations were performed on a desktop computer equipped with a 12th Gen
Intel Core i5-12400 processor and 32 GB of RAM. The convex subproblems were modeled
using CVX and solved with MOSEK.

Two mission formulations were compared with identical dynamics, boundary con-
ditions, state and control bounds, discretization, objective weights, initialization, penalty
weights, and SCvx settings. The attitude-assisted formulation allows the servicing space-
craft to enter the FOVs of the third-party observing spacecraft, while requiring the corre-
sponding direction-dependent geometric constraints to be satisfied when an observation
FOV is active. In contrast, the FOV-avoidance formulation requires the servicing space-
craft to remain outside all third-party FOVs throughout the mission. Therefore, the two
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formulations have different feasible sets, and the comparison is intended to assess the
effect of introducing attitude-assisted observation geometry rather than the performance
of different numerical optimization algorithms. Both formulations were solved using the
same SCvx framework.

4.2. Comparison of Simulation Results

Figure 5 shows the optimized trajectories of the attitude-assisted scheme and the
FOV-avoidance scheme in the main case. The blue solid curve denotes the attitude-assisted
scheme, and the orange dashed curve denotes the FOV-avoidance scheme; the short red
and green axes indicate the body-fixed +xB direction and the −zB direction, respectively,
at selected discrete nodes of the attitude-assisted solution. The attitude-assisted scheme
passes through the three third-party observation regions approximately along the direct
path between the initial and terminal positions, while the prescribed direction-dependent
geometric constraints are satisfied at the FOV-active transcription nodes through attitude
adjustment. Because entry into the observation fields of view is prohibited in the FOV-
avoidance scheme, it must detour around the observation cones, resulting in an evident
positional deviation during the middle part of the mission. The final path lengths of
the two schemes are 116.16 m and 125.22 m, respectively. This result shows that using
attitude freedom to adjust the solar-array blocking relationship can reduce the need for
trajectory detours.

Figure 6 further presents a nodal a posteriori evaluation obtained by substituting the
final candidate trajectories of the two schemes into the original nonlinear path constraints
at the transcription nodes. In Figure 6a, gG,j ≥ 0 indicates that the servicing spacecraft
is inside the field of view of the jth third-party observing spacecraft. In the attitude-
assisted scheme, 35, 42, and 22 nodes lie within the three fields of view, respectively, for a
total of 99 FOV-active nodes; the FOV-avoidance scheme has no FOV-active nodes. The
tightest nodes for the first two observers lie near the FOV boundaries, indicating that the
FOV-avoidance solution tends to form a tightly constrained detour trajectory along the
boundaries of the observation cones.

Figure 6b shows that the camera FOV constraint is satisfied at all transcription nodes
for both schemes. Although the FOV-avoidance scheme uses position freedom to avoid
the third-party FOVs, it remains subject to the attitude constraint that the forward camera
continuously point toward the target.

Figure 6c,d plot only the original directional constraints of the attitude-assisted scheme
at FOV-active nodes. All activated nodes satisfy gs,j ≤ 0 and ga,j ≤ 0. Thus, although the
servicing spacecraft enters the third-party FOVs multiple times, it satisfies the original
rear-aperture and solar-array blocking conditions at every FOV-active node. gs,j approaches
its constraint boundary at several FOV-active nodes, indicating that the solar-array blocking
constraint is locally active in shaping the attitude solution.

Figure 7 shows the control and angular-velocity histories of the two schemes. Figure 7a
shows the unidirectional main-thrust magnitude f . Because the FOV-avoidance scheme
must detour substantially around the third-party observation cones, it requires greater
control effort for translational acceleration, turning, and terminal deceleration. The total
thrust impulse of the attitude-assisted scheme is Iatt

F = 51.7662 N s, whereas that of the
FOV-avoidance scheme is Ipos

F = 94.7195 N s, corresponding to a 45.35% reduction in the
considered main scenario.
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Figure 5. Comparison of the three-dimensional optimized trajectories of the attitude-assisted scheme
and the FOV-avoidance scheme in the main case. The short red and green axes represent the
body-fixed +xB direction and the −zB direction, respectively, at selected discrete nodes of the
attitude-assisted solution.

Figure 6. Nodal a posteriori evaluation of the original nonlinear constraints in the main case:
(a) FOV functions gG,j of the third-party observing spacecraft; (b) camera off-axis angle; (c) solar-array
blocking residual gs,j at FOV-active nodes; and (d) rear-aperture residual ga,j at FOV-active nodes.
The observer colors follow the legend in (a). Gray vertical dashed lines mark FOV-active interval
boundaries, while horizontal dotted lines indicate zero-residual constraint boundaries.

Figure 7b shows the two-norm of the attitude control torque. The control torque
integrals of the two schemes are 1.3387 N m s and 2.5673 N m s, respectively, with the
attitude-assisted scheme reducing this quantity by 47.86%. This result does not imply that
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the FOV-avoidance scheme requires no attitude maneuvers. Because the main thrust is
strictly aligned with +xB and the forward camera must also maintain target imaging, the
FOV-avoidance scheme likewise requires continuous spacecraft-attitude adjustment to
redirect the thrust while generating its pronounced detour trajectory. Consequently, the
larger translational detour also requires additional control effort.

Figure 7c shows the evolution of ∥ωB
BI∥2, and both schemes satisfy the maximum-

angular-velocity constraint at the transcription nodes. Together with Figure 6, these results
show that, with identical dynamics, actuator bounds, objective weights, discretization,
initialization, and SCvx settings, the attitude-assisted formulation reduces the need for
positional detours by exploiting the additional attitude-dependent observation geometry
available within third-party FOVs.

Figure 7. Control and attitude-motion histories of the two mission schemes in the main case:
(a) unidirectional main-thrust magnitude f ; (b) control torque norm ∥τ∥2; and (c) angular velocity
norm ∥ωB

BI∥2.

Table 3 summarizes the results of the two schemes. The attitude-assisted and FOV-
avoidance schemes meet the relative merit-function-change termination condition after the
18th and 42nd iterations, respectively. The final virtual-control L1 norms are 3.55× 10−9

and 1.51× 10−9 for the attitude-assisted and FOV-avoidance formulations, respectively,
while the corresponding aggregate path-slack residual magnitudes are 4.63× 10−8 and
5.03 × 10−8. These quantities are numerically negligible, indicating that the artificial
feasibility-restoration variables have effectively vanished in the final solutions.
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Table 3. Comparison of the two mission schemes in the main case.

Metric Attitude-Assisted Scheme FOV-Avoidance Scheme

FOV-active nodes 99 (35/42/22) 0
Thrust impulse (N s) 51.7662 94.7195
Control torque integral (N m s) 1.3387 2.5673
Path length (m) 116.1609 125.2180

4.3. Mission Feasibility Under Unavoidable Observation Conditions

To illustrate the role of attitude freedom when pure FOV avoidance is incompatible
with the prescribed terminal geometry, this subsection adjusts the viewing axis of spacecraft
G3 to point directly toward the terminal position r f , while retaining all other settings of the
main case. In this case, gG,3(r f ) = 0.1339746 > 0, i.e., the terminal position lies inside the
field of view of G3. Therefore, the requirement of the FOV-avoidance formulation to remain
outside all observation FOVs throughout the mission conflicts directly with the prescribed
terminal boundary and is geometrically infeasible by construction.

The attitude-assisted formulation permits the servicing spacecraft to enter third-party
FOVs and uses attitude adjustment to satisfy the prescribed direction-dependent geometric
constraints at the corresponding FOV-active transcription nodes. Figure 8 shows the
optimized trajectory in this scenario, together with the +xB and −zB directions at selected
discrete nodes. The resulting discrete solution reaches the prescribed terminal position
along a relatively direct trajectory.

Figure 8. Three-dimensional optimized trajectory and attitude evolution of the attitude-assisted
scheme under unavoidable observation conditions.

Figure 9 presents the nodal a posteriori evaluation of the original nonlinear constraints
for this trajectory. Figure 9a shows that the servicing spacecraft enters the three third-party
FOVs in sequence, with 35, 42, and 23 FOV-active nodes, respectively, for a total of 100 FOV-
active nodes. Unlike in the main case, the FOV function of G3 remains positive at the
terminal time, consistent with the preceding analysis of the terminal geometry. Figure 9b
shows that all camera off-axis angles remain below the 30◦ upper bound, with a maximum
value of 27.6091◦. Thus, while performing attitude adjustments to satisfy the prescribed
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geometry-based low-detectability conditions with respect to the third-party observers, the
servicing spacecraft can still keep the target within the field of view of the forward-looking
optical camera. Over all FOV-active nodes, the maximum solar-array blocking residual in
Figure 9c is max gs,j = −3.758× 10−3 m. The maximum rear-aperture residual in Figure 9d
is max ga,j = −0.3891. gs,j approaches its constraint boundary at several nodes, indicating
that when terminal observation is unavoidable, the solar-array blocking constraint plays an
active role in constraining the optimal attitude solution.

Figure 9. A posteriori evaluation of the original nonlinear constraints for the attitude-assisted
formulation under unavoidable observation conditions: (a) FOV functions gG,j of the third-party
observing spacecraft; (b) target-camera off-axis angle; (c) solar-array blocking residual gs,j at FOV-
active transcription nodes; and (d) rear-aperture residual ga,j at FOV-active transcription nodes.

Because the conditional low-detectability constraints are enforced at discrete tran-
scription nodes, satisfaction at the FOV-active nodes does not by itself provide a rigorous
guarantee of inter-sample feasibility. In particular, when two adjacent nodes lie on opposite
sides of an observation-FOV boundary, the conditional constraint may be inactive at the
outside node, although a portion of the continuous trajectory between the two nodes still
lies inside the FOV. Consequently, localized inter-sample violations may occur near FOV
switching boundaries. The present results should therefore be interpreted as demonstrating
constraint satisfaction at the transcription nodes rather than strict continuous-time feasibil-
ity. More rigorous treatment of inter-sample constraint satisfaction, for example, through
adaptive mesh refinement, interval-level constraints, or conservative trigger margins, is left
for future work.

This attitude-assisted scheme satisfies the algorithmic convergence condition after the
18th iteration. Its thrust impulse is 51.7428 N s, its control torque integral is 0.9592 N m s,
and its path length is 116.1591 m. Table 4 summarizes the results for this scenario.
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Table 4. Transcription-node feasibility results under unavoidable observation conditions.

Metric Attitude-Assisted Scheme FOV-Avoidance Scheme

Transcription-node feasibility Feasible Geometrically infeasible
FOV-active nodes 100 (35/42/23) N/A
Maximum camera off-axis angle 27.6091◦ N/A
Maximum gs,j (m) −3.758× 10−3 N/A
Maximum ga,j −0.3891 N/A
Thrust impulse (N s) 51.7428 N/A
Control torque integral (N m s) 0.9592 N/A
Path length (m) 116.1591 N/A

These results illustrate a specific terminal-covered geometry in which the FOV-
avoidance formulation is infeasible by construction because the prescribed terminal point
lies inside a third-party observation FOV. In contrast, the attitude-assisted formulation
admits a discrete solution by allowing FOV penetration and exploiting attitude freedom to
satisfy the prescribed direction-dependent geometric conditions at the transcription nodes.
This example therefore demonstrates additional mission-design freedom provided by atti-
tude assistance with the particular geometry considered here, rather than constituting a
complete characterization of feasible-region expansion. As discussed above, the present
node-based transcription does not provide a rigorous guarantee of inter-sample satisfaction
of the conditional geometric constraints near FOV switching boundaries.

5. Conclusions
This paper investigated 6-DOF joint attitude–trajectory optimization for geometry-

based low-detectability spacecraft proximity operations under multiple third-party ob-
servation constraints. A coupled attitude–trajectory model was established by jointly
considering the forward-looking camera, rear propulsion aperture, direction-dependent
solar-array geometric blocking, and body-fixed main thrust. The conditional geometric
requirements activated inside third-party observation FOVs were formulated as com-
pound state-triggered constraints (cSTCs) and incorporated into an SCvx-based optimal
control framework.

In the main scenario, all FOV-active transcription nodes of the attitude-assisted solu-
tion satisfy the prescribed rear-aperture and solar-array blocking constraints. Compared
with the FOV-avoidance formulation, the attitude-assisted formulation reduces the thrust
impulse from 94.7195 N s to 51.7662 N s, corresponding to a 45.35% reduction in the con-
sidered case, while also reducing the need for positional detours. In the terminal-covered
scenario, where pure FOV avoidance is incompatible with the prescribed terminal geome-
try, the attitude-assisted formulation still admits a discrete solution by exploiting attitude
freedom to satisfy the direction-dependent geometric requirements at the transcription
nodes. These results illustrate the additional mission-design flexibility provided by attitude
assistance in multi-observer proximity operations.

The present study uses geometry-based low-detectability surrogates, prescribed ob-
server geometry, CW relative-motion dynamics, and discrete transcription. Therefore,
the reported performance should be interpreted within the considered mission scenarios.
Future work will consider higher-fidelity signature and orbital-dynamics models, as well
as improved treatment of inter-sample constraint satisfaction.
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