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1. Introduction

Rendezvous and Proximity Operations (RPO) have increas-
ingly evolved from fully cooperative docking missions into
strategic, time-critical maneuvers in a congested and con-
tested Low Earth Orbit (LEQO). Unlike classical cooperative
docking, where fuel minimization and passive safety are the
primary focus, defense-oriented or rapid-response intercep-
tion missions introduce a strict need for time minimization.
In non-cooperative engagements, spacecraft must intercept
targets rapidly under severe operational constraints, such as
hard thrust saturation, limited fuel budgets and navigation
uncertainty.

Existing literature often addresses trajectory optimization
using Model Predictive Control (MPC) frameworks; running
these solvers continuously in real-time is computationally de-
manding. Consequently, the central motivation of this work
is to formulate an efficient, hybrid Guidance and Control ar-
chitecture. The proposed strategy decouples the control task
into a quasiconvex control and trajectory optimization layer
based on Relative Orbital Elements (ROE) that is run only
a few discrete times based on mission events (such as sensor
handover) rather than continuously and combines it with a
robust nonlinear tracking layer. This design ensures a glob-
ally optimal minimum-time interception while maintaining
structural robustness against disturbances and unmodeled
€rrors.

2. Relative Motion Dynamics

To successfully decouple long-term optimal guidance from
short-range tracking, this thesis utilizes two distinct formu-
lations for relative motion dynamics.

2.1. Clohessy-Wiltshire (CW) Equations

The Clohessy-Wiltshire (CW) equations [1] provide a lin-
ear time-invariant (LTI) state-space representation in the
Cartesian Hill (RTN) reference frame. Assuming a circu-
lar reference orbit and a small relative separation distance,
the decoupled motion in the Cross-Track (z) direction and
the coupled motion in the Radial (z) and Along-Track (y)
directions are described by the following linear differential
equations:
& — 2ngy — 3n’z = ug,
Y+ 2nT = uy,
(4nz= Uy,

where n = /p1/a3 is the target’s mean motion and wuy, u,, u,
are the control accelerations. Expressed in continuous state-
space form # = Acwax + Bowu with state vector @ =
[z,y,2,4,7, 2] and control vector w = [u; uy, u,]', the
system matrices are:

[0 o0 0 1 0 0
0 O 0 0 1 0
Apw = 0 0 0 0 0 1
3n2 0 0 0 2n 0|’
0 O 0 —2n 0 0
0 0 —n2 0 0 0
03x3
Bow = | I3x3

2.2. Relative Orbital Elements (ROE)

For trajectory generation across operational horizons, the
quasi-nonsingular Relative Orbital Elements (ROE) formu-
lation is employed. This formulation tracks the geometric
differences between the chaser’s and the target’s orbits. For



near-circular target orbits, the state vector da:

Sa (ac — ar)/a
oA ()\C — )\t) + (Qc — Qt) COS it
dey €. COS W, — €4 COS Wi
b = = . .
dey e sinw, — e; sin wy
67/w Z‘c - it
(SZy (Qc — Qt) sin it

The continuous state-space form reads:
0 = Arogpda + BROE(ﬂ)u

For unperturbed Keplerian motion, the state matrix Arog
is constant and sparse:

0 O1x5
—1.5n 01><5

O4x1 Ouxs

AroE =

The input matrix Brog (@) is parameterized by the instan-
taneous mean argument of latitude .

0 2 0
_9 0 0
) 1 | sina 2cosu 0
BROE(U) T na | —cost 2sind 0
0 0 cos U
0 0 sinu

Performing trajectory optimization directly within this geo-
metric space significantly reduces artificial secular drift er-
rors inherent in standard Cartesian models.

3. Hybrid Control System Design
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Figure 1: Hybrid Control Architecture Diagram.

In the proposed hybrid GNC architecture, illustrated in
Fig. 1, the control system is divided into two primary layers,
while the navigation relies on an INS during the far-range
phase and relative distance sensors during the close-range
phase. The architecture is structured as follows:

e Guidance Layer: Operates in two distinct modes.
During the rendezvous and proximity phases, an Opti-
mization module generates a full optimal reference state
Xrer and a feedforward control U,.;. During the final
approach, an Artificial Potential Field (APF) module
takes over to generate a collision-free velocity reference
Viyef-

e Tracking Layer: Employs two Sliding Mode Con-
trollers (SMC). The Trajectory Tracking SMC follows
Xres by combining the optimal feedforward U,.; with
a robust switching term Uy, to compensate for uncer-
tainties. Alternatively, the Velocity Tracking SMC en-
sures strict adherence to the APF’s v, during the final
meters.

e Navigation Layer: Closes the feedback loop via a
Sensor Logic module. When the target is out of range
p > p*, it relies on an Inertial Navigation System (INS)
that propagates applied controls through an internal dy-
namic model to estimate the state X,,cqs. Once within
range p < p*, the logic switches to Distance Sensors for
direct, accurate relative state measurements.

3.1. Guidance Layer: Quasiconvex Optimal
Control

The primary objective of the guidance layer is to minimize
the rendezvous time while strictly satisfying fuel and actua-
tor constraints. Because the joint optimization of the control
trajectory u(t) and the final time ¢; is non-convex, a bi-level
quasiconvex optimization strategy is employed. The free fi-
nal time formulation can be treated as quasiconvex because,
for any fixed t¢, the corresponding feasible set is convex.
The problem is decomposed into two nested loops:

e Outer Loop (Time Optimization): A bisection
method (Algorithm 1) iterates on ¢y to find the min-
imum horizon for which the problem remains feasible.

e Inner Loop (Convex Optimization): For a fixed
i, the problem is posed as a convex trajectory tracking
problem.

This strategy guarantees convergence to the global minimum
time T,,; due to the exact feasibility detection of the inner
convex solver and the monotonicity of the reachable set (i.e.,
if a maneuver is feasible for time t,, it is feasible for all
ty > ta).

Algorithm 1 Bisection Optimization Loop

Require: Thigh, Tiow {Rendezvous time bounds}
Require: iter {Max iterations}

1: tol + 1,41 < 0, res + tol + 1

2: while ii < iter Ares > tol do

3: T < (Thigh + ﬂow)/z

4:  feas < ConvexInnerOptimization(T)
5. if feas =1 then

6: res <— |T — Thigh‘

7 Thigh T

8  else

9: res < |T — Tiow|

10: Tow < T

11:  end if

12: i<+ 1
13: end while

For the inner fixed-time problem, the cost function mini-
mizes the weighted state error. To ensure the optimization
remains convex, the physical constraints of the spacecraft
are simplified. Specifically, the non-linear physics of fuel de-
pletion are managed by bounding the L;-norm of the control
accelerations to an equivalent maximum velocity increment
(AVinax). Furthermore, to avoid non-convex, time-varying



thrust limits caused by mass loss, the maximum actuator
authority (umax) 1S conservatively fixed as a constant based
on the spacecraft’s initial mass. The formal Bolza represen-
tation is defined as:

ty
win 7 = [ sa(r)"Qéalr)ir
u(-) to
subject to
sa(t) = Aropda(t) + Brog(@)u(t)
6a(t0) = 6a0a
[0ex(ty) — doslloc < e,
|ul(t)| < Umax, ViE {x,y,z}

ty
/ ()|l dr < AVinae

to

where AVinax = golsp ln( 1y ), here mg is the total

Mo —Mfyel

mass of the chaser at ty. To enable feasibility detection, the
terminal state constraint is enforced with a small tolerance
vector €.
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Figure 2: Optimal control outputs and generated reference
trajectory.

In Fig. 2a, the control profile is shown, where the classical
bang-bang structure can be clearly observed. It also illus-
trates the mass variation computed by the optimal control,
showing an estimated consumption of exactly 20 kg of fuel.
In Fig. 2b, the generated trajectory is displayed in terms of
position and velocity (the optimal control generates a ref-
erence in Relative Orbital Elements, which is subsequently
transformed into the Cartesian Hill frame).

3.2. Tracking Layer: Sliding Mode Control
(SMC)

The Sliding Mode Controller (SMC) serves as the robust
tracking layer, ensuring the spacecraft accurately follows the
reference trajectory generated by the optimal guidance while
rejecting unmodeled perturbations and actuator faults.
The control law combines a feedforward equivalent control
Ueq (provided by the optimal control) with a First-Order
quasi-SMC switching term ug, designed to mitigate high-
frequency chattering:

Uy = —1 tanh(ao) (2)

where o(e) = Ce is the sliding surface based on the Hill
frame state error e, n is the robust switching gain and «
adjusts the slope of the hyperbolic tangent.

To simplify tuning and improve tracking performance, the
Clohessy-Wiltshire (CW) model is decoupled into in-plane
and out-of-plane subsystems. For the in-plane dynamics
(z,y), a standard diagonal sliding surface matrix fails to
compensate for the Coriolis cross-coupling inherent in the
CW equations. Therefore, a modified sliding surface matrix
C; is formulated, explicitly incorporating off-diagonal terms
to cancel the Coriolis effect:

A —2n 1 0
Cl_Ln Ay O 1]

This structural design yields decoupled error dynamics for
the in-plane motion, ensuring that control actions on one
axis do not perturb the sliding surface of the other:

p = 3n%ey + Apes + Uy + dy
Oy = Ayey + uy + dy

Conversely, the out-of-plane motion (z) is naturally decou-
pled within the linear CW framework, requiring only a
straightforward sliding vector Co = [X. 1].

Rather than relying on complex manual tuning, the com-
plete set of controller parameters ([Ag, Ay, 7, ¢, [Az, 12, ¢])
are computationally optimized using Particle Swarm Op-
timization (PSO). This approach navigates the closed-loop
stability optimization surface to minimize state tracking er-
rors while penalizing unfeasible control saturation. As il-
lustrated in Fig. 3, the resulting optimally tuned SMC step
response shows rapid convergence without overshoot.

3.3. Abort Strategy: E/I Vector Separa-

tion

In the event of a critical system failure during the final
approach, the guidance objective shifts from interception
to collision avoidance. The goal is to establish a pas-
sively safe relative orbit around the target using Eccentric-
ity /Inclination (E/I) vector separation [2], guaranteeing a
minimum keep-out distance R,.f. during fault recovery.

To prevent the recovery trajectory from crossing the tar-
get, the safe reference state dogqfe is dynamically deter-
mined by the Chaser’s instantaneous state at the failure time
tabort- The target relative eccentricity (dey sq te) and incli-
nation (0ig sqfe) are forced into the same quadrant as the
current, position to ensure outward expansion:

Rsage

4=t if Je, (t >0
5€z,safe = {_Rf:fg I( abort) B
at

if (Sex(tabort) <0



SMC Phase Portrait X: Step Response

S v 1
n =0.64 S = = = Sliding Surface (o = 0)
a=1.14 System Trajectory
s | A = 0.07 ®  Start Point
2
Ba
e
£
m 3
z
Q
=2
S 2
>
il
0 ! ! | !
-100 -80 -60 -40 20 0
Position Error [m]
. Time Domain Response
E 80| .
=
2 6o .
2 “of 1
8 20f |
A
0 | !
z 6 ; .
£
=45 .
-
2
e _
]
o
> 0
B e | el el 7 5 T T | e M. S q
E o
SK
-0.5 o R . M SRS N B iy

t[s]

Figure 3: SMC Phase Portrait, SMC step responses for a
100 m initial error on the z-axis. .

Si o= +R;7affe if 5Zm (tabort) Z 0
) - Rsafe i 5-
RS =i Gl (fabort) < 0
For guaranteed passive safety, the relative eccentricity and
inclination vectors must be collinear. This alignment ensures

that radial and normal oscillations are phased such that they
never simultaneously pass through zero:

de || di
\

arctan (ZZ) = arctan (gZi) +kr, ke{0,1}

The guidance strategy trivializes this collinearity require-
ment by setting (de, = di, = 0), forcing both vectors to
align perfectly along the z-axis.

Finally, to guarantee safety during the transient transfer to
the parking orbit, a linear keep-out barrier constraint is em-
bedded within the convex optimization. This mathemati-
cally prohibits any inward drift towards the Target while
the relative eccentricity is being adjusted:

5630 (t) : Sgn(§ez (tabort)> Z |5ex (tab(wt)| : B vVt e [tabortu tf]

The safety buffer coefficient § € (0, 1] acts as a scaling fac-
tor for the KOZ; by reducing 3 below unity, the constraint
is relaxed, allowing the Chaser the necessary flexibility to
drift slightly closer to the Target to maintain feasibility or
improve maneuver efficiency.

4.

In the critical final approach phase, the guidance shifts from
time-optimal interception to strict collision avoidance. The
chaser must safely navigate toward the docking point with-
out violating a predefined Keep-Out Zone (KOZ). This is
achieved using an Artificial Potential Field (APF) frame-
work, which models the operational space with repulsive ob-
stacles and an attractive target.

Final Approach Strategy

Cardioid-Based KOZ and Cone Corri-
dor

Because the chaser may approach from arbitrary directions,
a Cardioid-based potential function adapted from [3] is em-
ployed to entirely encapsulate the target within a KOZ. The
boundary repulsion term is defined as:

4.1.

hip) = llp+ Al +cs"(p+A) —pllp+ Al (3)

where p = [x y 2]' is the relative position vector, A =
[000]T is a positive offset vector shifting the cardioid along
the z-axis and cs = [ 0 0] T scales the cardioid size.

A quadratic attractive potential guiding the chaser toward
the target is defined as:

]T

(4)

The total potential J; (shown in Fig. 4a) combines the
boundary repulsion term Equation (3) with the quadratic
attractive well Equation (4):

1
N(p)=5p'p

Tie) = o)y

where k; regulates the KOZ boundary steepness and ko
tunes the attraction toward the target.

To enable the final docking phase, the cardioid potential
steers the chaser onto the proper docking axis (the —z di-
rection). Once aligned, the chaser enters a safe geometric
approach corridor defined by a Quadratic Cone boundary.
This restricts the physical space the spacecraft is allowed to
operate in:

+ k2N (p)

y? + 2% < (ztan ¢)?
where x; = —x represents the local longitudinal frame and
¢. is the cone aperture angle.
Inside this safe corridor, a secondary weighted potential
function dictates the internal steering logic, strongly prior-
itizing lateral centering (ko > 1) before forward progres-
sion:

Jcone(xh Y, Z) = ‘TIQ + klat(y2 + 22)

4.2. Velocity-Based Sliding Mode Control

The APF gradient dictates the desired direction of motion,
Ey = —VJ/||VJ||, which is subsequently scaled into a ref-
erence velocity vector:

Vreef = Umax Eu

To ensure safe docking of the chaser in the final meters, the
maximum velocity vmax is adaptively reduced as the relative
distance ||x|| falls below a proximity threshold p:

if x| > 5

Umaxa

VUmax — x
s 1 < 5
P

Umax



A dedicated velocity-tracking SMC ensures robust adher-
ence to this APF gradient reference. By defining the sliding
surface proportionally to the velocity error (as proposed in
[4]), o = ¢ (v — Vyef), the controller utilizes the same robust
control law structure established in Equation (2).
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Figure 4: Cardioid Potential Field and corresponding nom-
inal approach trajectory.

In Fig. 4a, two local minima can be observed: one inside the
cardioid (which is theoretically unreachable and therefore
not of interest) and one outside, which acts as the global min-
imum within the operational subspace. Fig. 4b illustrates
the resulting Keep-Out Zone and approach cone alongside a
simulated final approach trajectory.

5. SMC Parameter Tuning via Par-
ticle Swarm Optimization

While the Sliding Mode Controller guarantees robust tra-
jectory tracking, its practical performance is highly sensi-
tive to the selection of its design parameters (sliding sur-
face slopes A and switching gains n). Determining these

optimal parameters analytically is challenging due to hard
actuator saturation constraints and non-linear dynamics.
Furthermore, classical gradient-based solvers like Sequential
Quadratic Programming (SQP) often fail in this context; the
numerical integration of stiff dynamics containing discontin-
uous switching terms generates non-smooth cost landscapes
plagued by numerical noise.

To address these challenges, a customized simulation-based
Particle Swarm Optimization (PSO) framework is employed
to robustly navigate the complex parameter space.

5.1. PSO Update Rules and Topology
vij(k+1) =X [Uz’j(k) + e [Yig (k) — @i (k)]
+ carj [9i (k) — xij(k)]]

zij(k +1) = zi5(k) + vij(k + 1)

_ P
YT hme- V@19

where z;; and v;; are the position and velocity of particle 7 in
dimension j, y;; is the particle’s personal best position, g;;
is the neighborhood’s local best position, ¢; and ¢y are cog-
nitive and social coefficients, r1, 73 ~ U(0,1) are stochastic
variables and x is a scaling factor [5].

5.2. Penalty-Based Cost Function

The optimal parameter set is found by minimizing a custom
cost function Jy, which is evaluated by numerically integrat-
ing the closed-loop system dynamics at each iteration:

Jy = /OT (u(T)TRu(T) +x(1)"Q X(T)) dr

T
—|—k¢/0 gf)(T)% dr

The first part represents an LQR-style performance index,
penalizing state tracking errors and control effort via weight-
ing matrices ), R and ¢(7) is a violation function that
strictly penalizes control commands attempting to exceed
the physical actuator limit Uy ax:

0, if [u(7)[loo < Umax

[u(T)]loc = Umax, if [[u(7)]loc > Unmax

Without this penalty, optimization algorithms naturally fa-
vor aggressive control laws that demand short, unfeasible
high-amplitude spikes. By evaluating the cost function us-
ing the ideal (unsaturated) control input while simulating
the actual dynamics with saturated inputs, the PSO is heav-
ily penalized for requesting impossible thrusts. This ensures
the algorithm reliably converges to physically executable and

optimal control gains.

6. Simulations and Results

The proposed hybrid architecture was validated through
high-fidelity nonlinear simulations incorporating Jo gravi-
tational perturbations, atmospheric drag and Inertial Navi-
gation System (INS) drift.
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Figure 5: Conceptual schematic of the rendezvous maneuver

6.1. Mission Scenario

The target satellite is the Cosmos 2506 reconnaissance space-
craft operating in a Sun-Synchronous Orbit (SSO). The
Chaser is initialized approximately 70 km behind the tar-
get, tasked with a time-optimal rendezvous under a strict 20
kg propellant optimization limit.

The absolute orbital parameters of the target and the ini-
tial relative Keplerian differences defining the operational
scenario are summarized in Table 1.

Target Orbit (Cosmos 2506) ‘ Initial Relative State

a 7089 km Aa -1.2 km
e 6.017-10~* - Ae  0.0008 -

i 98.08 deg Ai 0.08 deg
Q,w,v 314.6,250.4,0 deg | A0 -0.45 deg

Table 1: Mission Scenario: Target Orbit and Initial Keple-
rian Differences.

To evaluate the robustness of the system, Monte Carlo sim-
ulations introduce an initial position uncertainty reflecting
the degradation of Two-Line Element (TLE) data accuracy.
The standard deviations for this error distribution in the Hill
(RTN) frame are detailed in Table 2.

‘ Initial Position Uncertainty (1o) ‘

Radial (og) 500 m
Transverse (or) 800 m
Normal (ox) 100 m

Table 2: Standard deviations for the initial position error in
the Monte Carlo analysis.

Fig. 5 illustrates the navigation error at the sensor handover
time ¢* (when the relative distance sensors begin providing
direct measurements). The total navigation error is com-
posed of Az (accounting for linearization errors and target
initial position uncertainty) and eryg (the accumulated INS
drift). The dashed line represents the optimal reference tra-
jectory; notably, at ty, the chaser follows a reference path
that is inherently shifted by Ax.

6.2. Adaptive vs. Static Guidance Perfor-
mance
To evaluate mission efficiency, the Monte Carlo analysis

compared a static reference tracking strategy (Scenario A)
against an adaptive re-optimization strategy (Scenario B).

Scenario A (Static):

The optimal trajectory is computed only once at ty. Upon
sensor handover at 10 km, the SMC is forced to aggressively
compensate the accumulated navigation error (Fig. 6). Be-
cause the SMC acts as a local feedback controller lacking
the look-ahead capability of the optimal control solver, this
static tracking strategy is highly inefficient. It results in
a mean total propellant consumption of 38.2 kg nearly
double the allocated budget and a mean rendezvous time
delay of 40.9 seconds (the additional time required for the
SMC to close the position error with respect to the reference
at Topt)'

-2000

-4000

Cross-Track (z) [m]
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== =Reference Path
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e Handover (10 km)

-10000

Along-Track (y) [m] ~
-15000 -16000

Figure 6: Monte Carlo trajectories (Range < 20 km).

As shown in Fig. 6, worst-case scenarios (orange trajecto-
ries) accumulate substantial navigation errors by the han-
dover point. Forcing the spacecraft back to the fixed refer-
ence path creates significant instantaneous tracking errors,
inducing a transient overshoot of approximately 5% (hun-
dreds of meters). This highlights a fundamental limitation
of static guidance: correcting large handover errors demands
aggressive control efforts that inevitably lead to trajectory
overshoots.

Scenario B (Adaptive):

The supervisory logic triggers a mid-course trajectory re-
optimization at the sensor handover. By utilizing the true
relative state measured at t* as the new initial condition
for the optimization solver, the Chaser avoids fighting large
accumulated navigation errors. This adaptive approach
results in a mean total propellant consumption of just
23.7 kg (a reduction of approximately 15 kg compared
to Scenario A) and drastically minimizes the mean ren-
dezvous time delay to only 9.7 seconds.

As shown in Fig. 7, the reference trajectory dynamically up-
dates at the sensor handover time t*, aligning perfectly with
the chaser’s state at t*. By tracking this newly generated
reference path, the adaptive strategy completely eliminates
the significant control efforts and trajectory overshoots that
affect the static approach.

6.3. Final Approach and APF Validation

The Final Approach phase relies on the Cardioid-Cone Arti-
ficial Potential Field (APF) to ensure strict collision avoid-

ance. Monte Carlo runs simulated approaches from var-
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Figure 8: View of the chaser’s relative trajectories during
the final approach, Monte Carlo simulation for the behind
approach.

ious initial states (e.g., frontal and behind the target, as
seen in Fig. 8). The APF successfully guided the Chaser to
the precise docking port (< 0.1 m relative distance) with a
100% success rate (50/50 runs) without ever breaching the
Keep-Out Zone (KOZ). For frontal approaches, the mean
time-to-dock was 259.3 s, perfectly aligning with the safety-
constrained velocity limits and required an average fuel us-
age of only 0.71 kg.

6.4. Robustness to Actuator and Sensor

Faults

The architecture’s robustness was tested against severe hard-
ware faults.

e Thruster Faults: Under a "blocked-closed" fault dur-
ing the maximum acceleration phase, the SMC suc-
cessfully and autonomously compensated for the total
loss of primary actuation, maintaining the spacecraft
strictly on the reference trajectory (e.g: Fig. 9 and
Fig. 10).

e Navigation Failure and Abort: Simulating a critical

sensor failure near the KOZ triggered an autonomous
time-optimal abort maneuver. The system safely trans-
ferred the Chaser into a passive, collision-free elliptical
parking orbit in exactly 32 seconds (Fig. 11).
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Figure 9: Far-range performance under a positive X-axis
stuck-open thruster fault.

Final Approach Trajectory

-
-

20+ 4

Radial X [m]

— = Keep-Out Zone
— — Approach Corridor
——Chaser Trajectory
Failure Segment
e Switching Point

L L

20

-30 ! 1 \ 1 1 J
40 30 20 10 0 -10 -20 -30 -40
Along-Track Y [m]

Figure 10: Final approach performance under a negative X-
axis stuck-open fault.



x10¢
Keep-Out Zone 5
Start

200 — 45

150 —

35
100 —
3
50 —f -
25 &
0-— 2
15
50 —|
1

100 —

Cross-Track z [m]

-150

A
200 / 200

A 100
0

‘ ‘ /
T A <100
200 150 100 50 50 -100 1[ 201 200
50 0

0 Radial (x) [m]
Along-Track (y) [m]

Figure 11: Trajectory showing the transition from the start-
ing point to the safety parking orbit relative to the Target.

7. Conclusions

This thesis has successfully demonstrated the feasibility and
high performance of a hybrid architecture specifically de-
signed for time-critical orbital interceptions. By decoupling
the problem into a convex optimal Guidance Layer and a
robust Sliding Mode Control (SMC) Tracking Layer, the
framework achieves both global optimality and disturbance
rejection without the high computational costs of real-time
optimization solvers.

Closed-loop simulations validated the core contributions of
this work:

e Adaptive Guidance Superiority: Re-optimizing the
trajectory at the sensor handover stage drastically re-
duces final approach time and propellant consumption
by dynamically correcting accumulated open-loop nav-
igation error.

e Optimized and Robust Tracking: The PSO-tuned
SMC provides exceptional precision, effectively reject-
ing non-linear environmental perturbations (J2, atmo-
spheric drag) and maintaining stability under severe ac-
tuator faults.

e Guaranteed Safety and Collision Avoidance: The
Artificial Potential Field (APF) strictly enforces Keep-
Out Zone (KOZ) constraints to ensure safe docking
from any spatial orientation. Furthermore, the Ec-
centricity /Inclination (E/I) vector separation strategy
guarantees passive safety by autonomously inserting the
chaser into a collision-free drift orbit in the event of crit-
ical navigation failures.

Ultimately, the proposed architecture provides a comprehen-
sive, modular and automatically tunable GNC framework
that is highly adaptable for generic near-circular LEO mis-
sions involving non-cooperative targets.
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