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Autonomous docking between a magnetically levitated shuttle and a robotic end-effector
presents unique safety and precision challenges that existing research does not ade-
quately address. While docking methodologies are well established in spacecraft ren-
dezvous and docking, no structured framework exists for hybrid systems in which one
platform is freely levitated and the other is a ground-fixed manipulator. This work ad-
dresses that gap by adapting spacecraft rendezvous principles to a terrestrial planar
robotic setting.

Three contributions are presented. First, a relative-motion docking model is developed
that defines conical approach corridors, spherical keep-out zones, and phase-dependent
velocity constraints to ensure geometrically safe trajectories. Second, a finite state ma-
chine isimplemented in a Programmable Logic Controller using Structured Text and Python,
governing the full docking sequence through sequential phases, deterministic transition
conditions, and abort logic. Third, the proposed method is experimentally validated on
an ACOPOS 6D magnetic levitation platform and compared against a simple straight-line
baseline across ninety trials at three distinct starting positions.

Both controllers achieved a 100% docking success rate. Final position errors were ap-
proximately 1.33 x 10~7m, and no corridor or keep-out violations occurred during nom-
inal trials. Docking times were comparable between the methods, with differences at-
tributable primarily to intentional dwell periods in the optimized controller. The results
demonstrate that spacecraft-inspired corridor geometry and phase-structured execution
logic can be implemented reliably on a planar levitated system without degrading per-
formance, and suggest strong potential for scaling these methods to higher degree-of-
freedom or safety-critical robotic docking tasks.

Keywords: autonomous docking, planar robot, robotic end-effector, finite state machine,
approach corridor, keep-out zone, relative-motion model, ACOPOS 6D, rendezvous and
docking
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1 INTRODUCTION

Enabling reliable docking between a levitated body and a robotic manipulatoris far
from straightforward. The interaction between these two fundamentally different
actuation domains imposes strict requirements on safety, precision, and geomet-
ric consistency, particularly in the final centimeters before contact. As the shuttle
approaches the docking port, both systems must operate within their dynamic lim-
its, including shuttle inertia, magnetic actuation characteristics, and robot reacha-
bility while simultaneously compensating for environmental disturbances, sensor
noise, and small but consequential pose deviations. Many of these challenges
echo those encountered in spacecraft rendezvous and docking, where decades of
research have produced mature concepts such as structured approach strategies,
keep-out zones, and collision-avoidance logic that can be meaningfully adapted
to terrestrial robotic systems.

Unlike classical industrial docking tasks, existing research provides only limited
guidance for hybrid systems such as the one presented in this paper. While motion-
planning frameworks exist for mobile robots and robotic manipulators individu-
ally, there is a lack of practical and structured docking models tailored to setups
in which one body is magnetically or aerodynamically levitated and the other is a
ground-fixed robot. In particular, no established methodology exists for defining
the geometry of approach corridors, modeling safe docking envelopes, or speci-
fying execution logic that is both reliable and compatible with real-world control
stacks. This gap motivates the need for a systematic framework spanning the
modeling, execution, and validation of docking interactions in levitated—robotic
systems. It should be noted that several related problems fall outside the scope
of this work. The framework assumes a quasi-static or slowly drifting shuttle and
does not address moving-target interception or fast dynamic tracking. Advanced
sensing modalities, such as vision-based pose estimation or force-torque feed-
back are not considered, as the focus is on logic-level execution rather than per-
ception. Similarly, multi-shuttle coordination and fault-tolerant recovery beyond
predefined abort logic are left for future work.

To address the identified gap, this work focuses on three key research questions.
RQ1 asks how to construct a practical, safety-aware relative-motion docking model
that incorporates approach corridors, alignment constraints, and keep-out zones
suited to the dynamics of a levitated shuttle and a robotic end-effector. RQ2 con-
cerns the development of an effective finite state machine (FSM), implemented
in a Programmable Logic Controller (PLC) using Structured Text (ST) and Python
with the pmclib library, to execute docking under this model, including the defini-
tion of phases, transition conditions, and abort logic. RQ3 evaluates the proposed
approach against a simple baseline, such as linear docking, to determine whether
it improves success rate, docking time, alignment accuracy, and safety margins.

The main contributions of this work are as follows:

1. A structured docking model for hybrid levitated—-robotic systems, compris-



ing corridor definitions, approach constraints, and formalized safety bound-
aries.

2. A robust finite state machine architecture that governs docking execution
and incorporates verification, recovery, and abort states.

3. A quantitative comparison between the proposed method and a baseline
docking strategy, demonstrating improvements across performance and safety
metrics.

The remainder of this document is organized as follows.

Section 2 reviews related work and introduces background concepts.

Section 3 formulates the docking model and defines the relative-motion con-
straints (RQ1).

Section 4 presents the finite state machine and its execution logic (RQ2).

Section 5 describes the evaluation methodology and reports the experimen-
tal results (RQ3).

Section 6 concludes the work, discusses its implications and limitations,
and outlines directions for future research.



2 BACKGROUND

2.1 RENDEZVOUS AND DOCKING

Rendezvous and docking is a controlled process in which an active chaser plat-
form, such as a spacecraft or, in the context of this work, a robotic system aligns
with, approaches, and physically connects to a passive target interface, such as
the docking port of another vehicle or a robot end-effector [1, Sec. 3.1.3, p. 3-3].

This conceptual decomposition is well established in the rendezvous and dock-
ing literature, where the overall task is divided into distinct phases that ensure
safe and precise contact [1]. Foundational spacecraft docking frameworks de-
scribe the process as a sequential procedure comprising relative pose estimation,
guided approach and trajectory generation, and final mechanical capture between
the docking interfaces [2], [3].

The first phase, relative pose estimation, is fundamental because accurate knowl-
edge of the position and orientation of the target underpins all subsequent motion
planning. Relative motion models and state-transition formulations, such as the
Clohessy-Wiltshire equations [4] and their later generalizations [5], were devel-
oped to describe how a chaser platform mathematically interprets target motion
in an orbital setting. Although these orbital dynamics models are not applicable
to the ground-based system studied here, the underlying principle, that a chaser
must maintain a continuously updated estimate of the target’s relative pose, is
equally central to terrestrial robotic docking [6].

The second phase, trajectory generation and guided approach, uses the estimated
relative pose to compute a safe and dynamically feasible path into the docking
corridor [1]. In spacecraft guidance, the Hill-Clohessy-Wiltshire framework pro-
vides the mathematical basis for this planning [5]; in the present work, it serves
only as a structural analogy. The key concepts it embodies motion planning within
defined safety envelopes, the use of Keep-Out Zones (KOS), and geometrically
constrained approach corridors are shared by both spacecraft guidance systems
and ground-based robotic systems, even though the underlying dynamics differ
fundamentally [1], [3]. Standardized frameworks such as the International Ren-
dezvous System Interoperability Standards (IRSIS) further formalize how approach
trajectories, keep-out zones, and corridor geometries are managed, and subdivide
the overall process into finer phases such as Far/Close-Rendezvous and the Ap-
proach/Proximity Operations phase [1].

The third phase, mechanical engagement or docking, involves precise positioning,
alignment, and force-controlled contact leading to physical capture or latching [1].
This final stage is consistently emphasized in docking system design across ap-
plication domains, whether the interface involves mechanical latches, magnetic
capture systems, or ground-robot docking fixtures [1], [2], because high-impact
collisions are unacceptable regardless of the operational context.



Taken together, these phases establish docking as a structured, multi-stage pro-
cess built on accurate relative navigation, safe trajectory generation, and con-
trolled terminal mechanical engagement.

2.2 PROBLEM DEFINITION AND ASSUMPTIONS

2.2.1 PROBLEM DEFINITION

This work focuses on enabling autonomous relative-motion docking between two
distinct robot platforms:

« A magnetically levitated shuttle that moves without friction within a con-
strained 2D plane (APOCOS 6D).

+ A robotic end-effector mounted on a 6-DoF industrial manipulator capable
of precise 3D positioning and orientation control.

The core objective is to design a model-based docking framework that ensures
safe, accurate, and repeatable alignment and contact between the two platforms,
even given their differing motion characteristics and the absence of any direct
data exchange between them.

The docking task must satisfy the following conditions:

- Safe approach: The shuttle must follow a geometrically defined approach
corridor and must not violate the static or dynamic keep-out zones surround-
ing the end-effector.

* Precise terminal alignment: The final relative pose between the docking
interfaces must lie within prescribed position and orientation tolerances.

+ Real-time execution: The robot controller must monitor, evaluate, and up-
date docking states in real time under sensor noise and imperfect localiza-
tion.

+ Abort capability: The system must detect unsafe states, such as excessive
closing velocity, angular misalignment, or unintended lateral drift and exe-
cute a reliable retreat trajectory.

This problem is representative of a broader class of hybrid robotic systems in
which contact between multiple platforms must be achieved without damaging
hardware or compromising system stability, both of which would result in unnec-
essary downtime and additional costs.

2.2.2 ASSUMPTIONS

To make the problem tractable and compatible with the available hardware and
simulationtools, the following system-level and modeling assumptions are adopted.

1. Dynamic and Kinematic Assumptions

+ The chaser shuttle moves exclusively within a horizontal plane during
the docking maneuver.



+ Shuttle dynamics are approximated; effects such as payload-induced
inertia changes and external environmental disturbances are neglected.

+ Gravitational forces do not influence lateral motion; consequently, no
orbital dynamics models (e.g., HCW equations) are employed, even as
an approximation.

+ The robot end-effector is assumed to possess sufficient reachability
and to remain free of kinematic singularities throughout the docking
workspace.

2. Perception, Localization, and Sensing
+ Sensor noise is present but bounded; the FSM is designed to tolerate
moderate noise levels.

+ Line-of-sight occlusions and complete sensor dropouts are not consid-
ered.

3. Geometric and Safety Constraints
+ The docking interface is approximated by the rigid-body geometry in-
herent in standard robot motion control.

+ Safety keep-out zones and approach corridors are treated as static ge-
ometric constructs defined in the shuttle’s coordinate frame.

+ Any violation of a keep-out boundary is assumed to trigger an imme-
diate abort; no predictive collision avoidance beyond threshold checks
is implemented.

4. Control and Execution
+ Dockinglogicis executed through a PLC-based control loop implemented
in Structured Text, running deterministically at a fixed cycle time.

+ All communication within the system is assumed to be reliable, with no
packet loss or latency.

5. Environmental and Experimental Assumptions

+ The workspace is free of unexpected obstacles, and external distur-
bances such as humaninteraction or mechanical vibration are assumed
to be negligible.

+ All experiments are conducted under controlled laboratory conditions;
generalization to uncontrolled environments is discussed but not im-
plemented.

2.3 RELATIVE MOTION MODELING APPROACHES

This chapter briefly compares alternative modeling approaches for relative mo-
tion and justifies the selection of the approach adopted in this work. The assump-
tions associated with the chosen model are also outlined.



2.3.1 COMPARISON OF ALTERNATIVE MODELING APPROACHES

Several approaches exist for modeling relative motion in docking scenarios, in-
cluding the previously mentioned Clohessy—Wiltshire equations, potential field
methods, and visual servoing [7], [8]. A brief comparison of these alternatives
with the selected approach is provided in Table 2.1.

Table 2.1: Comparison of alternative relative-motion modeling approaches

Corridor-based
navigation

Potential fields

circular orbit

Relative pose; geo-
metric constraints

Gradient-field formu-
lation; tuning of re-
pulsive and attractive

Approach Requirements Rationale for inclusion /
exclusion

Clohessy—-Wilt- | Orbital dynamics; lin- | Not applicable; the system

shire earization around a | is ground-based and oper-

ates in a planar environ-
ment. Referenced for con-
ceptual inspiration only.

Selected; integrates nat-
urally  with  approach
corridors, keep-out zones,
and deterministic state-
machine transitions.

Not used; susceptible to lo-
cal minima (false goals),
despite utility for obstacle

gains avoidance.
Visual servoing | High-rate camera | Not used; requires more
feedback; image- | complex perception in-

space control law frastructure and imposes
tighter latency constraints
than the available hard-

ware supports.

Asindicated in Table 2.1, the corridor-based relative-pose model is selected as the
simplest representation that still supports corridor checks, safety constraints, and
deterministic state-machine transitions.

2.3.2 SELECTED RELATIVE MOTION MODEL AND ITS ASSUMPTIONS

In spacecraft chaser—target modeling, the Clohessy—Wiltshire equations are con-
ventionally used to describe chaser motion relative to the target in an orbital ref-
erence frame [4]. That formulation accounts for gravitational acceleration, orbital
angular velocity, and Coriolis effects — none of which are present in a factory set-
ting operating on a flat horizontal surface. Accordingly, the Clohessy—Wiltshire
framework is not used here and serves only as a conceptual reference for the
phase-based structure of the docking process. In its place, a simpler kinematic
relative-pose model is employed, which is fully sufficient for the planar, low-speed
docking scenario considered.



The selected model assigns positions to both the chaser and the target relative to
a common origin fixed to the operating table. Viewed from above, the x-axis points
to the right, the y-axis points upward, and the z-axis points toward the observer.
Relative pose is therefore expressed as the vector difference between the two
platform positions together with their relative heading angle.

The modeling assumptions on which this representation relies are as follows:

+ Planar motion: Both the chaser and the target operate on a level surface;
roll and pitch during rendezvous are therefore negligible.

- Bounded speeds and accelerations: The docking maneuver is slow and con-
trolled, so high-dynamic effects are absent.

- Small orientation misalignment: The magnetic levitation principle constrains
heading drift to negligible levels during approach.

- Sufficient sensor update rate: The chaser’s relative pose is refreshed every
2 ms, making discrete-time integration errors negligible.

+ Moderate sensor noise: Noise is present but extreme outliers in sensor
readings are not expected.

+ Short prediction horizon: The controller requires only short-term predic-
tions, for which simple kinematics are entirely adequate.

2.3.3 RELATION TO CORRIDORS AND SAFETY REGIONS

Corridors, capture boxes, and keep-out zones are defined formally in the Safety
chapter. This section clarifies only how the relative-pose variables feed into those
definitions:

* The relative distance determines whether the target lies inside the approach
corridor or the capture box.

* The relative position and orientation error define the corridor boundaries and
the terminal alignment constraints.

* The closing speed is used to verify that the chaser is not approaching at a
rate that exceeds the limit prescribed for the current corridor segment.

2.4 SAFETY CONCEPTS

Robotic Rendezvous, Proximity Operations, and Docking (RPOD) involve consid-
erable operational risk in both space and terrestrial environments. Accordingly, a
set of well-established safety constructs has been developed in the robotics and
aerospace literature to constrain how a chaser platform may maneuver near a
target. These constructs guide trajectory design, bound permissible motion, and
ensure that any deviation from the nominal plan triggers appropriate safeguards.
The primary constructs relevant to this work are Keep-Out Zones, Approach Cor-
ridors, Capture Volumes, and Safety or Collision Envelopes.



2.4.1 KEEP-OUT ZONES

Keep-Out Zones (KOZ) define regions that the chaser must never enter. In orbital
scenarios these zones typically surround sensitive structures on the target space-
craft, such as solar arrays or antennas [3]. In robotic settings they encompass
fixed obstacles, hazardous areas, or human walkways that the robot must avoid.
KOZs function as hard constraints: any violation requires an immediate abort to
prevent collision or damage.

Some frameworks define the Keep-Out Sphere (KOS) as a specific variant, as for-
malized in the IRSIS standard. The KOS establishes a spherical boundary around
the target within which the chaser may only enter after satisfying prescribed align-
ment conditions [1]. Once those orientation constraints are met, the chaser is
permitted to penetrate the sphere and initiate controlled proximity operations.

2.4.2 APPROACH AND DOCKING CORRIDORS

Within the KOS, the chaser must remain inside a predefined approach or docking
corridor [1], [3]. These corridors are typically modeled as funnel- or cone-shaped
regions that narrow as the chaser closes on the target. This geometry intention-
ally reduces the permissible positional error near the docking interface, thereby
improving safety and ensuring that misalignment becomes apparent early in the
approach. The corridor may also encode additional requirements, such as:

« orientation constraints aligned with the docking interface,
« maximum allowable velocity profiles, and
- sensor visibility or line-of-sight requirements [3].

Departure from the corridor is treated as a safety violation and typically triggers
an automatic retreat or abort maneuver [1].

2.4.3 CAPTURE Box AND VOLUME

The capture volume defines the region of space within which docking may pro-
ceed safely. The capture box is the physical docking mechanism attached to
the target. Provided the chaser remains within this volume, meaning its position,
speed, and angular orientation are all within specified tolerances, capture is per-
mitted, and docking is considered successful. [1]

2.4.4 SAFETY AND COLLISION ENVELOPES

A further common construct is the safety or collision envelope, which encom-
passes the robot and any payload it carries. This envelope describes the robot’s
effective geometric footprint and is incorporated into motion planning and safety
verification. In the context of docking, the envelope is characterized by the chaser’s
closing rate, lateral velocity, and rotational rates (pitch, yaw, and roll), together
with the corresponding misalignment values. [1] By inflating collision models or
bounding robot motion with conservative geometric shapes such as spheres or
ellipsoids, trajectory planners can guarantee that all feasible paths remain safely



separated from potential hazards. These envelopes become especially important
under uncertainty, where sensor noise, relative navigation errors, and dynamic dis-
turbances can produce deviations from the intended trajectory.

2.4.5 SAFETY CONSTRUCTS AS FSM GUARD CONDITIONS

The safety constructs described above are not merely geometric abstractions;
they translate directly into the guard conditions and transition triggers of the Finite
State Machine introduced in the following section. Specifically, KOZ boundaries
define the conditions under which an ABORT transition is activated; corridor mem-
bership determines whether the FSM may advance from one approach phase to
the next; and capture-box entry serves as the precondition for the terminal docking
state. Collision envelope limits, expressed as threshold values on closing speed
and angular misalignment, are evaluated at every control cycle and can force an
immediate transition to the RETREAT state if any limit is exceeded. Framing safety
constructs as FSM guard conditions ensures that every geometric safety require-
ment is enforced deterministically and without exception throughout execution.

2.5 FINITE STATE MACHINES IN ROBOTIC TASK
EXECUTION

Finite State Machines (FSMs) are a well-established control architecture in robotics,
valued for their intuitive structure, ease of implementation, and deterministic, pre-
dictable execution. An FSM divides the control system into a set of discrete states
and the transitions between them, thereby providing an unambiguous record of
system behavior at any given instant [9].

2.5.1 TRACEABILITY AND SAFETY

Because FSMs enforce strict, well-defined transition conditions [10], every ac-
tion is associated with explicit entry and exit criteria, making system behavior
straightforward to trace, log, and debug. Safety-critical behaviors such as emer-
gency stops and task abortions are represented as discrete states, and transitions
guarded by conditions on closing speed, angular misalignment, or sensor status
ensure that the robot responds immediately to any unsafe condition.

2.5.2 HANDLING COMPLEXITY: HIERARCHICAL FSMs

For more complex tasks, individual states may be decomposed into sub-states,
forming a Hierarchical FSM [9]. For example, a docking state might contain sub-
states for coarse alignment, fine alignment, and contact verification, each with its
own entry conditions and success criteria.

2.5.3 APPLICABILITY IN ROBOTIC DOCKING

Docking operations, tool changes, part insertion, and analogous precision tasks
decompose naturally into ordered phases with clearly defined success and abort
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criteria. FSMs therefore support:

1. structured sequencing of approach, alignment, and verification phases;

2. explicit encoding of corridor membership and keep-out constraints as guard
conditions;

3. immediate transitions to retreat or abort upon detection of a safety violation;
and

4. repeatable, deterministic execution logic.

2.6 EXISTING EVALUATION METRICS FOR DOCKING
PERFORMANCE

Docking performance is typically assessed using quantitative metrics that char-
acterize the accuracy, efficiency, and safety with which two systems achieve phys-
ical alignment and contact [3]. Relevant measures include final position and ori-
entation error, time-to-dock, success rate, and trial-to-trial consistency. Additional
metrics address trajectory quality, specifically the degree of oscillation or correc-
tive motion along the approach path as well as energy or effort consumption and
the frequency of boundary violations or safety-zone intrusions.

These criteria correspond closely to those emphasized in prior RPOD literature.
Petersen et al. identify guidance efficiency as a key performance indicator, fo-
cusing on trajectory length, effort consumption, and navigation error as primary
measures of docking quality [3]. These metrics are equally applicable to terres-
trial docking scenarios, where the objective is to achieve the shortest, safest, and
most reliable approach path.

In the present study, these established metrics form the basis for evaluating how
platform-specific motion characteristics, and in particular the inherent random
motion errors of each robot affect docking outcomes. The hybrid nature of the
system under investigation, comprising a 2D-levitated shuttle and a 6-DoF robotic
end-effector, introduces platform-specific uncertainty sources that must be cap-
tured quantitatively. By grounding the evaluation in these widely recognized met-
rics, the study enables a meaningful comparison between the proposed corridor-
based docking framework and a simpler baseline, while isolating how robot-specific
behavior and stochastic motion error shape docking performance. This ensures
that the results are both interpretable within the broader docking literature and
directly relevant to hybrid levitated—robotic systems.

2.7 SUMMARY OF GAPS MOTIVATING THE PROPOSED
APPROACH

Although rendezvous and docking are well established in both space and terres-
trial robotics [1], [3], [6], several gaps in the existing literature provide direct moti-
vation for the present research. Existing studies frequently overlook the hardware-
dependent sources of variability that arise in real multi-robot systems, in part be-
cause their primary objective is to simulate spacecraft motion rather than to char-
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acterize ground-based platform interactions. Furthermore, many docking models
rest on idealized assumptions regarding relative motion and perception, positing
either perfect sensing or negligible pose drift, for instance, when motion is con-
strained to rails [6, see Fig. 10]. Such assumptions are not compatible with hybrid
systems involving free-moving bodies, such as the magnetically levitated shuttle
and the robotic manipulator considered here. The interaction between a planar
shuttle and a 6-DoF end-effector introduces coupled uncertainties that challenge
classical docking formulations, because the two subsystems move entirely inde-
pendently of one another.

These gaps identify a clear research opportunity. Although docking algorithms
and safety concepts are well established, the existing literature does not investi-
gate how two physically distinct robot platforms with differing dynamic charac-
teristics affect docking performance. This motivates the development of a struc-
tured experimental framework capable of quantifying the effects of platform het-
erogeneity on the accuracy, efficiency, and safety of the docking system.
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3 METHODS

This chapter describes the experimental system, the docking methodology, and
the evaluation procedures used to assess the proposed relative-motion docking
model and execution logic. This chapter also goes through the mathematical for-
mulas used for the calculations in the system and control loop.

3.1 SYSTEM DESCRIPTION

The experiment is conducted on a hybrid setup composed of an ACOPOS 6D pla-
nar levitation system and a 6-DoF industrial robot arm positioned adjacent to the
table. The ACOPOS 6D system provides micrometer-level precision positioning
(up to 1 um) using magnetic levitation technology [11]. Each shuttle glides freely
above the surface and can translate and rotate in six degrees of freedom.

For docking experiments, the shuttle consists of a standard ACOPOS 6D planar
robot equipped with a 3D-printed vertical extrusion. The robot arm’s end-effector
includes a corresponding “docking port” into which this extrusion must mate.

A typical docking attempt proceeds as follows. The shuttle begins at a predefined
start pose and navigates toward one of several approach locations around the
capture box. While moving, it may also avoid predefined keep-out zones. Upon
reaching the docking region, the shuttle lifts from its nominal hover height of 1 mm
up to its maximum of 4 mm. If the shuttle goes outside of the wanted approach
corridor it triggers an abort action where it either falls back to the earlier state or
does an emergency stop.

A test matrix is used to evaluate robustness. Initial positional/rotational offsets
and speed limits. Every configuration is repeated 10 times to analyze repeatability
and sensitivity.

3.2 RELATIVE-MOTION DOCKING MODEL (RQ1)

The relative-motion docking model defines how the shuttle interprets its geomet-
ric relationship to the docking port in reference to the world or inertia frame of
the table and how this information is used to generate safe approach trajecto-
ries. The world frame W is a fixed reference coordinate system used to express
all positions and orientations in the ACOPOS 6D software. The model provides
the continuous-state quantities, relative position, distance, angular deviation, and
safety margins that the finite-state machine (FSM) later evaluates as guard con-
ditions.

We can compute the relative position from the target to the end-effector

= Ppg — DT> (3~1)
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where
pg is the position vector of the shuttle with respect to the world frame W.

pr is the position vector of the target docking port with respect to the same world
frame W. Both vectors must be represented in the same reference frame for their
difference to correctly describe the relative position from the target to the end-ef-
fector.

The Euclidean distance to the target is:
d=|r|. (3.2

This distance is used both for corridor tightening and for determining when the
shuttle enters the close-range docking phases.

3.3 DOCKING EXECUTION LoGIC AND FINITE STATE
MACHINE (RQ2)

This section presents the full docking architecture used in the experiments, com-
bining the rendezvous-inspired phases with the detailed baseline behavior exe-
cuted on the ACOPOS 6D system. The design follows classical spacecraft RvD
conventions [1], adapted to table-scale distances. Each phase progressively tight-
ens geometric constraints while reducing allowable shuttle speed to ensure safe
and robust alignment. A brief dwell period is inserted after each transition to pro-
mote dynamic stability and to emulate real-world scenarios where payload stabi-
lization may be required.

3.3.1 RATIONALE FOR FSM-BASED EXECUTION

Classical RVD systems such as NASA's IDSS or Russian APAS docking mech-
anisms are structured around multi-phase approach profiles, predictive relative
navigation, capture boxes, and pre-contact alignment logic [12], [13] . These ele-
ments ensure that a vehicle approaches its docking port in a geometrically con-
strained and dynamically stable manner prior to any physical contact. The result-
ing state machine is illustrated in Figure 3.1.

3.3.2 PHASE STRUCTURE

The docking sequence is organized into several phases, ranging from system
initialization to contact and final capture. The first three phases correspond to
far rendezvous, close rendezvous, and capture logic from spacecraft docking,
while the later phases introduce the safety regions such as approach corridors
and keep-out zones. The safety regions governing these phases, the conical ap-
proach corridor and spherical keep-out zones are defined formally in sections 3.4
and 3.5.1, respectively.
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3.3.3 TRANSITION LoGIC

The FSM transitions follow deterministic rules that ensure that the shuttle only
enters the contact phase when geometric alignment and safety conditions are
satisfied. Each transition is conditioned on two continuous geometric checks
evaluated at every control cycle:

1. Approach Corridor Constraint, The shuttle must remain within a conical align-
ment corridor defined around the docking axis.

2. Keep-Out Constraint, The shuttle must remain outside protected workspace
regions (e.g., spherical keep-out zones ).

TRANSITION STATES

Between different phases, these transitions are implemented

Rendezvous to Hold: Triggered when the lateral alignment satisfies the constraints
of the approach corridor.

Hold to Capture: Triggered once position error satisfies the existing threshold and
the shuttle is within the tightened inner corridor. Thus, no keep-out zone is vio-
lated.

Capture to Hold (abort): Activated when any geometric constraint is violated dur-
ing the ascent. In this case either exiting the conical corridor or entering a keep-
out zone. This mirrors retreat logic in RVD systems where any violation forces a
return to the previous hold state or an immediate abort.

Capture to Success: Triggered when the shuttle reaches full ascent (4 mm) with-
out violating corridor or keep-out constraints.

3.3.4 ABORT RULES AND SAFETY LoGIC

As in the others, also the abort and safety logic is based on spacecraft "retreat to
hold” transitions. We define the shuttle explicit abort conditions to follow. These
abort rules are: Z-collision is detected, repeated contact failures exceed a maxi-
mum attempt count, and lateral deviation grows beyond corridor tolerance. Each
phase also has their own speed limits limiting the chances for errors and giving
each phase more time to do needed corrections.

Upon an abort situation mirroring real RVD systems. The shuttle should retreat to
a previous hold state, re-establish a lateral alignment, and re-attempt the docking.

I'll add distance annotations to each state node. The cleanest approachis to place
them as small labels to the right of each state. latex

3.3.5 IMPLEMENTATION CONSIDERATIONS

The implementation of the proposed docking model and FSM requires several
practical considerations to ensure reliable execution on the ACOPOS 6D platform.
Although the relative-motion model and corridor/keep-out logic are conceptually
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Figure 3.1: Finite state machine governing the docking sequence. Forward transi-
tions (left) are triggered by geometric guard conditions; the abort transition (right)
is triggered by a corridor or keep-out violation during ascent, after which the shut-
tle retreats to the HOLD state and re-attempts alignment. Distances are measured
from the docking target.
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simple, their real-time integration introduces constraints related to sensing accu-
racy, control-loop timing, and the physical behavior of the levitating shuttle.

POSE ESTIMATION

The pose estimation for the shuttle as a single point rather than a rigid body with
physical dimensions. Because this simplification, the shuttle can actually be out-
side the corridor without the code seeing it.

CORRIDOR TIGHTENING

The corridor angle 6,,,.(d) decreases as the shuttle approaches the docking port.
Because this tightening is distance-dependent, the implementation must avoid
numerical instability when 6 becomes very small.

HANDLING OF ABORT AND RETREAT BEHAVIOR

Abort transitions require the shuttle to retreat smoothly to the previous hold point.
Also a short dwell period is added after each retreat to allow the shuttle to stabilize
before re-alignment.

PHASE-DEPENDENT SPEED LIMITS

Each docking phase imposes different velocity constraints to reduce the likeli-
hood of misalignment or collision. This ensures that the shuttle has sufficient
time to correct lateral errors as the corridor tightens.

3.4 APPROACH CORRIDORS

In this section we define the conical approach corridor used and describe how the
system checks it.

3.4.1 CoNIcAL APPROACH CORRIDOR DEFINITION AND RULE
INTEGRATION IN CONTROL LooP

To ensure that the shuttle approaches the docking port from a geometrically valid
direction, a conical approach corridor is introduced. This corridor is implemented
as a simple inside/outside test evaluated at every control cycle of the FSM.

At each time step, the controller evaluates the following:

If the shuttle lies inside the cone, the movement towards the dock may continue
and if it lies outside the cone, the FSM triggers a correction to get back in the cone
or a retreat to the previous state.

This is done by defining a corridor axis with a unit vector a pointing in the docking
direction.
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The unit vector pointing from the docking port toward the shuttle is defined as

r

P=—, 3.3
I 33
and the angular deviation of the shuttle from the corridor axis is then
@ = arccos(? - 4), (3.4)
which is well-defined provided ||| > 0.
with these, the corridor constraint becomes:
6 < Bmax(d), (3.5)
where
Omax(d) (3.6)

defines the cone.

As the shuttle approaches the docking port, the distance d gets smaller and thus
the allowed corridor progressively tightens. This ensures that alignment must
improve as the shuttle approaches the docking interface.

3.5 KEEP-OUT ZONES

In this section, we introduce a safety region around the shuttle or docking port to
prevent unsafe trajectories that may lead to unwanted collisions. IRSIS adopts the
terminology Keep-Out Sphere (KOS) [1, Sec. 3.2.2.2, p. 3-13]; in this work, however,
we use Keep-Out Zone (KOZ) as a generic term.

3.5.1 KEEP-OUT ZONE DEFINITION

To prevent the end-effector from entering unsafe regions, a keep-out zone is de-
fined. For clear implementation, a spherical keep-out region is used due to its
mathematical simplicity.

Let pg be the center position of a spherical region that defines a keep-out zone:

IpE — psll = ko> (3.7)

where
rxo is the radius of the keep-out Zone.

If the end-effector approaches within ry, the FSM triggers either a retreat (“return
to hold”) or an abort depending on the current docking state.
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3.5.2 NUMERICAL IMPLEMENTATION IN CONTROL LooP

Now the Control Loop works as followed. At every cycle the system first checks
the distance to the keep-out zone

dgo = lpe — psll- (3.8)

dKO < ko> (39)

the entry is smaller than wanted and thus unsafe. The FSM transitions into the
previously mentioned retreat,or abort states.

3.6 PRACTICAL DOCKING MODEL SUMMARY

The implementation combines a conical approach corridor with spherical keep-
out zones to ensure safe and geometrically valid trajectories. These elements
are integrated into the FSM as guard conditions that prevent premature contact,
enforce alignment during approach, and trigger retreat behavior when safety mar-
gins are violated. Together, these components define the principles of rendezvous-
inspired docking within the ACOPOS 6D environment.
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Table 3.1: Numerical Parameters Used in the Docking Model, Corridor Logic, and
FSM

Corridor axis a:
Unit approach direction from shuttle toward the docking port:

a=(-1,0).

Corridor angle 6,,,,(d):
Piecewise distance—dependent tightening:

10°, d > 20mm,
6max(d) =13 d <5mm,
d—5mm
3°+(10°=3°)—, 5mm<d<20mm.

20mm —5mm’

Tightening distances:

dstart = 20 mm’ dnear =5mm.

Corridor-entry point:
Point where the approach axis intersects the keep-out boundary:

(x,y) = pr + (=8mm, 0).

Keep-out center pg:
Identical to the docking port position:

Ps = Pr-
Keep-out radius:

ko = 8 mm.

Orientation tolerance (tilt):

tilt, |, [tilt,| < 0.01rad ~ 0.57°.

Safe vertical limits:

1mm <z <4mm.

Phase speeds:

Utar = 1.0M/S,  Upyig = 0.5M/S,  Ugnry = 0.25M/S,  Upgg = 0.125m/s.

Dwell times:
FAR=2s, MID=2s, HOLD =2s.
Abort thresholds:
Corridor violations > 3, keep-out violations > 1.
Repetitions:

10 attempts per configuration.
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4 VALIDATION AND COMPARISON (RQ3)

In this section, we define both the baseline model and the optimized model used
in the experiment. We then present the collected data for comparison. To simplify
the baseline, all initial runs were executed in a planar tool simulation environment
rather than on the ACOPOS 6D hardware. This allowed us to isolate the core algo-
rithmic behavior without the influence of real-world disturbances. One additional
run was done on the hardware to check for environmental effects.

In contrast, the optimized model was implemented and tested directly on the ACO-
POS 6D system. This step was essential for capturing the fine-scale positioning
errors, magnetic field variations, and dynamic effects that only emerge in physical
operation. By incorporating these real-world deviations into the model, the opti-
mized version reflects the practical performance constraints of the system and
enables a more realistic evaluation of its precision and robustness.

4.1 BASELINE METHOD DEFINITION

the baseline controller does not implement the shrinking approach corridors, keep-out
regions, and phase-dependent speed limits mentioned in the methods chapter. In-
stead, movement is limited only to basic x- and y-motion at a constant speed of

1 m/s without specific phases or any speed adjustments between them.

From its initial location, the shuttle first aligns itself laterally with the target by
moving along the y-axis until it is aligned with the target’s y-axis. It then proceeds
along the shared x-axis until it reaches the target location, where it then attempts
to lift up to the allowed 4 mm. If this happens, the docking is considered success-
ful.

With this, the baseline makes the controller’'s task more predictable and isolates
its fundamental tracking performance without introducing additional challenges
related to shrinking of the corridor and shuttle control. This allows the controller
to demonstrate the core behaviors, such as stability, disturbance rejection, and ac-
curacy, without reacting to external factors. Uniformity creates a clean and more
repeatable baseline for comparing controllers, ensuring that differences in perfor-
mance come from the controllers themselves rather than from the system.

The docking fixtures used is a port with a 35 mm inner diameter, corresponding
to radial clearances of 2.5 mm relative to the 30 mm shuttle. Both the dock and
shuttle can be seen in image 4.1. A docking attempt is deemed successful when
the shuttle reaches 4 mm height without collision, excessive tilt, or timeout. Since
the baseline does not implement approach corridors or keep-out zones, no such
constraints are evaluated for it.
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Figure 4.1: The shuttle levitating at 4 mm docked successfully.

4.2 OPTIMIZED METHOD DEFINITION

The optimized controller extends the baseline architecture by replacing the uni-
form cylindrical approach corridor with a cone-shaped, tightening corridor that
more faithfully captures the geometric constraints encountered during precision
docking mentioned in the standards[1]. Unlike the cylindrical corridor, whose con-
stant radius simplifies tracking but limits realism, the conical corridor enforces
precision control. The Optimized model also adds the previously defined keep-out
regions and phase-dependent speed limits.

The cone-shaped corridor is used to test how well the controller can handle tight-
ening geometric constraints similar to real docking conditions. As the shuttle
moves along the x-axis, the corridor radius decreases according to a defined for-
mula, making lateral errors more costly the closer the shuttle gets to the target.
This forces the controller to correct deviations earlier instead of relying on late
adjustments. The narrowing geometry also increases the coupling between lat-
eral motion and orientation, meaning orientation errors that were acceptable in
the wider region can become critical as the corridor narrows.

Operationally, the shuttle begins with the same lateral alignment along the y-axis
as in the baseline. Once it enters the conical corridor, however, its path-planning
and control must account for the narrowing corridor shape, which is constrained
to +£10° around the axis. During the “far approach”, the corridor is still wide, al-
lowing full speed and some drifting around the axis. In the “mid approach”, even
though the limit remains at +£10° the corridor becomes narrower as the distances
to the target gets smaller, making precision control more important. By the “mid
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hold” phase, the reduced speed and tighter +3° orientation limit match the narrow-
est section of the corridor, ensuring the shuttle is well-stabilized before entering
the final docking region.

The docking port geometry remains the same: a 35 mm inner diameter with 2.5 mm
radial clearance around the 30 mm shuttle. However, with the shrinking corridor,
early lateral errors are more likely to cause boundary violations before the shuttle
reaches the exact docking location. This makes successful docking in the opti-
mized model a stricter test of controller performance, highlighting improvements
in prediction and system stability needed to navigate the tapered constraints ef-
fectively.

4.2.1 SYSTEM BEHAVIOR

In this section, we explain the system setups run process and behavior. The dis-
tances given are mimicking the real distances from the IRSIS-standards scaled
down to the tables scale. Between each state transition, we instituted a dwell pe-
riod, to stabilize the shuttle. This might not be that important for the success, but
it helps the visualization of state transfers and also might help in real life settings
where the shuttle might have a load that needs to remain in position.

PHASE 0: STARTUP

In the startup phase, the system initializes the motion controller and confirms a
successful connection and communication between the ACOPOS 6D table and
the computer through the Planar Tool software. From this it transitions to the Far
Approach phase.

PHASE 1: FAR APPROACH

In this phase, the shuttle first performs a lateral alignment maneuver to co-align
its axis with that of the target. It then proceeds to the far-range waypoint, located
470 mm from the target — a scaled analogue of the rendezvous sphere (10 km
in space), adapted to table-top scale and inspired by the IRSIS phase structure [1,
Sec. 3.1.3.1, p. 3-2]. All selected values are shown in Figure 3.1. During this phase,
the shuttle’s speed is unconstrained and it may travel at its maximum configured
speed. Once the correct approach axis is established, lateral drift is restricted by
the far-approach corridor. The shuttle continues along this corridor until it reaches
the Mid-Approach transfer point.

PHASE 2: MID APPROACH:

This phase begins once the shuttle arrives at the waypoint 47 mm from the tar-
get. This represents the mid-range approach sphere ( 1km analogue).[1] Once
the shuttle reaches this phase, all the previous guard checks remain, but the shut-
tle's speed is reduced by 50%.
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Figure 4.2: The figure shows the shuttle’s approach trajectory within the defined
docking corridor, the narrowing approach corridor leading toward the target, and
the surrounding keep-out zone, along with visual indicators of the current and past
state-machine transitions during the docking sequence.

PHASE 3: CORRIDOR ENTRY

This phase begins once the shuttle arrives at the keep-out zone’s edge which is an
8 mm radius around the target. From this point forward crossing the boundary of
the approach corridor. An abort is triggered instead of falling back to a previous
state. The speed is once again halved at this point.

PHASE 4: Mip HoLb:

The hold point is a fine-alignment “gate”, which is located 3 mm behind the target.
The speed is lowered another 50%.

PHASE 5: CONTACT AND CAPTURE

After arriving to this point. The shuttle should be near the dock and the shuttle
attempts a docking sequence.

PHASE 6: SUCCESS AND ABORT CONDITIONS

The following success and abort conditions apply to the optimized controller. For
the baseline, success is defined solely as reaching 4 mm height without collision
or timeout, and no corridor or keep-out abort logic is active. Successful attempt
is the scenario where the shuttle achieves a clean contact attempt, with no keep-
out violations and unwanted collisions. An unsuccessful attempt occurs when
any of the following conditions produce an immediate abort. Entering a keep-out
zone, while outside the corridor, or a violation during a critical phase (Mid hold or
Contact). To mimic a real system as described in IRSIS, abort stops the sequence
and prevents any further approach [1]. This is because it is assumed that the
shuttle cannot return safely to a previous state when it is so close to the target.

All of the above mentions of state transitions, KOZ and approach corridors are
visualized in the figures 4.2, and 4.3.
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Figure 4.3: Zoomed-in visualization that focuses on the immediate vicinity of the
docking port, showing fine-scale features of the approach path and state-machine
transitions.

4.3 EVALUATION METRICS

To address RQ3 (evaluation of the proposed approach against a simple baseline),
each experimental run is evaluated using a set of quantitative performance met-
rics that capture success, efficiency, and docking quality. The following metrics
are logged automatically by the control software:

+ Success rate: Whether the robot reaches the docking pose without violating
any safety constraints or timing out.

+ Time-to-dock: The total elapsed time from start to completion of the dock-
ing maneuver. For the baseline it is the time it takes the shuttle to lift off at
the target position to it's maximum position. For the optimized model the
timer starts at the end of "Mid Hold” and ending at the completion of the
docking sequence.

+ Total execution time: Overall runtime logged for each trial, used as an effi-
ciency indicator.

- Safety guard rule breaks: For the optimized model we measure the number
of violations such as crossing the approach corridor boundaries or entering
keep-out zones.

« Final alignment accuracy: A proxy for docking quality, measured as the final
lateral displacement error relative to the docking axis, and the final orienta-
tion/tilt deviation.

Experiments are conducted at three distinct starting locations shown in Fig. 4.4,
with 30 repeated trials at each location. This results in 90 runs each for both the
baseline and the optimized method. These measurements enable comparison of
docking stability, convergence behavior, task success reliability, and sensitivity to
initial conditions across all experimental configurations.

In addition to the main dataset, we perform an extra baseline run on the real sys-
tem to assess whether any notable environmental effects influence performance
compared to simulation. We also include two supplementary test runs for the op-
timized model to probe failure behavior. First a run in which the shuttle deviates
from the approach corridor and collides with it, and a second run in which the
dock position is manually shifted so that the controller still thinks that the target
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Figure 4.4: Image of the shuttle starting positions in red and end position in green
on the table.

is in the previous pose, causing the final 4 mm lift to fail, but cause no corridor
violations.

4.4 DISCUSSION OF FINDINGS

In this section, we present the results for both the baseline and the optimized
methods as shown in the tables 4.1 and 4.2. The experimental evaluation com-
pares the optimized model to the baseline across the full dataset using success
rate, time-to-dock, and safety-related accuracy metrics. Overall, the results indi-
cate that the optimized approach provides performance broadly comparable to
the baseline, with only minor variations across the measured criteria. These find-
ings help clarify the effects of the optimization procedure, the trade-offs intro-
duced by its design choices, and the considerations relevant for deploying the
method in practical autonomous docking scenarios.
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Table 4.1: Baseline controller performance summary across all three initial posi-

tions.
Metric Position 1 Position 2 Position 3
Success rate 100% 100% 100%
Time-to-dock (s) 1.70-1.74 1.70-1.76 1.70-1.75
Total execution time | 7.18-7.29 3.07-3.16 3.04-3.17
(s)
Final lateral error (m) | 5.99 x 10~8 5.99 x 1078 5.99 x 1073
Final tilt (rad) 0 0 0
Final position error | 1.33 x 1077 1.33 x 1077 1.33 x 1077
(m)

Table 4.2: Optimized controller performance summary across all three initial po-

sitions.
Metric Position 1 Position 2 Position 3
Success rate 100% 100% 100%
Time-to-dock (s) 1.74-1.76 1.74-1.76 1.74-1.76
Total execution time | 13.57-13.68 9.50-9.59 9.54-9.66
(s)
Corridor violations 0 0 0
Keep-out violations 0 0 0
Final lateral error (m) | 5.99 x 10~ 5.99 x 1078 5.99 x 1073
Final tilt (rad) ~ x107°-x107% | & x10™°-x107% | & x107>—-x10~*
Final position error | 1.33 x 1077 1.33 x 1077 1.33 x 1077
(m)

SUCCESS RATE

Both controllers achieved a 100% success rate across all trials. This result is
expected given the ACOPOS 6D platform, which moves the shuttle using electro-
magnetic levitation. Because the motion is highly precise and nearly free of me-
chanical error, any significant deviation would typically indicate a hardware fault
rather than a control-logic issue. As aresult, consistent success is inherent to the
system’s operating principles.

TIME-TO-DOCK

There is no real difference between docking times between the baseline and the
optimized model. This came as a surprise, but can be explained by the small
scale of the experiment. The only difference between the baseline and the opti-
mized model was the optimized models speed reduction to 0.125m/s from the
"Mid Hold” point onward. However the distance left at that point was only 3 mm,
so the speed decrease had no real effect. Only about a median difference of 0.03 s
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TOTAL EXECUTION TIME

The differences in docking time for the baseline controller are primarily explained
by the shuttle’s initial positioning. Even though the simulation places the shuttle
with perfect repeatability at the start of each run, there is still small timing fluctua-
tions that are maybe caused by lag on the simulation software side. The optimized
controller shows the same results with the starting-pose variation, but it is impor-
tant to note that its overall docking time is longer by design. Each state transition
includes approximately six seconds of dwell time, and the controller intention-
ally reduces speed as the shuttle approaches the docking port to ensure smooth
alignment and constraint satisfaction. These factors account for the consistently
slower, but more controlled motion profile observed in the optimized runs. If we
were to remove the six second dwell periods, the optimized models total execu-
tion time drops down near to the baseline methods with an error of +0.50 s

SAFETY AND ACCURACY

Safety performance appears to be consistently strong across all experiments.
This is the reason why we ran two different test run setups, where the rendezvous
was meant to fail. In the optimized controller tests, if the shuttle was intention-
ally given an incorrect rendezvous point offset from the true KOZ center, the sys-
tem aborted when the shuttles distance from the approach axis became greater
than the approach corridor’s current radius. However, in the real tests the model
did not produce corridor violations or keep-out incursions during the evaluation.
This makes it more difficult to verify whether the successful docking behavior is
truly the result of the geometric constraints and safety guards, or simply a conse-
quence of the inherent motion limits of the ACOPOS 6D table.

Same with as for the tilt, The final position errors of the two models are identical,
each reaching 1.33 x 10~7 m. At this magnitude, the error can be considered negli-
gible for all practical purposes. The tilt errors also remain small. For the baseline it
is at zero and for the optimized model it is at around 10~ — 10~* m. The difference
in the between the two error measurements was caused by the real system vs.
simulation setup. This is because, when the baseline model was run on the real
system it gave values approximately 0.0035rad for the tilt error. This level of ac-
curacy is more than sufficient for physical docking interfaces as it is near nothing
and demonstrates that the optimized controller maintains high-quality alignment
despite increased environmental complexity

4.4.1 STRESS TEST: INDUCED TARGET OFFSET

To probe the practical value of the safety guards, a controlled stress test was con-
ducted in which the physical dock was manually displaced laterally from its nom-
inal position while the controller’s internal target reference was left unchanged.
This creates a known, measurable misalignment between the commanded ap-
proach axis and the true docking geometry, forcing the shuttle to attempt contact
under conditions that exceed the port’s physical clearance tolerance. The same
offset was applied to both the baseline and the optimized controller so that their
responses could be compared under identical disturbance conditions.
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TEST CONFIGURATION

The docking port location and the approach-corridor or keep-out logic is kept the
same, however, the shuttles final location is shifted 70 mm laterally along the y-
axis from the position registered in the controller. This offset was chosen specif-
ically because it exceeds the available physical clearance of 2.5 mm and the rim
of the dock. Five repeated trials were conducted for each controller.

EXPECTED BEHAVIOR

For the baseline controller, no approach-corridor or keep-out logic is active. The
shuttle follows its standard L-shaped trajectory, lateral alignment on the y-axis,
then forward along the x-axis and attempts the 4 mm lift at the commanded (incor-
rect) target position. Because the location has been shifted, the lift either misses
the port or results in a collision with it depending on the shifted distance. No abort
is issued; the system registers the run as complete regardless of whether physical
docking actually occurred.

For the optimized controller, as the shuttle advances along the conical corridor, the
growing lateral separation between the shuttle’s actual trajectory and the shifted
approach axis is evaluated at each control cycle. Once this separation exceeds
the current corridor radius, an abort is triggered, halting the approach before the
shuttle reaches the keep-out zone boundary at 8 mm from the target.

RESULTS

Table 4.3 summarizes the outcome of all ten runs.

Table 4.3: Stress test results with a 70 mm lateral target offset (5 trials per con-
troller).

Metric Baseline Optimized
Reported success rate | 5/5 (100%) 0/5 (0%)
Actual physical dock en- | 0/5 (0%) N/A (aborted)
gaged

Corridor violation de- | N/A (not moni- | 5/5 (100%)
tected tored)

Abort triggered Never All 5runs
Abort distance from tar- | N/A ~ 177-180
get (mm)

Keep-out zone reached | 5/5 0/5
Contact / collision event | 5/5 0/5

INTERPRETATION

The stress test exposes a fundamental limitation of the baseline design. It has no
corridor monitoring, so corridor violations cannot be detected and show as "N/A”
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in the data. The baseline also defines success solely as reaching 4 mm height
at the commanded target position, all five runs are logged as successful even
though the shuttle never physically entered the port. In a real scenario this would
correspond to an undetected docking failure, with no system-level indication that
anything went wrong.

The optimized controller behaved as intended. In all five trials it detected the grow-
ing lateral deviation from the approach axis during the mid-approach phase, trig-
gered an abort at approximately 177-180 mm from the actual target, and halted
before entering the keep-out zone. The shuttle’s measured y-position was approx-
imately 4630 mm, compared to the true target position of 4680 mm. This corre-
sponds to a positional error of 50 mm, consistent with the allowable approach
corridor radius at that x-axis distance from the target. The abort distance varied
slightly across trials, likely due to timing jitter during program execution, but in ev-
ery case the shuttle stopped well outside the 8 mm keep-out boundary, preventing
false positive docking and collisions.

This result directly addresses the concern raised in section 4.4 that the 100% suc-
cess and zero-violation rates in the main dataset make it difficult to attribute safe
behavior to the guards rather than to the platform’s inherent precision. Under the
70 mm offset condition, the geometric constraints and abort logic demonstrably
prevent contact that the baseline cannot avoid.

One limitation of this test is that only a single offset magnitude was evaluated.
A sweep across offset values in steps would allow estimation of the detection
threshold and provide a more complete characterization of guard sensitivity. This
is left for future work.

4.4.2 SUMMARY OF FINDINGS

The results show that both controllers perform reliably on the ACOPOS 6D plat-
form, achieving a 100% success, which was an expected outcome given the sys-
tem'’s highly precise electromagnetic control of the shuttle.

Docking times between the baseline and optimized controllers were nearly iden-
tical due to the small remaining travel distance after the “Mid Hold” point, making
the optimized model’s reduced approach speed irrelevant at the current test scale.
This however can be a bigger factor as the scale is increased. Differences in total
execution time stem mainly from the optimized controller’s intentional six-second
dwell periods; removing these brings its performance close to the baseline, with
only minor variation likely caused by simulation timing jitter.

Safety and accuracy remained strong across all trials. While the optimized model
avoided corridor and keep-out violations, it maintained millimeter-level final align-
ment under more realistic motion conditions compared to the baseline. Although
the baseline too achieved near-perfect numerical accuracy, this occurred in an
idealized environment. Overall, the optimized controller preserves reliability while
offering robust, constraint-aware behavior suitable for practical docking scenar-
ios.
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4.4.3 THREATS TO VALIDITY AND FAIRNESS

A notable asymmetry in the experimental design is that the baseline controller
was evaluated almost entirely in the planar tool simulation environment, while the
optimized controller was tested directly on the physical ACOPOS 6D hardware.
Although one supplementary hardware run was conducted for the baseline, the
main comparison dataset of 90 trials per method is therefore not collected un-
der equivalent conditions. This limits the fairness of direct metric comparisons:
any performance difference could partly reflect the gap between simulation and
physical operation rather than a genuine difference between controllers.

Concretely, the simulation removes low-level disturbances such as sensor noise
and mechanical tolerances that the optimized controller must contend with on
real hardware. The fact that the optimized controller nonetheless achieves iden-
tical position errors and zero safety violations despite this added environmental
complexity can be interpreted as evidence of robustness. However, because the
baseline was not subjected to the same conditions, it is not possible to fully rule
out the possibility that the baseline would perform equally well on real hardware,
or conversely that it would degrade more noticeably.

A further threat to internal validity is the 100% success rate and zero violations
achieved by both controllers across all 90 trials. While this confirms the reliability
of the ACOPOS 6D platform, it means the evaluation dataset contains no failure
cases from which to distinguish the protective effect of the safety guards from
the system'’s inherent precision. The two deliberate failure-injection runs provide
qualitative evidence that the abort logic functions correctly, but they are insuffi-
cient to produce quantitative estimates of guard effectiveness, such as the rate
at which violations are prevented compared to an unguarded approach.

Future work should address these threats by collecting a matched dataset where
both controllers are evaluated on real hardware under identical conditions, and by
introducing calibrated disturbances or positional offsets to generate a sufficient
number of near-failure cases for statistical comparison.
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5 DISCUSSION

This chapter reviews how the docking controller performed and explains the re-
sults in relation to the research questions. The discussion also considers what
these findings may mean for real docking systems. In practical situations, the
available space naturally decreases as a vehicle approaches the docking port.
Because of this, the cone-shaped corridor used in the experiments provides a
more realistic approximation of real-world behavior than a fixed-width channel
would. The chapter highlights which results appear transferable to real systems
and which limitations may become more significant outside a controlled environ-
ment. Finally, the chapter examines the assumptions underlying the model and
identifies areas where the controller or the overall approach could be improved.
These insights help indicate where future work would be most useful and how
the system could be made more robust for more demanding or dynamic docking
scenarios.

5.1 INTERPRETATION OF RESULTS IN THE CONTEXT OF
THE RESEARCH QUESTIONS

Comparing the baseline against the optimized controller, the results indicate that
the state transitions and corridor-based movement did not produce meaningful
improvements in tracking accuracy, stability, docking success rate, or reduction
in boundary violations. More importantly, however, the experiments suggest that
standards used in spacecraft rendezvous can be implemented in arelatively straight-
forward manner in a tabletop setting and used to achieve reliable planar robot-to-
robot end-effector contact.

Although the optimized approach did not outperform the baseline in this setup, the
results help clarify which control structures may be unnecessary for small-scale
planar docking tasks. This narrows the design space and suggests that simpler
control architectures may be preferable in similar experimental configurations. It
should be noted, however, that the successful implementation of corridor-based
safety constraints in a planar environment indicates some potential for scaling
these concepts to more complex multi-degree-of-freedom robotic systems, where
simpler architectures may no longer be sufficient.

5.2 PRACTICAL IMPLICATIONS FOR REAL-WORLD
DOCKING SYSTEMS

Because the cone-shaped corridors already approximate real-world approach method-
ology, the results suggest that the control strategy used here may be applicable
to similar practical systems that rely on single-axis movement. The control strat-
egy could also be limited solely to the docking stage, giving the practical sys-
tem greater freedom of movement before the docking approach is initiated. This
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would make the strategy viable for tasks such as robotic insertion operations
or tool-tip changes, reducing the need for human involvement and potentially in-
creasing machine uptime.

The optimized model is based on the principle that no corrections are permitted
during a phase and that avoiding collisions requires returning to a previous phase
if deviations occur. This approach appears well suited to a spacecraft context,
where vehicles have continuous velocities and even small corrections can influ-
ence their trajectory over extended periods. In ground-based systems, however,
controllers generally benefit from correcting drift earlier, and violations are typi-
cally resolved by adjusting the robot’s path rather than retreating to an earlier po-
sition. This distinction suggests that a ground-based adaptation of the approach
could reduce unnecessary aborts and minimize collision risk more efficiently.

It is important to note that many external factors were not included in these ex-
periments. Real docking scenarios often involve disturbances, sensor noise, and
mechanical imperfections, all of which could affect performance and should be
considered in future work.

5.3 SENSITIVITY TO MODEL ASSUMPTIONS

The results of the docking experiments depend on several assumptions made in
the model. Changing these assumptions could influence both controller behavior
and overall docking performance.

GEOMETRY ASSUMPTIONS

The cone angle, port diameter, and allowed tolerances all shape the difficulty of
the docking task. A steeper cone or smaller port would reduce the available space
and likely increase boundary violations, while a wider geometry would make dock-
ing easier and faster. A tighter geometry could have been used in these experi-
ments to more thoroughly stress-test the controller.

DYNAMIC MODELING ASSUMPTIONS

The model ignores factors such as friction, sensor noise, data delays, and the
shuttle’'s mass. Inreal systems, these effects can cause drift, slower responses, or
unexpected motion. Including them would likely reduce performance and reveal
additional controller limitations.

CONTROL PARAMETER SENSITIVITY

The controller relies on specific gains, orientation limits, and state-transition thresh-
olds. If these parameters are not tuned properly, the system may overcorrect, os-
cillate, or fail to remain inside the corridor. Small changes in these values can
shift how stable or responsive the controller appears.
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ENVIRONMENTAL ASSUMPTIONS

The experiments were conducted in a controlled environment without external
disturbances. Factors such as gravity variations, air resistance, or surface fric-
tion could influence tracking accuracy in a scaled physical setup and may require
additional compensation.

STATE-MACHINE ASSUMPTIONS

The dwell times, speed limits, and orientation limits affect how the shuttle transi-
tions between phases. Given the small size and weight of the shuttle used, these
parameters were not a decisive factor in the experimental outcomes. In a larger-
scale setting, however, adjusting these values could determine whether the shut-
tle stabilizes properly before entering the next region or crosses the corridor limits.

ROBUSTNESS ASSESSMENT

Overall, some assumptions, such as small variations in geometry, may have only
minor effects, while others, such as sensor noise or actuator delays, could sub-
stantially reduce docking success. Identifying which assumptions are most crit-
ical would help guide where future improvements should focus, particularly for
real-world applications.

5.4 OPPORTUNITIES FOR OPTIMIZATION

This section presents potential optimization strategies that could enhance the
system'’s performance, robustness, and overall docking behavior. The ideas out-
lined below highlight areas where alternative control methods, improved parame-
ter tuning, or additional system inputs could lead to more efficient and adaptable
operation.

MobEL PREDICTIVE CONTROL (MPC)

The current system aligns the shuttle with its target by performing basic geomet-
ric calculations each cycle to determine their relative positions and the shape of
the corridor. It also assumes that the target remains stationary. If the ACOPOS 6D
system could receive real-time position data from the robot’s end-effector, dock-
ing with a moving target would become theoretically feasible. In that scenario, a
Model Predictive Control (MPC) approach could be used to manage corridor nar-
rowing, enforce state constraints, and anticipate future system states. This would
offer a more robust and adaptable solution for complex operating conditions, as
the shuttle could continuously maintain its position near the center of the corridor
even when the target is in motion, resulting in more versatile docking behavior.

TUNING OF FSM THRESHOLDS

The transition distances in the finite state machine (FSM) were derived by scaling
down the approach distances from the IRSIS docking standards. Testing showed,
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however, that the speed limits in particular do not translate well to the ACOPOS 6D
setup. Even when the shuttle speed was reduced to 25% of the original value, the
speed-reduction states did not produce meaningful advantages in the final out-
come, because the docking distances are very small. The same thresholds could
be evaluated in a setup where the shuttle has greater opportunity to overshoot the
target, as the current system is sufficiently precise that high approach speeds do
not cause observable problems.
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6 CONCLUSION

This thesis investigated whether corridor-based safety constraints and phase-
structured docking logic, inspired by spacecraft rendezvous standards, can be
applied effectively to planar robotic docking using the ACOPOS 6D platform. By
comparing a baseline controller to an optimized, constraint-aware method, the
work aimed to determine the practical value, limitations, and transferability of
such control strategies in small-scale robotic docking tasks.

The results show that while both controllers achieve highly reliable docking perfor-
mance, the optimized approach reveals important insights about the usefulness
of structured safety methods, their scalability, and when simpler control policies
may be sufficient. However, it also showed that these safety methods can be im-
plemented without major losses in task efficiency. Both models had similar run
and docking times when taking into consideration the dwell periods.

6.1 SUMMARY OF CONTRIBUTIONS

This work provides three main contributions.

First, the implementation of a corridor-based docking controller on a planar robotic
platform. The thesis demonstrates that methods derived from spacecraft ren-
dezvous, including cone-shaped corridors and phase-based progression, can be
implemented straightforwardly on a ground-based system with millimeter-level
motion.

Second, the comparison between the baseline and optimized controllers. Both
controllers achieved a 100% docking success rate. The experiments show that
the optimized controller provides comparable performance to the baseline in ac-
curacy and safety while adhering to geometrically constrained motion paths and
state-transition rules.

Third, an analysis of when more complex movement planning is beneficial. The
findings clarify that on small planar setups, structured corridors and rigid state
transitions do not materially improve accuracy or speed. However, their success-
ful implementation highlights the strong potential for scaling these methods to
higher-degree-of-freedom or safety-critical robotic docking tasks.

6.2 ANSWERS TO RQ1-RQ3

RQ1: How can we define a practical relative-motion docking model for a levi-
tated shuttle and a robot end-effector, including approach corridors and keep-
out zones to ensure safe docking?

The study showed that a practical relative-motion docking model can be defined
by combining cone-shaped approach corridors that narrow as the shuttle nears
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the docking port, a keep-out zone (KOZ) around the docking interface, and phase-
dependent position and velocity limits. These elements allow the docking trajec-
tory to be expressed as a sequence of geometric constraints that are straightfor-
ward to compute in real time. The implementation confirmed that such a model
works reliably on a planar levitated shuttle, with all docking attempts staying within
the allowed corridors. While the experiments did not include disturbances or
significant offsets, the model remained robust and intuitive, demonstrating that
spacecraft-inspired corridor geometry can be translated effectively to ground-based
robotic docking tasks.

RQ2: What is an effective finite state machine (phases, transitions, abort rules)
to execute the docking process reliably under the defined model and constraints?

The results confirm that a phase-based finite state machine (FSM) is an effective
structure for executing the docking operation. The FSM used in this work con-
sists of sequential approach phases with fixed dwell periods, explicit transition
conditions based on position accuracy, and a fallback mechanism that returns
the shuttle to the previous phase if a violation occurs. This logic was easy to im-
plement and behaved consistently across all experiments. The constraint that no
in-phase corrections are allowed is well aligned with spacecraft-inspired proce-
dures, although potentially conservative for ground systems. Even so, the FSM
provided predictable, stable behavior and ensured full compliance with corridor
limits, showing that phase-based execution logic is a reliable strategy for docking
under structured geometric constraints.

RQ3: Compared to a simple straight-line docking baseline, does the proposed
approach improve success rate, docking time, final alignment accuracy, and safety
margin?

The experimental comparison shows that the optimized controller does not out-
perform the baseline in success rate, docking time, or final alignment accuracy in
this small-scale environment. Both controllers achieved 100% success, and dock-
ing time differences were negligible due to the very short remaining distance after
the “Mid Hold” point. Alignment errors remained within a few millimeters for the
optimized controller, which is fully acceptable but not superior to the near-ideal
precision achieved by the simulation-based baseline.

A key reason for these uniformly high success rates is the ACOPOS 6D platform it-
self. Because the shuttle is actuated through electromagnetic levitation, its move-
ment is exceptionally smooth, highly repeatable, and nearly free of mechanical
disturbance. This intrinsic precision caused the shuttle to follow the intended ap-
proach corridor almost perfectly, so that neither controller produced a corridor or
keep-out zone violation across all experimental runs. The absence of any viola-
tions is a critical limitation of this evaluation: because the safety constraints were
never triggered, it is not possible to quantify the protective value of the corridor
logic from these nominal runs alone. Demonstrating a measurable safety benefit
requires conditions under which violations are plausible, such as a larger physical
scale, external disturbances, sensor noise, or reduced platform precision. Under
the current setup, the safety logic remained latent and untested in practice, re-
gardless of whether it was structurally present in the controller.
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Thus, while the corridor-based approach successfully enforced structured motion
rules without degrading performance, its benefit over the baseline cannot be es-
tablished from these experiments. This finding does not invalidate the approach;
rather, it indicates that the value of the proposed method is likely to become ev-
ident only in scenarios where the baseline approach would struggle to maintain
safety margins.

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH

The experiments conducted in this work were carried out under controlled labora-
tory conditions using a highly precise electromagnetic platform, which limited the
opportunity to stress-test the safety logic under realistic disturbances. Several
directions are therefore recommended for future work.

The most immediate recommendation is to repeat the experiments at a larger
physical scale. The current setup compressed the rendezvous phases into dis-
tances of only a few hundred millimeters, which meant that phase-dependent
speed limits and corridor tightening had little practical effect. At larger scales,
the shuttle would have more time and distance to accumulate drift, making the
corridor constraints and abort logic genuinely consequential rather than precau-
tionary.

Second, future work should introduce controlled disturbances into the experimen-
tal environment. This includes sensor noise injection, externally induced shuttle
perturbations, and payload mass variation. The current model assumes bounded
noise and negligible dynamic effects, but these assumptions are unlikely to hold in
real industrial environments. Testing under such conditions would reveal whether
the FSM'’s abort and recovery logic provides meaningful protection or requires re-
design.

Third, the system should be extended to support a moving target. The current im-
plementation assumes that the robot end-effector remains stationary throughout
the docking sequence. In practice, the robot may be repositioning or subject to vi-
bration, and the docking framework would need to account for real-time updates
to the target pose. Integrating live position feedback from the robot controller into
the shuttle’s motion planning loop would be a necessary step toward this goal.

Fourth, the FSM transition thresholds and dwell times were adapted directly from
scaled IRSIS standards without empirical tuning. A systematic parameter study
varying corridor angles, hold distances, and speed limits would help identify which
parameters genuinely affect docking reliability and which can be simplified or re-
moved.

Finally, validation on a second hardware platform or a different shuttle geometry
would help assess how transferable the framework is beyond the specific ACO-
POS 6D configuration used here.
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6.4 POTENTIAL EXTENSIONS

Beyond the immediate recommendations, several more substantial extensions
could expand the capability and applicability of the proposed framework.

First, adaptive corridors. The corridor geometry in this work is defined statically,
with a fixed tightening profile determined by distance alone. A natural extension
would be to make the corridor parameters adaptive, adjusting the cone angle and
speed limits dynamically based on observed shuttle behavior. For example, if the
shuttle consistently remains near the corridor center, the permitted angle could be
tightened further to enforce stricter alignment. Conversely, if repeated aborts oc-
cur at a particular phase transition, the system could temporarily widen the corri-
dor or reduce the approach speed automatically. Such adaptation could be driven
by a simple rule-based scheme or by a lightweight online estimator that tracks
historical deviation statistics.

Second, learning-based docking. Reinforcement learning offers a complementary
approach to the rule-based FSM used here. Rather than encoding approach logic
as hand-crafted geometric constraints, a learning-based agent could discover ap-
proach policies that minimize docking time and constraint violations through trial-
and-error interaction with the system. This is particularly relevant for scenarios
involving significant sensor noise or unpredictable target motion, where a fixed
rule set may be too rigid. The structured FSM developed in this thesis could serve
as a useful scaffold for such an approach, with the learned policy operating within
the phase structure while optimizing fine-grained motion decisions. Simulation-
to-real transfer would be an important challenge to address in this direction.

Third, multi-agent docking. The current framework governs a single shuttle ap-
proaching a single docking port. Many industrial levitation systems, including
the ACOPOS 6D, support multiple simultaneous shuttles. Extending the frame-
work to coordinate several shuttles docking to multiple end-effectors in parallel
introduces non-trivial challenges in collision avoidance between shuttles, priority
scheduling, and shared corridor management. Concepts from multi-robot coor-
dination and traffic management could be combined with the safety constructs
developed here to produce a scalable multi-agent docking architecture. This ex-
tension would significantly increase the practical relevance of the framework for
high-throughput manufacturing environments.
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