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Abstract

Spacecraft Rendezvous Proximity Operations and Docking (RPO-D) is a critical function to enable end-
less applications in space; spacecraft servicing, orbital refueling, spacecraft repair/upgrade and manu-
facturing in space are just some of the applications. For these applications to occur at scale, a system
must be able to “connect things” that are low weight, low cost, and have a developed computationally
efficient algorithm for final dock/connect. Currently in space-to-space interactions there is not a con-
sensus between customers, operators, manufacturers and users on a “standard” means of connecting
space objects. The USC SERC created CLING-ERS as a standalone device to address a ubiquitous dock-
ing mechanism for in space interactions. CLINGERS combines a traditional mechanical interconnected
with a relative navigation algorithm using Perspective-n-Point (PnP) to solve the pose estimation prob-
lem between space elements enabled with CLINGERS. Ideally any spacecraft/platform mounted with a
CLING-ERS device could use its embedded navigation sensor information for autonomous docking with
another object mounted with a CLING-ERS unit.

Keywords—Rendezvous andProximityOperations, Rendezvous ProximityOperations andDocking, CLING-ERS, Perspective-
n-Point, Autonomous Docking.

1 Introduction

1.1 CLING-ERS: AMechanism for Autonomous In-Orbit Rendezvous and Docking
A genderless docking mechanism was created and patented by a USC professor (Dr Berok Khoshnevis) to support

ground robotics. CLING or Compliant Low-profile Independent Non-protruding Genderless system, was created in
order to explore a genderless dockingmechanism versatile for ground robotics. The CLING basic design can be seen in 1.
As safety of rendezvous in Space operations becamemore apparent with new space servicing applications, SERC (Space
Engineering Research Center) initiated some research with the Aerospace Corporation to merge the original CLING
concept with functions of close in sensing and ranging. CLINGERS (7) was then created with Electronic Rendezvous
Sensors as a merger between the traditional “Docking” mechanism and “RPO” sensing systems(8). Early prototypes
had CLING mechanical devices coupled with simple LED lights that were used to determine pose (orientation), and
tested (2 on an air bearing table to simulate space-like conditions in a single plane. These tests gave excellent results
in 2D.

CLINGERS is on track to be tested in full 6 DOF (Degrees of Freedom) in themicrogravity robotic research platform
inside the ISS. This testing in June of 2023 will be using NASA Ames Research Lab’s Astrobee(9) (cube-shaped robots
that move in microgravity) free flight modules. The two CLINGERS will be attached to separate Astrobee’s 3a, where
they will dock in 3D 3b, utilizing internally developed PnP (Perspective-n-Point) algorithm that allows the pinpoint of
LEDs on the CLINGERS which then transmit pose and range information (orientation and distance) to the Astrobee
hosts that then can rotate and translate to the other CLINGERS to prove docking.

CLING-ERS is USC and SERC’s first project to be sent to the ISS, and it will uncover a new dimension in micro-
docking systems that can extend to larger scale efforts under inspection, servicing, assembly andmanufacturing (ISAM).
The CLING-ERS genderlessmechanism, utilizing a PnP algorithm, will bemore efficient and versatile than existingmech-
anisms, and could be used on almost any object in space. Despite the intense focus on a P3P solution (three points of
reference) with a gendered docking system, few researchers have examined a Nakano inspired PnP solution that uses
four points to find the one “true solution” (for rotation and translation matrices) and an OpenCV (Open Source Com-
puter Vision Library) PnP algorithm, along with a genderless autonomous docking system that fits in a small, small,
non extruding, autonomous and genderless docking mechanism. If successful, CLINGERS will provide flexibility for
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Figure 1: Computer Aided Design Model: CLING.

Figure 2: The CLINGERSmechanismwas tested while attached to FloatBots, which utilize cold gas thrusters
to frictionlessly move across the SERC’s air-bearing table.

(a) CAD: CLINGERS module inte-
grated on the Astrobee. (b) ISS engagement and sensing.

Figure 3: CLINGERS module and ISS engagement
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engineers to approach and consider docking systems for large scale assembly in space. It will also increase overall
accuracy and safety in RPO (Rendezvous and Proximity Operations) scenarios, allow for a semi-standard (mechanical
equipment standard) docking methodology, and an optimized capture mechanism (passive capture technique) and
algorithm.

1.2 Space Autonomous Docking
Autonomous docking is the autonomous function required for two spacecraft at remote distances to come together and
contact, without impact. The process between the two objects is as follows: achieving a common orbit, rendezvousing
with one another from distance, contact then dock (hard connect), and control of the new combined-space element
(i.e. two space systems now connected) in orbit and attitude.

Autonomous docking research has been done (Wertz and Bell, 2003) (20) to analyze the status and prospects of
autonomous rendezvous and docking. In 2003, James R. Wertz and Robert Bell realized that this process requires the
development and testing of many new technologies, from absolute and relative autonomous navigation, to hardware
and software of sensors and actuators. Autonomy allows for potentially lower costs, risk reduction, and new mission
modes.

Research has also been done (Philip and Ananthasayanam, 2003) (17) in regards to relative position and attitude
(position in 3D space) estimations, as well as control schemes for the final phase of an autonomous docking mission of
a spacecraft. Outputs are provided by different estimators (function of the data) for attitude and position parameters
based on a specific vision system (used to find relative position of a target). Philip and Ananthasayanam found that
fixed gain observers were sufficient for estimation of position and attitude. They describe the sensitivity of different
parameters for the estimators and controllers (flight controllers), and the range of parameters for which a successful
maneuver towards the target can be achieved.

1.3 Autonomous In-Orbit Rendezvous
The first autonomous rendezvous, using relative GPS navigation, was performed by Engineering Test Satellite-VII (ETS-
VII). Kawano, andMokuno’s paper (2011) (14) on optical navigation systems (degree of relativemotion) for autonomous
rendezvous docking explains the 1998 and 1999 unmanned autonomous rendezvous docking experiment. Performed
successfully three times, it enabled highly accurate rendezvous and low-impact docking procedures. They used two
optical navigation sensorswhichwere the rendezvous laser radar and a proximity camera sensor. The optical navigation
system and its design methods worked better than requirements during rendezvous docking experiments, and were
applicable to future systems that aim to perform in-orbit servicing and planet explorer missions.

Henry and Zenteno-Torres (2021) (5) evaluated the potential of sliding-mode control and estimation techniques
to address fault tolerance (ability to continue operating with component failure) against actuator faults (loss of control-
lability of a faulty actuator). The evaluation was for autonomous rendezvous between a chaser spacecraft (active and
chases) and a passive spacecraft on a circular orbit. They utilized the dual quaternion formalism, which allows them
to describe rotation and translational spacecraft dynamics in a single equation, as well as solar array flexible modes,
propellant sloshing, and their coupling. They proposed a six degree-of-freedom fault tolerant control architecture,
and an anti-windup strategy using polytope algebra. This prevents instability, and with intensive simulation the results
demonstrate the fault-tolerant solution can cover any kind of thruster faults.

1.4 Specific In-Orbit Rendezvous Devices
Clerc, Renault, and Losa (2011) (3) researched the control of a magnetic capture device for autonomous in-orbit ren-
dezvous. They explained the control aspects of the device used to return Mars soil samples to Earth. This mission
involved a critical rendezvous phase and passive sample container that would be placed in Mars orbit by an ascent
vehicle (two-stage solid-propellant rocket). The device needed to be reliable as well as simple in capture operations,
which was achieved through damp rotation rates that enforce a relative orientation of the sample container at a range
of four meters. To secure final contact, a small passive magnet was used.

Produced for the AAS and AIAA Conference (American Astronautical Society and American Institute of Aeronau-
tics and Astronautics), Rajguru, Eyre, Ebrahimi, Barnhart, Griffith, Chibuzor, Haq, Nguyen, and Le (2022) (18) analyzed
the optimization of RPO (Rendezvous and Proximity Operations) for assembly operations. This paper explains the ben-
efits of the CLING-ERS in-orbit rendezvous device that combines RPO and Docking into a single module 4.

The CLING-ERS mechanism is highly compliant, has a low profile, can independently undock, not protruding,
genderless, and uses Electronic Rendezvous Sensors embedded in its structure. CLING-ERS is highly compliant which
allows docking under high positioning errors in all directions. The configuration of the docking tangs (in orange 4),
allows for a swept cylindrical off-axis docking volume from internal angles. This design accommodates off-axis angles
as shown in 5.
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