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Abstract 

 

 

Title:  Hardware-In-The-Loop Testbed for the Dynamics of 

Spacecraft Rendezvous and Capture 

Author:  Stephen Thiam Choy Kwok Choon 

Major Advisor: Dr. Markus Wilde 

 

As more satellites are launched into orbit, the amount of space debris objects 

and defunct satellites in orbit that pose a risk to existing operational space 

systems is expected to grow. In addition, the risk of collision with defunct 

systems and space debris increase operational fuel cost for active satellites 

that have to perform avoidance maneuvers. When a satellite’s propulsion or 

attitude navigation system malfunction, this may cause the satellite to 

become defunct, potentially becoming a risk to other active space systems. 

A way to counter defunct satellite systems, is through robotic on-orbit 

servicing and active space debris removal as critical technologies for the 

continued growth and development of space flight.  
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To this effect, the development and implementation of a hardware-in-the-

loop testbed is necessary in order to perform experimental research in on-

orbit maneuvers that include spacecraft formation flight, rendezvous and 

capture. The testbed under consideration consists of two air-bearing 

vehicles that operate on top of a high precision flat table, and enables the 

study of planar on-orbit maneuvers during the close proximity operations of 

the chaser and target system. 

Each air-bearing vehicle have three degrees-of-freedom motion, planar XY 

direction and rotation in the Z-axis. The chaser vehicle was designed to have 

a three-fingered gripper grasping tool used to interact with the target air-

bearing vehicle, used in a case study of the experimental verification of a 

prototype rendezvous and capture controller. 

The hardware-in-the-loop testbed was fabricated, calibrated, and 

experimentally tested. As part of the process for calibration: the table 

surface was characterized, the performance of the gripper tool were 

measured, as well as that of the on-board cold gas thrusters. With End-to-

End experimental validation experiments performed that demonstrated 

successful rendezvous and capture between the chaser and target vehicle. 
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Subscript and Superscript Definitions 

Description Variable 

Actuated force: The sum of the rotation and 

translation 

act 

Air-Bearing Pad p 

Body frame B 

Chaser ABV CH 

Desired value 𝑑 

Error  e 

Force F 

Frame Global G 

Friction Term fric 

Gravity Term grav 

Maximum force from each CGT max 

Reference r 

Rotation component  rot 

Table coordinate frame tbl 

Target ABV TGT 

Torque T 

Translation component tr 

x-axis value x 

y-axis value y 

z-axis value z 
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Nomenclature 

Nomenclature: Simulation Sliding Mode Controller 

Description Variable Units 

 [−𝜋, 𝜋] from 𝛾 angle 𝐶1 , 𝐶2 𝑟𝑎𝑑 

Angle of chaser in LVLH frame 𝛼 𝑟𝑎𝑑 

Angle of safe approach 𝛾 𝑟𝑎𝑑 

Angular rate of the target satellite 𝜔 𝑟𝑎𝑑/𝑠 

Azimuth angle 휃𝑎𝑧 𝑟𝑎𝑑 

Base Radius, cone of safe approach 𝑟𝑐𝑜𝑛𝑒 𝑚 

Bound angles: Upper and Lower 

Bound for cone of safe approach 

𝛽1, 𝛽2 𝑟𝑎𝑑 

Boundary layer for sliding control 𝛿𝑏𝑜𝑢𝑛𝑑 - 

Cartesian Coordinate frame [𝑋, 𝑌, 𝑍]𝑇 𝑚 

Cartesian: Acceleration [�̈�, �̈�, �̈�]𝑇 𝑚/𝑠2 

Cartesian: Position [𝑥, 𝑦, 𝑧]𝑇 𝑚 

Cartesian: Velocity [�̇�, �̇�, �̇�]𝑇 𝑚/𝑠 

Centripetal and Coriolis Matrix 𝑪  

Control Force �̂� 𝑁 

Coriolis and Centripetal Matrix 

Input 
�̂�  

Coriolis and Centripetal. Matrix 

Error 
�̃�  

Disturbance for sliding mode control 𝜼𝒊  

Elevation angle 𝜙𝑒𝑙 𝑟𝑎𝑑 

Error Gravitational Matrix �̃�  

Error Inertia Matrix �̃�  

Force per mass [𝜏𝑥, 𝜏𝑦, 𝜏𝑧]
𝑇
 𝑚/𝑠2 
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Force vector [𝐹𝑥, 𝐹𝑦, 𝐹𝑧]
𝑇
 𝑁 

Gravitational parameter 𝜇 1/𝑠 

Gravitational Torque 𝒈 𝑁𝑚 

Height of cone of safe approach ℎ𝑐𝑜𝑛𝑒 𝑚 

Inertia Matrix 𝑯 𝑘𝑔𝑚2 

Input Gravitational Matrix �̂�  

Input Inertia Matrix �̂� 𝑘𝑔/𝑚2 

LVLH acceleration, �̈� [�̈�, �̈�, �̈�]𝑇 𝑚/𝑠2 

LVLH position, 𝒒 [𝑥, 𝑦, 𝑧]𝑇 𝑚 

LVLH velocity, �̇� [�̇�, �̇�, �̇�]𝑇 𝑚/𝑠 

Mass of chaser satellite 𝑚𝑠𝑎𝑡 𝑘𝑔 

Orbital angular velocity 𝜔𝑜𝑟𝑏 𝑟𝑎𝑑/𝑠 

Parameter Error factor 𝑒  

Positive constant 𝜆  

Radial distance Chaser from Target 𝜌 𝑚 

Radius of Chaser Satellite 𝑟𝑐ℎ𝑎𝑠𝑒𝑟 𝑚 

Radius of chaser satellite 𝑟𝑠𝑎𝑡 𝑚 

Radius of Target Satellite 𝑟𝑠𝑎𝑡 𝑚 

Safety sphere partition zones 𝑆1. 𝑆2, 𝑆3, 𝑆4  

Semi-Major Axis of Orbit 𝑎𝑡 𝑚 

Skew symmetric matrix 𝜦  

Sliding Controller gain 𝒌𝒊  

Sliding Cost function 𝒔  

Sliding Lyapunov function 𝑉(𝑡)  

Sliding Torque Control Law 𝝉𝒊 𝑁 

Spherical Coordinate frame [𝜌, 휃𝑎𝑧 , 𝜙𝑒𝑙]
𝑇 [𝑚, 𝑟𝑎𝑑, 𝑟𝑎𝑑]𝑇 
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Nomenclature: EOM and Experimental Vehicles 

Description Variable Units 

ABT angle definition  [휃𝑡𝑏𝑙 , 𝜓𝑡𝑏𝑙 , 𝜙𝑡𝑏𝑙]
𝑇 𝑟𝑎𝑑 

ABV Height ℎ 𝑚 

ABV length 𝑙 𝑚 

ABV width 𝑤 𝑚 

Angular Velocity of ABV 𝝎𝒂𝒃𝒗 𝑟𝑎𝑑/𝑠 

Angular Velocity of Reaction 

Wheel 

𝝎𝒓𝒘 𝑟𝑎𝑑/𝑠  

cos (휃) 𝑐휃 𝑟𝑎𝑑 

cos (𝜓) 𝑐𝜓 𝑟𝑎𝑑 

cos (𝜙) 𝑐𝜙 𝑟𝑎𝑑 

Density Reaction Wheel 𝜌𝑟𝑤 𝑘𝑔/𝑚3 

Dimensions of tank [𝑟𝑡𝑎𝑛𝑘, 𝐿𝑡𝑎𝑛𝑘] 𝑚 

Distance tank to center of 

vehicle 
[𝛿𝑥 𝛿𝑦 𝛿𝑧]

𝑇
 𝑚 

Dynamic viscosity of air 𝜇𝑎𝑖𝑟 𝑘𝑔/𝑚𝑠 

Error in Force 𝜕𝐹

𝜕휀
 𝑁 

Error in measured distance  𝜕∆𝑥

𝜕휀
,
𝜕∆𝑦

𝜕휀
 𝑚 

Error in measured time 𝜕∆𝑇

𝜕휀
 𝑠 

Force exerted on each CGT [𝑓1…𝑓8] 𝑁 

Force from control input, 

Global frame 
𝑭𝑼 𝒄𝒐𝒏𝒕𝒓𝒐𝒍𝑮 𝑁 

Force from Friction, Global 

Frame 
𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏𝑮 𝑁 
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Force from table gravity 

effects, Global frame 
𝑭𝒈𝒓𝒂𝒗𝑮 𝑁 

Force on Vehicle, Global 

Frame 
𝑭𝒗𝒆𝒉𝒊𝒄𝒍𝒆𝑮 𝑁 

Friction exerted on ABV 

from three ABP 
𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏 𝑁 

Friction force exerted on ABP 𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏 𝒂𝒃𝒑 𝑁 

Friction sub. Variable 2 𝛾𝑓𝑟𝑖𝑐 𝑚 

Friction sub. Variable 3 𝜉𝑓𝑟𝑖𝑐 𝑁𝑚 

Friction: sub. Variable 1 𝛽𝑓𝑟𝑖𝑐 𝑚 

Height displacement between 

the ABP and ABT 
ℎ 𝑚 

Inertia subvariable - eta 𝜉 𝑚2 

Inertia tensor of ABV 𝑰𝑨𝑩𝑽 𝑘𝑔𝑚2 

Kinematic viscosity of air 𝜈𝑎𝑖𝑟 𝑚2/𝑠 

Location of on-board CGT 

thrusters in body frame 
[𝒓𝟏

𝐵 … 𝒓𝟖
𝐵]𝑇 𝑚 

Mass ABV Bob no air-tanks   

Mass ABV Charlie no air-

tanks 
  

Mass ABV Chaser – Bob  𝑚𝐴𝐵𝑉𝑇𝐺𝑇 𝑘𝑔 

Mass ABV Target – Charlie 𝑚𝐴𝐵𝑉𝐶𝐻 𝑘𝑔 

Mass difference between full 

and empty tank 
𝑚𝑑𝑖𝑓𝑓 𝑘𝑔 

Mass empty tank 𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘 𝑘𝑔 

Mass full tank 𝑚𝑓𝑢𝑙𝑙 𝑡𝑎𝑛𝑘 𝑘𝑔 

Mass Nitrogen gas 𝑚𝑁 𝑘𝑔 

Mass of air tank 𝑚𝑡𝑎𝑛𝑘 𝑚 
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Mass Reaction Wheel 𝑚𝑟𝑤 𝑘𝑔 

Moment [𝑇𝜃, 𝑇𝜓, 𝑇𝜙] 𝑴 𝑁𝑚 

Moment of Inertia of ABV 𝑰𝒂𝒃𝒗 𝑘𝑔𝑚2 

Moment of Inertia Reaction 

Wheel 

𝑰𝒓𝒘 𝑘𝑔𝑚2  

Polynomial coefficient p  

Position of Air Bearing pad in 

Vehicle Body frame 
𝒓𝒑𝒊
𝑩  𝑚 

Rotation Matrix from CGT to 

ABV frame 
𝑅𝑖
𝐵   

Rotation: frame to frame 𝐑𝒙(휃), 𝐑𝒚(𝜓), 𝐑𝒛(𝜙)  

Rotation: within a frame 𝐂𝒙(휃), 𝐂𝒚(𝜓), 𝐂𝒛(𝜙)  

Scalar distance error 𝜕∆𝑆/𝜕휀 𝑚 

Scalar distance travelled ∆𝑆 𝑚 

Shear Stress – Couette flow 𝜏𝑠ℎ 𝑁/𝑚2   

sin (휃) 𝑠휃 𝑟𝑎𝑑 

sin (𝜓) 𝑠𝜓 𝑟𝑎𝑑 

sin (𝜙) 𝑠𝜙 𝑟𝑎𝑑 

Surface area of an ABP 𝐴 𝑚2 

Tank Pressure P psi 

Tank Volume of air 𝑉 𝑖𝑛𝑐ℎ3 

Temperature T 𝐾 

Time difference ∆𝑇, ∆𝑡 𝑠 

Time final 𝑇𝑓 𝑠 

Time initial 𝑇𝑖 𝑠 

Universal Gas Constant R (𝐽/(𝑘𝑔𝐾)) 

Vector Force exerted on  

vehicle body  
𝑭𝒃𝒐𝒅𝒚 𝑁 



xxxii 

 

Vehicle Acceleration, �̈� 
[�̈�, �̈�, �̈�]

𝑇
 

𝑚

𝑠2
,
𝑚

𝑠2
,
𝑟𝑎𝑑

𝑠2
 

Vehicle Position, 𝒙 [𝑥, 𝑦, 𝜙]𝑇 𝑚,𝑚, 𝑟𝑎𝑑 

Vehicle Velocity, �̇� 
[�̇�, �̇�, �̇�]

𝑇
 

𝑚

𝑠
,
𝑚

𝑠
,
𝑟𝑎𝑑

𝑠
 

Velocity of ABV translation 

and rotation component  
𝑼(�̇�,�̇�,�̇�) 𝑚/𝑠 

Volume Reaction Wheel 𝑉𝑟𝑤 𝑚3 

Weight on rotation force 𝜅  

Weight on translation force 휁  

 

Nomenclature: Gripper Experiments 

Description Variable Units 

Gripper radius fully closed 𝑅𝑀𝑖𝑛 𝑐𝑚 

Gripper radius fully open 𝑅𝑀𝑎𝑥 𝑐𝑚 

Resultant force acting on each 

gripper appendage respectively. 

𝐹1, 𝐹2, 𝐹3 𝑁 

Trigger limit switch A and B 

respectively. 

𝑇𝐴, 𝑇𝐵 - 

 

Nomenclature: Force and Inertia Experiments 

Description Variable Units 

Angular Acceleration 𝛼 𝑟𝑎𝑑/𝑠2 

Distance – x-component ∆𝑥 𝑚 

Distance – y-component ∆𝑦 𝑚 

Distance Travelled ∆𝑆 𝑚 

Error in Angular Acceleration 𝜕𝛼

𝜕휀
 

𝑟𝑎𝑑/𝑠2 
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Error in Distance 𝜕∆𝑆

𝜕휀
,
𝜕∆𝑥

𝜕휀
,
𝜕∆𝑦

𝜕휀
 

𝑚 

Error in force 𝜕𝐹

𝜕휀
 

𝑁 

Error in linear acceleration 𝜕𝑎

𝜕휀
 

𝑚/𝑠2 

Error in mass 𝜕𝑀𝑡𝑜𝑡
𝜕휀

,
𝜕𝑀𝐴
𝜕휀

,
𝜕𝑀𝐶
𝜕휀

 
𝑘𝑔 

Error in the 𝐼𝑧𝑧 term of moment of 

Inertia 

𝜕𝐼𝑧𝑧
𝜕휀

 
𝑘𝑔/𝑚2 

Error in time  𝜕∆𝑇

𝜕휀
 

𝑠 

Force average exerted on CGT 

thruster 

𝐹𝑎𝑣𝑔 𝑁 

Force average for given thrusters 

i,j 

𝐹𝑎𝑣𝑔𝑖𝑗 𝑁 

Heading angle, 𝜙, differential ∆휃 𝑟𝑎𝑑 

Initial Angular velocity 𝜔𝑜 𝑟𝑎𝑑 

Linear acceleration approximation 𝑎 𝑚/𝑠 

Mass Average of Air-Tanks 𝑀𝐶 𝑘𝑔 

Mass Differential of Air-Tanks 𝑀∆ 𝑘𝑔 

Mass of each respective vehicle 

with no air-tanks 

𝑀𝐴 𝑘𝑔 

Ratio of tank1, tank2 filled 𝑅1, 𝑅2  

Time taken differential ∆𝑇 𝑠 

Torque exerted on ABV 𝜏 𝑁𝑚 

Velocity: Initial state  𝑈𝑖 𝑚, 𝑟𝑎𝑑/𝑠 
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Nomenclature: Rendezvous and Capture Experiments 

Description Variable Units 

Current Simulink system time 𝑡 s 

Current waypoint start position 𝒙𝒔𝒕𝒂𝒓𝒕 [𝑚,𝑚, 𝑟𝑎𝑑]𝑇 

Desired goal position 𝒙𝒈𝒐𝒂𝒍 [𝑚,𝑚, 𝑟𝑎𝑑]𝑇 

Desired time to reach system goal 𝑡𝑓 s 

 

Nomenclature: ABT Contour Mapping  

Description Variable Units 

Cartesian coordinates of the ABT 

corners [𝑥, 𝑦, 𝑧]𝑇  

A,B,C,D 𝑚 

Vector from corner to corner  𝒂, 𝒃, 𝒄, 𝒅, 𝒆 𝑚 
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Chapter I: State of the Art and Objectives  

1. Introduction: State of the Art and Objectives 

This chapter provides a description of the current state of the art with 

regards to the testing, development and need for active orbital debris 

removal. First a description of the overall objectives is provided, as well 

as motivation. Followed by a description of the current state of the art for 

rendezvous, formation flight, and capture with regards to examples that 

have launched and that are currently under development. A description 

of hardware-in-the-loop testbeds is then explored that describe work that 

has been completed, as well as the identified areas of contribution that 

can be made to the field. This is proceeded by a description of the research 

approach timeline and structure, with a list of related published work that 

has been accomplished thus far. 
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1.1. Objectives 

The research topic of this dissertation is the development of a hardware-in-

the-loop testbed to allow for the experimental study of on-orbit maneuver 

and contact dynamics between two air-bearing vehicles performing 

rendezvous and capture. In order to achieve this goal the following series of 

objectives are outlined. 

 The design, development, and implementation of hardware-in-the-

loop air-bearing testbed for experimental research in spacecraft 

formation flight, rendezvous, capture, and contact dynamics. 

 The development of a prototype capture controller  

 Experimental verification of the controller using two air-bearing 

vehicles to simulate a chaser and target system. 

 Using a grasping three-fingered gripper to complete the autonomous 

rendezvous and capture maneuver of the target by the chaser 

vehicle. 
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1.2. Motivation 

According to the National Aeronautics Space Administration (NASA) 

Orbital Debris website there are more than 21,000 orbital debris objects 

larger than 10 cm orbiting the Earth. The estimated population of known 

objects between 1 and 10 cm in diameter greater than 500,000 [1] [2]. 

 

Figure 1: Debris in LEO and GEO Orbit.[3] 

Shown in Figure 2 is the current growth of the amount of satellites in Earth 

Orbit that have been catalogued from 1957 up through 2019. Of the amount 

of catalogued satellites there exist systems that are On Orbit as well as those 

that have decayed. From the data we can surmise that the number of active 

and decayed systems is increasing with each year as well as the possibility 

of inadvertent collision between systems. This can be attributed to the 

growing need for telecommunication, global position satellite navigation, 

as well as observation and science satellites. 
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Figure 2: Growth of Satellites in Orbit [4] 

 

Figure 3: Projected LEO Debris in Earth Orbit [5] 

A.E. White and H.G Lewis [5] theoretically looked at the effect of active 

debris removal and the effective LEO debris population greater than 5 cm 

radius as shown in Figure 3. The three case studies that were considered 
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was that if Active Debris Removal (ADR) was performed either with a 

frequency of: none (ADR0), five objects per year (ADR5), and ten objects 

per year (ADR10). The estimates showcase how that if no action is 

performed the amount of debris is predicted to increase at a steady rate, 

remain stable, or decrease respectively. While the paper [5] only provides 

an estimate, it does appear to correlate consistently with the current tracked 

objects in orbit [4], whereby orbital debris are increasing at a steady pace. 

 

Figure 4: OneWeb Proposed Satellite Constellation [6] 

The OneWeb proposed satellite constellation is an example of a 

constellation currently being manufactured, that is estimated to be 

composed of a group of 600 – 900 satellites working in-sync to one another 

in Earth orbit. The proposed goal is to bring internet and communication 

services to everyone on Earth. However such a large constellation has an 
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increased inherent risk from space debris as explored in the paper written 

by Radtke et al [7]. 

Some of the methods being investigated in order to perform active space 

debris removal by the Japan’s Aerospace Exploration Agency (JAXA) is 

through the use of small satellites to capture tumbling space debris in LEO 

orbit with a tether system to de-orbit the debris [8][9]. The overall goal of 

this dissertation is to design, build, and test a hardware in-the-loop testbed 

to experimentally perform rendezvous and capture methods of space debris 

objects.  

Critical technologies for space debris removal that can be developed in a 

hardware-in-the-loop testbed include the creation and testing of an 

autonomous system for formation flight, rendezvous and capture of a target 

by a chaser system. Investigation into the contact dynamics and hardware 

methods utilized for the capture of tumbling object capture by a chaser 

satellite. The creation and testing of a robotic grasping mechanism to 

interact with the targeted space debris object, and attach the chaser satellite 

to the target object, whilst ensuring that the object and chaser satellite are 

able to stabilize and negate possible whiplash effects.  
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1.3. State of the Art: Rendezvous and Capture 

Missions 

To provide background on what kind of missions make use of hardware-in-

the-loop testbeds for maneuver and contact dynamics, a selection of past, 

present and future rendezvous and capture missions is discussed within this 

section. 

Rendezvous and Formation Flight missions 

XSS-10, XSS-11, and the DART are examples of rendezvous and formation 

flight missions that were performed for on-orbit experimental maneuvers. 

The XSS-10 was an experimental microsatellite planned to be used for 

inspection, rendezvous, and docking related to close-up maneuvering 

around other space objects [10].  

 

Figure 5: XSS-10 Satellite 
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The XSS-11 micro satellite was designed with the goal of exploring future 

military applications for space servicing, diagnostics, maintenance, space 

support and efficient space operations [11]. The XSS-11 was launched 

aboard a Minotaur rocket on April 11, 2005.  

 

Figure 6: XSS-11 Micro Satellite[11] 

Demonstration of Autonomous Rendezvous Technologies (DART) satellite 

was designed to perform autonomous rendezvous using an Advanced Video 

Guidance Sensor (AVGS) as the proximity operations sensor. 

Unfortunately, due to a navigation error caused from telemetry sensor data, 

DART missed its 6.3 meter spherical safety envelope and impacted with its 

intended target that caused a loss of mission objective [12]. 

Rendezvous and Capture missions 

Examples of satellites that have been launched to perform rendezvous and 

capture are the Orbital Express, ETS-VII, Hayabusa and OSIRIS-REx 

systems. Restore-L, and RSGS satellites are currently being developed to 

showcase rendezvous, refueling, and on-orbit servicing capabilities. 
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Orbital Express was created by DARPA, in conjunction with NASA and 

Boeing. The goal of the Orbital Express Space Operations program was to 

validate the technical feasibility of robotic, autonomous on-orbit refueling 

and reconfiguration of satellites. The Orbital Express space system was 

composed of two spacecraft (Nextsat and ASTRO) that could operate 

independently of each other (See Figure 7 and Figure 8), the various 

missions performed involved the interaction of the two sections with each 

other.[13] 

 

Figure 7: Image taken of the ASTRO from Next Sat.[13] 

 

Figure 8: Image taken from the robotic arm of the ASTRO. [13]  
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The ETS-VII was created by JAXA as a technology demonstration satellite. 

The overall mission objectives were to conduct space robotic experiments 

and to demonstrate its utility for unmanned operation and servicing tasks 

such as rendezvous-docking techniques. Similar to the Orbital Express, 

ETS-VII was composed of two spacecraft, a chaser satellite (Hikoboshi) 

and a target satellite (Orihime). 

 

Figure 9: ETS-VII autonomous docking maneuver [14]  

The Hayabusa Satellite was launched in May 2003 and arrived at the target 

asteroid Itokawa in September 12th 2005. The work done by the Hayabusa 

team highlighted the planned versus actual trajectory, spectral analysis of 

the asteroid, and material capture that was possible after successful 

rendezvous [15][16].  

The OSIRIS-REx spacecraft (Origins Spectral Interpretation Resource 

Identification Security-Regolith Explorer) was launched in September 2016 

to reach a near-Earth target asteroid, Bennu, and retrieve a sample. OSIRIS-
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Rex is currently on a return journey to Earth and expected to arrive by 

2023[17]. 

 

Figure 10: Restore-L Servicer Spacecraft [18] 

The Restore-L satellite (see Figure 10) under development by NASA is 

designed to prove that satellite servicing is possible of satellites in orbit 

utilizing an autonomous, real-time relative navigation system, servicing 

avionics, dexterous robotic arms, multifunction tools, and a propellant fuel 

transfer system[18]. 

 

Figure 11: Robotic Servicing Vehicle (RSV)  



12 

 

Similarly, the RSGS (Robotic Servicing of Geosynchronous Satellite) in 

Figure 11, is currently under development by DARPA (Defense Advanced 

Research Projects Agency) to perform missions that involve rendezvous, 

capture, manipulation, and servicing of satellites that are in orbit [19]. 

Rendezvous and Capture Simulators 

Examples of rendezvous and capture simulators that currently exist in order 

to study on-orbit servicing, formation flight, and capture dynamics is 

described within this section. 

Observation and On-orbit Servicing 

The Racoon simulator at TUM [20]  is a representation of a 12DOF system 

that is able to model a satellite’s motion of a chaser and target vehicle 

system using a planar gantry coupled with 6DOF for the Target system, 

5DOF for the chaser, as well as 1DOF for the Sun simulator.  

 

Figure 12: Racoon simulator [20]  
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The Racoon simulator while providing high fidelity and ability to test in 

multiple different orientations and configurations, would not be able to 

accurately represent the contact dynamics of two vehicles in contact with 

one another before and after contact is initiated. 

An example of an on-orbit servicing test system is shown in Figure 13. The 

On-Orbit Servicing simulator was developed to test and verify the 

interaction effects of having simulated satellite vehicles attached on 

industrial robotic arms. The benefit of such a system is the simplicity of the 

overall amount of moving parts as compared to the Racoon simulator as 

previously mentioned, however this system similarly is tethered to the 

ground and its motion is restricted according the performance of the robotic 

arm links. 

 

Figure 13: On-Orbit Servicing (OOS) simulator[22] 
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Formation Flight Testbeds 

Example of formation flight testbed shown here in Figure 14 and Figure 15  

are systems built for the study of on-orbit performance model validation in 

order to simulate satellites maneuvers. Both systems while able to perform 

planar formation flight, in their current configuration, interaction between 

one vehicle and the other is limited due to the lack of a grasping mechanism 

as well as their bottom heavy design of the pressurized air-tanks at the base 

of each respective set of vehicles. 

 

Figure 14: Formation Control Test Bed [23] 

 

Figure 15: TEAMS Formation Flight testbed [24]  
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An example of a testbed that was created for formation flight maneuver 

testing was SPHERES as shown in Figure 16. SPHERES has a small form 

factor that made it ideal for formation flight testing, the benefits is that the 

system is highly transportable and has been utilized on the International 

Space Station, however it is limited due to not being able to carry a lot of 

equipment or payload.  

 

Figure 16: SPHERES Formation Flight testbed [25] 

  

Figure 17: POSEIDYN [26] 

The Naval Postgraduate School have developed POSEIDYN [26] shown in 

Figure 17, to operate on a granite flat table in planar motion. POSEIDYN 

has a robotic manipulator used to interact between the chaser and target 
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satellite system performing on-orbit maneuvers. The work presented thus 

far is the interaction between the chaser and target vehicles, as the target 

rotates, and the chaser vehicle is made to avoid the simulated solar arrays 

but interact with the grapple feature using the gripper. 

Rendezvous and Capture Gripper Experiments. 

In order to perform experimental rendezvous and capture of a simulated 

spacecraft object, adequate suitable objects have to be considered for 

capture and interaction. There can be considered to be three main types of 

objects that a grasping tool will interact with. 

 1st Docking Experiment: Rigid Object. 

The grasping of a rigid object, such as the mockup of the payload 

attachment fitting, PAF 1575-4 [27]. An example of a payload attachment 

fitting is shown in (Figure 18). In order to launch a payload or satellite, there 

exists rigid contact points between spacecraft and launch vehicle such as the 

payload attachment ring that an on-orbit servicing vehicle could aim to 

grasp.  

 

Figure 18: Survey Explorer mating with attachment fitting [28]  
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2nd Docking Experiment: Ductile/Compliant Object. 

The grasping of a ductile/compliant surface. The Gaia payload Module [29] 

is an example of a satellite object that has multi-layer insulation to protect 

the internal instruments and equipment. In order to approximate a ductile or 

compliant surface, a lightweight cuboid frame structure is mounted in the 

front of the target air-bearing vehicle, with a metallized thin film such as 

Mylar [30] wrapped around. 

 

Figure 19: Gaia Payload Module with multi-layer insulation [29] 

3rd Docking Experiment: Brittle / Damaged Object 

The third type of grasping feature is that of a simulated brittle/damaged 

object. Prolonged exposure to extreme cold and thermal expansion caused 

by day/night cycling and to UV solar radiation is most relevant for space 

debris removal results in materials becoming damaged and brittle over time 

[31]. Acquiring such brittle objects that have been subject to actual space 
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conditions is beyond the scope of the presented research. Therefore a 

substitute is proposed for a lab experiment created from either papier-mâché 

molds or models covered in tin foil. The example is a model of a rocket 

nozzle that has lost a majority of its ablative material, or solar arrays that 

have been exposed to extreme temperature cycling. The mock-up of the 

rocket nozzle will be mounted on the target vehicle. 

1.4. Identified Areas of Contribution 

The rendezvous, and capture simulators as described by RACOON [20], 

and OOS [22], represent systems that can simulate vehicle dynamics. 

However, in both cases, the dynamic modeling is only as accurate as the 

gears and motors used to command them. Having a connected external 

power supply allows for less down-time during experimental runs, however 

this does not easily allow for the chaser or target to behave freely in real-

time collision and represent accurate contact dynamics. 

The testbeds as outlined in [22]–[24], allow for planar motion on a near-

frictionless surface however they were built primarily to study formation 

flight maneuvers. SPHERES [25] were used on the International Space 

Station for experiments with formation flight and maneuvering.  
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Based on current research being done in the field with Hardware-In-The 

Loop testbeds the following parameters can be considered as necessary in 

order to contribute to the field of research. 

 The fabrication, design and development of a Hardware-In-The 

Loop testbed that allows for the study of dynamic rendezvous and 

capture of a spacecraft. As well as a grasping tool on the chaser to 

interact with a target vehicle. 

 Freedom of movement on a flat floor with no restriction from 

external tethers or power connections. 

 Easily modifiable and changeable based on the type of experiment 

that would like to be conducted. 

  A platform to test on-board navigation system coupled with the use 

of external and on-board sensors. 

 Ability to perform both formation flight and rendezvous maneuvers. 

 Develop Equations of Motion for Air-Bearing Vehicles that model 

friction, gravity from table tilt, and body forces. 
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1.5. Capabilities and Performance 

This section describes the capabilities and performance of the hardware-in-

the-loop system to study rendezvous and docking of space objects. With the 

design requirements and parameters of the table, tracking system, vehicles, 

grippers and capture features. 

Air-Bearing Table (ABT): 

Experimental table surface must be as close as possible to level, with ideal 

conditions of being perfectly level. Overall acceptable distortion of the table 

surface cannot be outside the range [−0.5°, 0.5°]. 

Air-Bearing Vehicles (ABVs): 

The ABVs must be able to operate on top of the Air-Bearing Table. Two 

ABVs are to be fabricated, with one designated as the chaser, Bob, and the 

other as the target, Charlie, vehicle. The overall size of each vehicle shall 

be no greater than a 0.5 m cuboid, and they must be easily adaptable for 

different mission requirements. Compressed nitrogen gas shall be utilized 

for propulsion and levitation with air-bearing pads (ABP). To assist with 

ease of transportation, each vehicle fully loaded with compressed air-tanks 

must not weigh greater than 20 kg. The vehicles shall operate to perform 

formation flight, rendezvous and capture maneuvers. The ABVs shall be 

designed to operate effectively at translation and angular velocity of 

0.10 𝑚/𝑠 and 10 °/𝑠 respectively.   
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Optical Tracking System: 

Must be able to track the Chaser and Target ABV position and orientation 

to within 0.001 𝑚 and 0.01° accuracy respectively with no more than 

50 𝐻𝑧 delay. 

Chaser Vehicle Gripper Tool: 

The chaser gripper tool shall interact with the target capture interface. Force 

sensors are to be integrated into the design of the gripper tool in order to 

register if contact is made between the grasping tool and the target capture 

interface. The gripper shall have the ability to grasp an object of up to 8 cm 

diameter, while having an actuation time to open/close no greater than 15 

seconds. The grasping tool shall use limit switches to set the minimum and 

maximum range of actuation. 

Target Capture Interface: 

Three main types of capture interfaces (rigid, brittle, and ductile surfaces) 

are to be fabricated and tested for rendezvous and capture between the 

designated target and chaser vehicle. Each type of capture interface 

represents a type of surface that a satellite could interact with. Examples 

include the rigid surface of a Delta IV payload attachment fitting, the ductile 

surface of a cylinder covered in insulation wrap, and lastly for example a 

brittle simulated nozzle fairing.  
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Matlab|Simulink Model. 

A Matlab|Simulink Model shall allow both ABVs to be simultaneously 

remotely controlled, thus enabling experiments in autonomous formation 

flight, rendezvous, and capture maneuvers. The Matlab|Simulink Model 

shall collect, process sensor data from each ABV, as well as provide Cold 

Gas Thruster (CGT) navigation command. The equations of motion for the 

ABVs, as well as the navigation control law shall be implemented within 

the Matlab|Simulink Model. 

In addition, command for the actuation of the chaser vehicle gripping tool, 

shall also be controlled through the Matlab|Simulink model. 
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1.6. Research Approach and Dissertation Structure 

The overall timeline and research structure is shown in Figure 20. Whereby 

the overall research was divided into three main phases that spanned the 

time period from January 2015 up through April 2019. The first phase, 

called “Planning”, included: long range modified sliding mode control for 

rendezvous and docking between a chaser and target vehicle [32], the 

creation of the Air-Bearing Vehicle Design as well as preliminary 

calculations in the equations of motion.  

 

Figure 20: Dissertation Research Structure 

The second phase, called “Implementation”, included work done with 

regards to the: ABV fabrication and used the ABVs as a test platform for 

the capture of uncooperative objects using a robotic tentacle arm [33], 

development of the gripper grasping tool [34], with the development of 

communication and Simulink network protocols. The overall vehicle after 
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fabrication and the presentation of initial calibration and testing work was 

presented [35]. 

The synopsis and major results from the experimentation were obtained 

during the third phase, called “Testing”. This phase involved the 

implementation of the Simulink model, PID controller and tuning, as well 

as the experimental testing, calibration, and validation process.  

1.7. Chapter Summary 

This chapter explored the motivation, objectives, as well as current state 

of the art for the study of rendezvous and capture of space objects. 

Examples of experimental satellites that were launched as well as 

satellites that are in development are discussed, this includes missions 

developed to study on orbit repair, rendezvous, and formation flight. 

Next, examples of hardware-in-the-loop simulators were presented with 

a description of their capabilities, as well as a description of possible 

features that a gripper mechanism could interact with.  

The necessary features of a hardware-in-the-loop testbed needed in order 

to satisfy the design requirements, capabilities, and performance of 

contributing to the field is then addressed, as well as the research 

approach and dissertation structure timeline. 
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Chapter II: Theory and Methods 

2. Introduction: Theory and Methods 

This chapter provides an overview of the theory, methods, and state of 

the art that were considered, First, the Clohessy-Wiltshire equations of 

motion are presented with the sliding mode control as a possible solution 

for autonomous long range rendezvous and capture that was theoretically 

simulated. The results from the theoretical simulation are the initial 

conditions for the close range rendezvous approach and capture tested on 

the hardware-in-the-loop testbed. A discussion of different types of 

robotic manipulators as well as control methods are presented. Including 

a description of the current state of the art with regards to close range 

rendezvous and capture, the modeling and determination of contact, as 

well as contact dynamics between two rigid body objects. 

The hardware/sensors used to determine navigation is then provided, with 

a description of the tactile force sensors used within the grasping robotic 

gripper arm mechanism. 
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2.1. Long Range Rendezvous: 

The Chlohessy-Wiltshire equations of motion are used to create an idealized 

model of a spacecraft’s orbital maneuver as it orbits Earth [36]. 

𝜌 = √𝑥2 + 𝑦2 + 𝑧2 (1) 

휃𝑎𝑧 = atan (
𝑦

𝑥
) (2) 

𝜙𝑒𝑙 = asin (
𝑧

𝜌
) (3) 

The use of the Clohessy-Wiltshire equations of motion allow for the study 

of long range (greater than 100m) autonomous rendezvous and capture 

between a chaser and target vehicle. The Sliding Mode Control theory from 

Slotine et al [37] was the method chosen in order to achieve simulation 

based rendezvous and docking using a desired trajectory. The need for 

collision avoidance exists because should a satellite collide with a piece of 

space debris or vehicle, the ability to service, and fix the satellite is limited. 

2.2. Close Range Rendezvous 

The end conditions of the simulated long-range rendezvous process are 

considered as the initial starting conditions of the close range rendezvous 

and capture. Whereby close range rendezvous is defined when the chaser 

vehicle gets within the last 10 m of the approach sequence (see Figure 21). 
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Figure 21: Close Range Rendezvous and Capture of Target. 

Robotic Manipulator to Capture a Tumbling Object 

For close range rendezvous, work has been done in the design and actuation 

of a grasping manipulator interacting with a tumbling object. As well as 

with regards to determining if contact has been made and different types of 

grasping mechanisms. Shown in this section of the state of the art, are 

examples of grasping mechanism design, operation control types that range 

from force feedback, and impulse based control.  

 

Figure 22: A space robot and a tumbling object to be captured. [38] 
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An example satellite capture by a Robotic Manipulator [38] is shown in 

Figure 22. The method investigated the retrieval of a tumbling satellite by a 

Space Robotic Manipulator by measuring and calculating linear and angular 

velocities as well as accelerations of a tumbling object [39].  

Rigid Body Collision of Planar Kinematic Chains 

 

Figure 23: Multi-Contact Robotic Planar Chains 

Shown in Figure 23, there are three main possibilities of contact in the case 

of a multi-body contact [40]: 

a) Case 1: Contact & slipping along surface contact. 

b) Case 2: No slip – interaction in the normal direction 

c) Case 3: No interaction with the surface 

Control for robotic capture of non-cooperative satellite. 

The contact motion between rigid bodies was formulated and the dynamic 

conditions investigated in order to capture a target vehicle [41]. An example 
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of an on-orbit demonstration of robotics and rendezvous-docking 

technologies was carried out by the Engineering Test Satellite VII (ETS –

VII) by the Japanese National Space Development Agency. Where the 

target was cooperative since it was able to interact and provide feedback 

through sensors to the chaser’s proximity sensors, as well as dedicated 

grappling features that allowed for secure capture. 

 

Figure 24: Different types of capture methods 

In direct contrast to a cooperative target is that of an uncooperative target. 

Shown here in Figure 24 and Figure 25 are examples of methods to allow 

the docking with uncooperative targets.  

 

Figure 25: Different types of gripper mechanisms 
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Extended Generalized Inertia Tensor Method  

A method to manipulate a tumbling target in space with a robot arm, the 

overall dynamics problem was divided into three distinct phases. The 

multiple factors that need to be considered: relative velocity, collision 

avoidance, and stability synchronization needed to reduce whiplash after 

capture.[42] 

Table 1: Different Phases required for chaser-satellite target capture 

Phase Description 

1 Chase the target (before contact with the target). 

2 Capture and grasping the target by the manipulator hand. 

3 

Relieving and suppressing the tumbling motion of the target 

object. 

The approach [42] to capture a tumbling object was to find a velocity before 

(phase 1) and after impact (phase 3)  in Table 1, without sensing the impact 

force. Their reasoning was because impact is considered a high-speed 

phenomenon and quite difficult to accurately sense and estimate.  

Impulse Based Approach 

An approach for the capture of a tumbling satellite by a space robot, shown 

in Figure 26, was to create a capturing sequence that used three main control 

strategies with impulse based equations [43]. That of: bias momentum 

approach to obtain a favorable pre-impact angular momentum distribution; 
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impedance control during impact to ensure that the target satellite is not 

pushed away during the impact from contact and lastly; distributed 

momentum control during post-impact to control the momentum in the 

system so that no attitude change occurs.  

 

Figure 26: Control feedback between the target and chaser satellite.  

2.3. Contact Dynamics, Modeling and Control 

During capture, there exists the question of how the contact dynamics can 

be modelled, measured, and/or controlled. Determining contact between the 

chaser and target vehicle is necessary. This section examines possible 

methods in order to achieve this goal. 

Grasping, Controller, and Software Methods 

There exists many different ways to model the collision detection between 

geometric models as demonstrated by Lin et al [44]. The general definition 

is that collision detection occurs when two or more objects collide and can 

be found in computer aided design, machining, robotics & automation, 
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manufacturing, computer graphics, animation and computer simulated 

environments. It is through the simulation of collision detection that various 

tasks can be accomplished more efficiently such as robot/tool path planning, 

tolerance verification, engineering analysis, along with 

assembly/disassembly process improvement. Collision detection is of 

particular interest because it would allow us to simulate and predict the 

motion of the chaser and target object. 

The two main types are Polygonal and Non Polygonal Models of which 

there are multiple ways to construct a model each depending on the method 

used. Polygon soup is a collection of polygons that are not geometrically 

connected and have no topology information available, as compared to 

constructive solid geometry that is a model composed from primitives such 

as cones, circles, blocks and cylinders. 

 

Figure 27: Different types of 3D surface representations [44]. 
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According to [44], depending on the modeling method used, an appropriate 

simulation algorithm is selected for collision detection. Some of the more 

common cases of collision types: 

Pair Processing vs. N-body Processing 

“Pair Processing” involves a pair of models, whereas “N-body Processing” 

has many bodies that are moving under mutual gravitational influence.  

Motions: Static vs. Dynamic 

Objects can also be modeled where they rotate and translate at successive 

time steps. Such solutions use algorithms that are based on interval 

arithmetic and the placement of objects at successive time-steps.  

Rigid Bodies vs. Deformable Models 

Based on the material properties and the conditions placed upon the model 

there is the possibility that models deform over time. Using the appropriate 

algorithms and settings, such deformations can be modeled and solved over 

successive time-steps.   

Discrete Methods vs. Continuous Analysis or Force Based 

G. Gilardi and I. Sharf performed a literature survey into contact dynamics 

modeling, regarding the current state of impact and contact dynamics 

modeling [45]. Topics covered within the survey include impulse-

momentum, or discrete methods, which are confined to the impact between 

rigid bodies. Continuous analysis or force-based method is naturally 
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suitable for contact modeling and complex contact scenarios that involve 

multiple contacts and bodies.  

Software Collision Detection Techniques 

Software methods for collision detection refers to the process of comparing 

two rigid bodies, detecting whether they penetrate or will penetrate and then 

calculating the exact points of contact.  

 

Figure 28: Bounding volumes: Spheres, OBBs and AABBs [46] 

Bounding Spheres 

Bounding spheres can be used for collision detection [47]. Through the 

approximation polyhedral objects to support a time-critical collision 

detection algorithm.  

Orientated Bounding Boxes (OBB) 

As discussed by M. Hubbard [47], OBBs represent the orientation of the 

enclosed object as well as a more accurate approximation of their volume. 

The orientated bounding boxes are symmetric, therefore reducing the 

number of calculations needed. The OBB encloses the object taking into 

account its’ heading and vectored direction.  
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Axis-Aligned Bounding Boxes (AABB) 

AABBs are used as an efficient method to sweep and prune along a 

prescribed axis allowing to compute the set of intersecting pairs. The 

AABBs method has been shown to be appropriate for verification of 

intersecting deformations and for rigid bodies. 

 

Figure 29: Desktop Lamp with three levels of detail. 

As described by Ballantyne [46] for large real-time systems, collision 

detection is broken into two basic phases: a board-phase and a narrow-

phase. The broad phase reduces the computation required by excluding 

objects that are not on a perceived collision course. While the narrow-phase 

identifies which pairs of rigid bodies are intersecting and in another step 

calculates the point of intersection. 

Narrow - Phase 

The Narrow Phase method is based on using a separating plane made 

between two objects. If such a plane does not exist then the objects are 

deemed to be intersecting. The computational cost of calculating the plane 
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is considered negligible because small changes in the distance between 

objects results in the same plane separating the objects. The contact points 

are assumed to occur on the separating plane and hence only those 

coincident with the plane are compared with both object polyhedral shapes. 

If penetration is detected then the simulator reverses to find the time at 

which contact did occur and then calculate the contact points at time, t.[47] 

[48]  

Continuous & Discrete Detection Methods  

Discrete collision detection method (DCD) is related to the concept of time-

step calculations within a physics simulation. The method of stepping 

through and reversing back if a penetration has occurred is known as a 

discrete collision detection. The drawback is that the discrete collision 

detection method can “miss” detecting collisions if the time-step is too 

large. This effect is known as the “Tunnel effect” and without secondary 

verification, objects in a virtual simulation can “tunnel” through other 

objects. Continuous Collision Detection (CCD) works by calculating the 

time of impact. CCD is a popular method that can apply to both narrow and 

broad phases methods to be used within video game applications because it 

doesn’t suffer from the lapse of calculation ‘tunnel effect’ [47]. 
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Collision Response and Contact types 

Types of collision 

Once collision is detected, the constraints between the contacting points 

have to be resolved. This is done through the use of a collision response 

algorithm[47]. There are four general categories of contacting conditions: 

 vertex / face 

 edge / edge 

 vertex / vertex 

 vertex / edge 

From which the general assumption that edge / edge collisions occur when 

objects are not collinear, and that edge / edge or vertex / vertex are very 

unlikely to occur. 

Software for Contact Dynamics Calculations: 

There exist software platforms that could be used to perform simulation of 

the contact dynamics between the chaser and target. Some of the packages 

are inbuilt libraries that can be incorporated into C++ code. While others 

are independent physics simulators that are able to model a simulation and 

are used for video game applications. Shown here is a list of possible 

software platforms and libraries that could be used for simulation of contact 

dynamics between a chaser and a target space object. With some of the 

possible software platforms being more applicable than others are. 
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Software Based Method for Contact Detection 

Box2D contains a continuous collision model that utilizes a bilateral 

advancement algorithm with a bi-section root finding method to find the 

approximate time of collision between objects.  

 

Figure 30: Collision model utilized within Box2D [49] 

Box2D uses an approximate method to find a contact model solution 

because of three main reasons: computational performance, some 

differential equations do not have known solutions; lastly, some constraints 

cannot be determined uniquely, since many solutions can exist. Box2D is 

used as a physics engine for collision dynamics between rigid objects. 

Box2D does not support fixed-point math because it is slower and is 

computationally expensive to develop a solution. Linked to this drawback 

is that the restitution/friction mixing is inaccurate, therefore adding 

simultaneous collisions creates errors. 
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Blender / Bullet Physics Library Engine: 

Blender is an open source software package that utilizes the Bullet Physics 

Engine[50]. Among the tools offered by Blender include photorealistic 

rendering, modeling, material selection, animation and rigging, sculpting, 

along with camera and object tracking. Bullet is a physics engine that 

simulates collision detection, soft and rigid body dynamics with discrete 

and soft body simulation. Some of the properties that are possible with 

Bullet Physics Library include [46]:  

Collision: 

 Discrete and continuous collision detection (CCD)  

 Swept collision queries  

Physics: 

 Rigid body dynamics including constraint solvers, generic 

constraints, ragdolls, hinge, ball-socket  

 Support for constraint limits and motors  

 Soft body support including cloth, rope and deformable  

 Bullet is integrated into platforms Maya, Houdini, Cinema 4D, 

Lightwave, Blender and Carrara.  

 Serialization of physics data in the cross-platform binary file format 
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Example Blender/Bullet Simulation. 

Shown here is an example of a contact dynamics/collision simulation that 

utilized the Blender and Bullet Physics Engine. A structure was created 

using planks and a ball was introduced that caused the structure to 

collapse[51]. As can be seen by the images, the structure collapsed in a 

domino effect. 

 

 

Figure 31: Snapshots of a simulated collapsing structure  

Based on the examples shown, the Blender software with Bullet Physics 

software, is capable of simulating and predicting the outcome for a system 

given determined input and conditions. However, the main drawback of 

using this particular method is that the simulation and post process analysis 

are not in real time, due to the rendering and calculations required. 
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Open Source: Multi-body Dynamics Simulation package 

MBDyn is free and general purpose Multi-body Dynamics analysis 

software that has been developed by the Dipartimento di Scienze e 

Tecnologie Aerospaziali of the University Politecnico di Milano, Italy[52]. 

The software was developed to create an academic multi-body analysis code 

that would be able to support research into nonlinear mechanical and aero-

elastic system analysis. 

MBDyn currently simulates the behavior of heterogeneous mechanical, 

aero-servo-elastic systems based on first principles equations. It features an 

integrated multidisciplinary simulation of multi-body, multi-physics 

systems, including nonlinear mechanics of rigid and flexible bodies 

(geometrically exact & composite-ready beam and shell finite elements, 

component mode synthesis elements, lumped elements) subjected to 

kinematic constraints, along with smart materials, electric networks, active 

control, hydraulic networks, and essential fixed-wing and rotorcraft 

aerodynamics[52]. 

MBDyn is actively being developed for applications: aerospace (aircraft, 

helicopters, tilt-rotors, spacecraft), wind energy (wind turbines), automotive 

(cars, trucks) and mechatronic systems (industrial robots, parallel robots, 

micro aerial vehicles (MAV)) for the analysis and simulation of the 

dynamics of complex systems. MBDyn has also been coupled with external 

solvers for co-simulation of multiphysics problems, e.g. Computational 
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Fluid Dynamics (CFD), terradynamics, block system solvers like Scicos, 

Scicoslab and Simulink, using C, C++, or Python. 

Matlab Simulink GPU/Simscape: 

Matlab Simulink was used for both simulation and real world experimental 

testing. This was done to simulate the entirety of the system while 

introducing necessary constraints and conditions. 

An example is the work released by the Mathworks Robotics Team [53], 

whereby they created a robot that has the ability to sense its surroundings 

as well as have collision avoidance.  

 

Figure 32: Mathworks Robotics Team Collision Avoidance Robot [53] 
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2.4. Hardware / Sensors to Determine Contact 

To determine the position and orientation of each ABV, the Optitrack 

Cameras and Markers were used as shown in Figure 33. Each ABV had 

three Optitrack Markers that allowed the cameras to determine the vehicle’s 

global position and orientation. 

 

Figure 33 Optitrack Rigid Body Tracking[54] 

The use of tactile force sensors was implemented within the gripper 

grasping tool. Shown in Figure 34 are the miniature SingleTact tactile force 

sensors[55] used to detect if contact had been made between the chaser and 

target vehicle. 

 

Figure 34: Tactile Force Sensor [55] 
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A method under consideration for on-board navigation was the use of the 

Kinect V2 sensor camera system shown in Figure 35. Each Kinect V2 

Camera has an integrated RGB camera, and Depth/IR camera. 

 

Figure 35: Kinect V2 Camera[56][57]  

2.5. Theory and Methods Summary 

This chapter described the final approach, and capture methods under 

consideration for the hardware-in-the-loop experiment with regards to 

rendezvous and capture between the chaser and target air-bearing vehicle. 

The solution of the long-range rendezvous method was considered to be the 

close range initial condition experienced by the vehicles when the target 

vehicle approached the chaser. Under consideration was the software 

development of the prediction of contact dynamics between the chaser and 

the target vehicle, however based on the necessity of real-time sensor 

feedback, tactile force sensors were used, as well as optical cameras to 

determine each vehicle’s position and orientation.  
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2.6. Chapter Summary 

This chapter described the theory and methods for the long range, and 

close range rendezvous between the chaser and target vehicles.  

 Long range rendezvous, the Clohessy- Wiltshire EOM were 

used to theoretically simulate a satellite’s motion in orbit with the 

sliding mode controller for autonomous rendezvous and docking.  

 Close range rendezvous: force, and impulse based controllers, 

with different types of grasping mechanisms were detailed for the 

capture of an object. Contact between objects was defined and the 

three main phases for chaser-satellite target capture are covered, 

first is to chase the target, then capture and grasp by the 

manipulator, and last relieve and suppress the tumbling motion of 

the target object. 

 Software collision techniques described whether bodies are 

colliding, resting, or separating. The velocities and vectored 

direction of the contact points are considered. Examples of 

software methods to determine contact are explored. 

 Hardware/sensors under consideration for navigation and force 

sensor feedback of both the chaser and target ABV such as the 

Optitrack Camera system, Kinect V2 Camera, as well as the 

tactile force sensors.  

  



46 

 

Chapter III: Testbed Design, Fabrication 

and Integration 

3. Introduction: Testbed Design, Fabrication, and 

Integration 

This chapter is contains a description of the overall Hardware-In-The-

Loop testbed design, fabrication as well as integration of the vehicle. 

First, a description of the experiment test set up is made with regards to 

the test facility, apparatus, and Optitrack Camera System. Followed by a 

description of the air-bearing vehicles from concept and design, through 

to final assembly. The is proceeded by a description of the gripper capture 

system, Cold Gas Thrusters on-board each ABV, the Communication 

relay between the ABVs and the remote computer, the Kinect V2 camera, 

and lastly the Reaction Wheels that were fabricated, built, and considered 

for the ABVs. 
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3.1. Experimental Test Set Up: 

The ORION laboratory is located at Florida Institute of Technology. The 

Air-Bearing Table (ABT) with vibration damping is shown at the North side 

of the ORION Lab near the experiment preparation room (see Figure 36). 

 

Figure 36: ORION Lab Space  
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Test Facility / Test Apparatus 

Figure 37 depicts the main equipment within the ORION laboratory.  With 

the 2DOF Motion table, and a pan-tilt mechanism located on top of the 

motion table. There is a high precision air-bearing table, as well as the 

lighting simulator, with the Optitrack camera system that is used for 

navigation purposes within the laboratory environment. 

 

Figure 37: ORION Lab Equipment 
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Integrated Flat Floor 

The Integrated Flat Floor located at the base of the 2 DOF Motion Table 

system (see Figure 38) was used for initial experimental testing for the 

capture of un-cooperative target using a tentacle robotic arm [33]. Based on 

the performance of this testing it was shown that there was large uneven 

sections on the Integrated Flat Floor test surface. It was decided that future 

testing was going to be done on the Air-Bearing Table (ABT). 

  

  

Figure 38: Integrated Flat Floor and Experimental Testing [33]. 
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3.2.  Air Bearing Table 

Figure 39 is showing the Optical Table that had a ¼ inch tempered glass 

plate install on top. The Air-Bearing Table (ABT) was used for the 

experiments. The ABT is a custom manufactured Optical Table by Newport 

[58] that has an overall dimension size of 15 feet x 6 feet with a table 

thickness of 18 inch. There are six optical table supports that act as vibration 

isolators. Each vibration isolator can be connected to a pressurized pump 

system to dampen external induced vibration, and provide correction for 

table tilt. However we used the vibration isolators in the passive 

configuration, and the amount of tilt/warping in the table was characterized. 

  

 

Figure 39: High Precision Air-Bearing Table  
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3.2.1. Optitrack Camera Sensor System 

 

Figure 40: Optitrack Camera System[54] 

The ORION laboratory is equipped with twelve Optitrack Prime 17W 

optical cameras that provide position information [54][59]. The Cartesian 

position and orientation values, [𝑥, 𝑦, 𝑧, 휃, 𝜓, 𝜙] are measured with respect 

to the global frame of the room. The Optitrack Camera System allows for 

real-time ABV positional awareness, thus enabling the study of planar 

orbital object maneuvers between the chaser and target ABV systems. 

Boundaries were manufactured and installed to prevent the ABVs from 

potentially falling off the edge of the tempered glass surface (see Figure 40). 

A safety feature that can be incorporated is to use markers to set up a “virtual 

pen” that encompass the boundaries of the flat floor. Thereby ensuring the 
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ABV does not physically make contact with the sides of the flat floor and 

avoiding a possible collision. Such a virtual pen could use an artificial 

potential field function that has a negative gradient thereby causing on 

approach the air bearing system to gradually slow down and be repelled 

back inside the flat floor workspace.  

The Optitrack cameras were used to track rigid body objects (see Figure 

40). After initial calibration and 3D mapping, an example is the targeted 

box located on the ABV using Optitrack Markers (see Figure 41).  

 

 

Figure 41: Optitrack Camera Array  
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Figure 42: Optitrack camera tracking 

The Optitrack tracking system is used to track the absolute position and 

orientation of the ABVs with respect to the laboratory frame. Thereby 

allowing for path planning, course correction, and docking maneuvers to be 

explored. Shown in Figure 42 are the Optitrack markers on the ABVs with 

a representation from Optitrack of a tracked rigid body object.  
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3.3. Air-Bearing Vehicles 

ABV Concept and Design 

The air bearing vehicles are designed have an overall size dimension of 12 

inches x 13.6 inches with the intention of being able to maneuver on a flat 

floor test surface. Each Air-Bearing Vehicle (ABV) as shown in Figure 43 

is designed for translation in the planar x and y-axis direction, as well as 

rotation in the vertical z-axis using Cold Gas Thrusters (CGT) that are 

actuated with pneumatic solenoids and an internal reaction wheel powered 

by a brushless DC motor. 

 

Figure 43: Target (right) and Chaser (left) ABVs 
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Figure 44: CAD Design 

Figure 44 is the CAD vehicle design of the chaser vehicle Bob. The ABVs 

are modular; therefore, future improvements are possible based on the test 

and experimental requirements. The logic behind the design was to separate 

the sub-systems so as to allow for ease of access, interchangeability, as well 

as ease of customization. By having the lower deck focus primarily on the 

propulsion system this would clean up the overall design, with all of the 

major electronic components being placed on the upper deck of the ABV. 

As shown in Figure 45 is the bird’s eye view of the ABVs. The ABVs were 

designed with the intent of studying planar satellite capture maneuvers 

between a chaser and a target vehicle.  
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Figure 45: Both ABVs Bird’s Eye View 

ABV Lower Deck Pneumatic Systems  

With the completion of the CAD and frame design, Fabrication and 

assembly of the air-bearing vehicles commenced. Manifold A connected to 

the air-bearing pads located in the base, with manifold B splitting the air to 

the pneumatic solenoids that were used to provide cold gas thrust to each 

ABV (see Figure 46). For the pneumatic systems, there was a main manifold 

that connected to the compressed air-tanks, with two regulators set to 60 psi 

that fed to the 50 mm diameter air-bearing pads (ABP) as well as the Cold 

Gas Thruster (CGT) subsystem.  
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Figure 46: Pressure Manifolds and Air Bearing Pads 

After complete assembly of the pneumatic sub-systems, the ABV can be 

seen in Figure 47. At the front of the ABV there is space to allow placement 

of the Lithium Ion battery used to provide power all the pneumatic 

actuators, and electronic systems on board the vehicle. The lithium ion 

battery had a storage capacity of 16000 mAH. 

 

Figure 47: Lower Deck and Pneumatic System  



58 

 

Figure 48 is an isometric view of the lower deck that contains all the 

pneumatic systems required for motion of the air bearing system. The 

Lithium Ion Battery, Cold Gas Thrusters (CGT), and Uno Motor control are 

shown as marked. 

 

Figure 48: Isometric view Lower Deck Pneumatic Systems 

First the frame was assembled, with the lower layer installed. This included 

the laser cut acrylic mount surfaces as well as the pressure regulator and 

pneumatic systems (see Figure 47).  

Figure 49 shows the Bird’s eye view of the lower deck. Some of the sub-

systems include the pressure regulators, intake manifold, as well as the 

reaction wheel, and air bearing pads. 



59 

 

 

Figure 49: Air Bearing and Pneumatic Systems 

The ABVs move on a flat floor with three degrees of freedom (DOF): 

translation in the horizontal XY-plane with rotation about the vertical Z-

axis. This was possible by using air-bearing pads for floatation, 

compressed-nitrogen thrusters and an onboard reaction wheel (See Figure 

49 and Figure 50). Both the chaser and target ABV have the same 

propulsion system. Each CGT provided thrust by actuating open and 

allowing compressed-nitrogen air to pass through. Initial testing did not use 

the on board reaction wheel in conjunction with the CGTs. Located on the 

upper deck: is the onboard computer, voltage regulators, and the air-bearing 

chaser vehicle which is equipped with a rapid-prototyped three-fingered 

grasping mechanism and a Kinect V2 sensor system. One of the eventual 

goals is to have a Kinect V2 sensor system installed on-board the chaser 
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vehicle to be used for on-board distance and object recognition with image 

processing.  

 

Figure 50: Air Bearing Pads 

 

Figure 51: Upper Deck Design 
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ABV Upper Deck Electronic Systems 

Shown here in Figure 52 and Figure 53 are an isometric and bird’s eye view 

of the upper deck electronics bay. On the left side are the main DC power 

regulators. One regulator is intended to provide power for the motherboard, 

while the other provides electricity to all other onboard components. On the 

right side is the motherboard that is used to provide image analysis and 

navigation via Wi-Fi communication to the control station. 

The motherboard is a mini ITX form factor board that has inbuilt Wi-Fi 

connectivity. There are 2x4GB of RAM to allow for calculations and data 

processing. With an i5 quad core processor to handle all current and future 

design needs. In lieu of a traditional hard drive a 250 GB SSD hard drive 

was chosen that has a smaller form factor. Powering the motherboard is an 

input DC-DC Power supply unit that obtains 12v input that is fed from a 

DC-DC convertor. There are two DC-DC convertors present on the vehicle 

with one DC-DC convertor used to provide voltage to the on-board 

computer, and the other being used to power the actuation and pneumatic 

systems. Both DC-DC convertors are able to accept a wide range of input 

voltage from 6-34 V, with a programmable output voltage that was set at a 

default 12 V. In order to power the on-board systems a high capacity 

Lithium Ion battery was chosen that was able to store 16000 maH. 
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Figure 52: Upper Deck Isometric-View 

 

Figure 53: Upper Deck Bird's Eye View 
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The upper deck components (computer, voltage regulators, and 

microcontrollers) installed and tested after the pneumatic sub-systems (See 

Figure 54,55).  

  

Figure 54: Installation and wiring of Chaser vehicle Bob. 

 

Figure 55: Installation of voltage regulators and wattmeter. 
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ABV Full Assembly 

 

  

Figure 56: Completed construction of the ABVs. 
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The full assembly of both the chaser and target vehicles shown in Figure 

57. A protective bumper was installed at the base in order to protect the 

electronic components and reduce the possibility of damage caused by 

inadvertent collision. The completed chaser and target vehicles are shown 

(see), where the chaser (right) is called Bob, and the target vehicle (left) 

called Charlie. 

 

Figure 57: ABVs fully assembled on glass plate test surface Chaser 

(Right) Target (Left) 

The experiments use two air-bearing vehicles (ABVs) on a 1.8 m x 3.6 m 

tempered glass plate on an optical bench. The ABVs are called Bob and 

Charlie indicating the second and third vehicles developed for the Orbital 

Robotic Interaction, On-Orbit Servicing, and Navigation laboratory 

(ORION) [35][60]. Two ABVs in conjunction with a glass plate surface are 

used for this series of experiments. The target vehicle (Charlie) represented 

a non-cooperative target that is passive and stationary during the capture 
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maneuver initiated by the chaser vehicle (Bob). The gripper is mounted on 

Bob, with the capture feature mounted on Charlie, for the three types of 

experiments: rigid, ductile, and brittle surface contact. Both air bearing 

vehicles have on-board accelerometers that are used to track the vehicle’s 

change in momentum [61].  

ABV Adjustment of Placement of Grasping Surface 

Upon experimental testing of rendezvous and capture during Test T01a. An 

interesting interaction was encountered that was not previously taken into 

consideration, in that the bumper safety ring that was designed to protect 

each respective vehicle inhibited close interaction between both the chaser 

and target vehicle (see Figure 58). This experiment captured how when the 

chaser approached the target, and contact was about to be made. Both 

vehicles collided into each other on their bumper safety ring, with the chaser 

bouncing off and being sent in the opposing desired direction. 
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.  

  

Figure 58: ABV safety ring contact between ABVs. 



68 

 

 

Figure 59: Maneuver of Air-Bearing Vehicle 

Figure 59, the desired position of the vehicle in this preliminary test run was 

made to track and follow an offset position as shown by the black trajectory 

line. However, it was during this experiment run that contact was made 

which caused the chaser ABV to impact and bounce off the target ABV.   
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In order to prevent the safety rings of both ABVs inhibiting the interaction 

of the gripper on the chaser vehicle with the testing surface on the target 

vehicle. The surface mount was extended offset from its initial position as 

shown in Figure 60. 

 

Figure 60: Surface mount moved forward on Target ABV  
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3.4. Gripper Capture System 

 

Figure 61: Three Fingered Gripper 

The main method to allow for interaction between the chaser and target air 

bearing vehicles is using a three-fingered gripper. The gripper is designed 

with the use of an inverted stepper motor to actuate the mechanism. 

Gripper Design and Fabrication 

Shown in Figure 62 are CAD illustrations of the designed gripper. The 

capture tool is loosely based on the orbital express capture system [13]. The 

configuration chosen for this research has an internal cavity for mounting a 

small forward-facing camera, as well as finger/claw appendages with 120° 

separation. The finger appendages are denoted where the force exerted on 

𝐹1, 𝐹2, 𝐹3 is related to the gripper fingers: 1,2, and 3 respectively. The 

gripper was designed so that each appendage of the three-fingered capture 

tool has a force sensor [55]. A Nema-17 stepper motor, actuates the gripper 

through a lead-screw mechanism [62]. 
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Figure 62: Gripper in the closed and open configuration 

Gripper Force Sensors 

In addition to the Kinect and Optitrack system that are used during 

guidance, navigation and control of the formation flight and final approach, 

a set of force sensors is available to provide contact dynamics force 

feedback during capture with the three-fingered gripper. 

 

Figure 63: Single Tact Force Sensor [55] 
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Gripper Fabrication and Preliminary Mounting. 

3D printing was used as the method of manufacturing for some of the 

components of the grasping mechanism. This was done in order to aid in 

rapid proto-typing, replacement, adaptability, and flexibility so that the 

grasping fingers can be changed as needed. Shown in Figure 64 is the 

completed end-effector. The miniature force sensors are attached to the tip 

of each of the gripper appendages. Figure 64 shows a force sensor mounted 

in position within the gripper arm. Limit switches have been installed into 

the base of the grasping tool in order to constrain the linear motion of the 

lead screw and prevent the gripper arm from damaging itself. 

 

Figure 64: Gripper in the open and fully closed position. 

Force sensors manufactured and calibrated by SingleTact were used to 

allow the grasping tool to measure force readings[55]. The gripper has the 

following characteristics (Table 2): 
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Table 2: Preliminary Gripper Properties 

Test 

Time Open 

to Close (s) 

Time Close 

to Open (s) 

1 12.22 12.48 

2 12.11 12.71 

3 12.27 12.36 

∆𝒕 Average time to actuate 12.20 12.52 

𝑹𝑴𝒂𝒙: Gripper radius fully open 8 cm 

𝑹𝑴𝒊𝒏: Gripper radius fully closed 2.5 cm 
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Gripper Wiring Diagrams 

 

Figure 65: Gripper Wiring Diagram 

The gripper wire diagram is displayed here in Figure 65 with the various 

shields and wiring that were used in order to make the gripper functional. 

At the base was the Arduino Uno, followed by an Ethernet shield for on-

board communication with the computer that was relaying commands over 

UDP C++ from the control station to the vehicle. Level 2 was the wiring of 

the limit switches, LED lights to signify that the limits had been reached, as 

well as the wiring for the force sensors that were attached to each gripper 
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appendage. With Level 3 had the motor controller as well as the NEMA 17 

stepper motor for the gripper actuation. The stepper motor and driver were 

connected to 12 DC voltage that came from the onboard voltage regulators. 

Gripper Control Algorithms and Tasks 

This section outlines the main control algorithms and tasks that are required 

for the experiments to occur. First, the gripper decision tree algorithm is 

covered that will determine the behavior of the end effector based on the 

signal input recorded. Second, lists the main tasks that shall be performed 

by Bob, Charlie, the Control Computer, and the Human Operator 

respectively. 

 

Figure 66: Decision Tree Algorithm for End Effector 
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Figure 66 shows the decision tree algorithm for the gripper end effector. 

When a serial or User Datagram Protocol (UDP) signal is sent from the 

control computer, the command received is either to stop, open, or close the 

gripper. The corresponding actions are performed by the stepper motor, 

with the microcontroller checking if Condition (A) or Condition (B) are 

satisfied. The microcontroller then updates the gripper sensor information 

and creates a Serial or UDP message to report to the control computer. 

1) Condition (A): checks if the upper limit of motion is reached, 

through the limit switch 𝑇𝐴. 

2) Condition (B): checks if the lower limit of motion is reached, 

through the limit switch 𝑇𝐵, or alternatively if the force threshold 

𝐹1, 𝐹2, 𝐹3 exerted on the gripper fingers is reached implying that 

rigid contact is made.  

3) In addition, a current limit was implemented to prevent the motor 

driver actuating the gripper from damaging the chaser or target ABV 

by exerting too much torque when it grips.  
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3.5. Cold Gas Thrusters (CGT).  

Shown here are the CGT nozzles that were used for the chaser and target 

vehicle respectively.  

CGT Target Vehicle – Charlie 

The target vehicle had nozzles that were machined with a converging and 

diverging section as shown in Figure 68. The machined nozzles were 

initially based on the calculations made by the CERBERUS undergraduate 

senior design team [63], as shown Figure 67. However due to fabrication 

hardware limitations the throat and diverging section of the nozzle were 

chosen to be created using a 2° Flute End Mill that had an 1/16 inch tip. 

 

Figure 67: CERBERUS nozzle design profile [63] 
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Figure 68: CAD Drawing of CGT Nozzles. 

The CGT nozzles were then attached and connected to the solenoid and 

pneumatic system. An image of an installed CGT is shown in Figure 69. 

 

Figure 69: Solenoid Nozzles installed on Charlie 
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CGT Chaser Vehicle - Bob 

Silvent MJ6 Nozzles were installed on the chaser vehicle Bob. Based on the 

manufacturer information, the MJ6 Silvent nozzle have an expected 

blowing force of 5.2-7.6 Oz (~1.45-2.11 N) with the operating pressure that 

the vehicle was design to be at (40-60 PSI) [64]. The performance of the 

vehicle and validation of the approximate force exerted from each CGT is 

discussed and compared in Chapter 7.1. 

 

Figure 70: Silvent MJ6 Nozzles on Bob Vehicle[64]  
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CGT Wiring Diagram 

 

Figure 71: CGT Wiring Diagram 

The wiring and independent control of the on-board solenoids for the CGT 

system of the vehicle was performed using an Arduino Uno and a five level 

stack integrated system (see Figure 71).  

 

Figure 72: Five Arduino integrated shield stack. 
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Shown in Figure 129 and Figure 71, Level 1 was the Ethernet shield 

attached for on-board communication with the computer located on the 

vehicle. The on-board computer received messages from the external 

remote desktop that provided solenoid CGT command to the vehicle; this 

in turn was translated and sent to the Arduino. The solenoids are attached 

to the motor controllers located on Level 2 through 4 as shown in the wiring 

diagram. With external 12 V DC coming from the on-board voltage 

regulators and lithium ion batteries. The fifth level of the stack had the on-

board accelerometer of the vehicle. 
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3.6. ABV Communication Relay: 

The ABV must be integrated into the communications network of the 

ORION lab. The requirement is to be able to send commands from the PC 

Control Station to each respective ABV and then on the return signal receive 

data such as on-board accelerometer as well as for the chaser vehicle on-

board force readings from the gripper. The resulting network is illustrated 

in Figure 73. Where the communication to and from the remote PC control 

Station is done over Wi-Fi UDP(User Datagram Protocol), with all on-

board command and signals transmitted using Ethernet UDP command. 

 

Figure 73: Communication Relay Infrastructure 

The control system for the ABVs has four distributed components that must 

continuously exchange data: the on-board Arduino microcontrollers, the on-

board main computer, the workstation running the OptiTrack Motive 
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software, and the main control workstation running the Matlab/Simulink 

control code. 

 

Figure 74: Optitrack Motive Software 

An illustration of the Optitrack Camera System (shown in Figure 74) 

records the global relative position and orientation of the air-bearing 

vehicle. Motive Software obtains the current position of the defined rigid 

bodies from the Optitrack Camera System. Matlab/Simulink receives and 
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records the broadcasted information over UDP Multicast from the Motive 

Software. After receiving the broadcasted Optitrack position information, 

the Matlab-Simulink Controller then sends the control signal to the air-

bearing vehicle. 

Matlab|Simulink Controller 

 

Figure 75: Overview of the Matlab|Simulink code developed for ABVs 

Shown in Figure 75 is a zoomed out overview of the Matlab|Simulink code 

that were developed for the control, processing, and recording of both the 

Chaser and Target ABVs. A simplified block diagram of the 

Matlab|Simulink code can be seen in Figure 76. 
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Figure 76: Simplified Block Diagram of Matlab|Simulink Model 

As shown in Figure 76, the Matlab|Simulink Code block was divided into 

eight main components: 

Variables and Simulink System Settings 

The settings for the Simulink system as well as state and constant 

variables that were declared and used within the model 

Optitrack Data 

For each time step of the system, the Optitrack position and 

orientation data was obtained, filtered, processed, and then made 

available for all subsequent equations and functions from other 

components within the Matlab|Simulink model. 
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Desired Trajectory Settings 

The Chaser and Target’s desired trajectory was set and made 

available for other components within the Matlab|Simulink model. 

Equations of Motion 

The equations of motion for the ABV are used to calculate the 

necessary propulsion command for each respective vehicle. 

PID Control 

The gains and PID controller were created, tuned, and calibrated for 

the Equations of Motion of the ABV. 

Data Processing & Plotting Functions 

Data processing and script plotting functions are available within 

this section of the Matlab|Simulink Model. 

Gripper Control  

The command sent to the gripper of the vehicle, as well as the force 

sensor readings were commanded from this block. 

Send & Receive Messages to/from ABVs 

The necessary infrastructure as well as the signal compilation was 

created and set within this section of the model. Whereby the 

navigation command for both vehicles was transmitted to the  
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ABV Communication with Remote PC 

The Optitrack Camera System records the global relative position and 

orientation of the air-bearing vehicle. Motive Software obtains the current 

position of the defined rigid bodies from the Optitrack Camera System. 

Matlab/Simulink receives and records the broadcasted information over 

UDP Multicast from the Motive Software.  

After receiving the broadcasted Optitrack position information, the Matlab-

Simulink Controller then sends the commanded navigation command to the 

respective air-bearing vehicle over Wi-Fi UDP command.  

 

Figure 77: Example Flow Diagram of Communication on ABV 

An example of command received by the chaser vehicle and how that 

message was processed is shown in Figure 77 and Figure 78. Where the 

ABV CGT Command is sent to both vehicles, however, the Gripper 
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Command is sent to only the Chaser vehicle. With the 𝑆1 through 𝑆8 being 

the command for each respective CGT and the G value determining whether 

the Gripper was commanded to close, open, or rest. 

 

Figure 78: Example Message Sent from Remote PC to ABV 

ABV On-Board Communication 

The onboard CPU of each ABV receives its respective the command from 

the PC Control Station over Wi-Fi UDP. With both Arduino 1 and 2 are in 

communication with the CPU Hub with Ethernet UDP. The CPU sends the 

appropriate command to the different on board microcontroller. Arduino 1 

controls the solenoids used for vehicle planar thruster maneuvering. 

Arduino 2 controls the gripper as well as the on-board reaction wheel.  

 

Figure 79: Example Message sent from ABV to PC Control Station.  
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Shown in Figure 79 are example messages that are transmitted from the on-

board vehicle over WiFi UDP from the CPU HUB to the remote PC-Control 

Station. With the Gripper Force readings originating from the chaser 

vehicle. 

3.7. Kinect V2 Camera: 

Kinect V2 Camera Description: 

The Kinect V2 camera has a wide range of functionality it was designed to 

be installed on the top of the ABV in the front facing position. It is able to 

provide RBG optical view, a depth sensor, and an infrared (IR) sensor. The 

intention is to explore the functionality of the Kinect sensor in providing 

sensory data for necessary for docking [56], [57]. 

 

Figure 80: Kinect V2 sensor [57] 

The field of view of the Kinect V2 camera can be described as having a 

minimum dead-zone where no depth information can be picked up by the 

Kinect sensors. This is shown as the red triangle zone shown in Figure 81 

and Figure 82. 
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Kinect V2 Field of View 

 

Figure 81: Isometric View of Kinect V2 camera 

 

Figure 82: Line of Sight for on board Kinect camera system 

The minimum distance of which the depth sensor can read is 0.5 m. The 

height that the camera can accurately read is ± 0.4 𝑚 with a width limit of 

±0.7𝑚 (Figure 83). The upper limit of which the Kinect sensor can reliably 

obtain depth data is 3.0m with an arc of ±30° (Figure 84) [56], [57] from 
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the bird’s eye view. With the overall vertical height of sensor accurate 

readings being placed in the range of ±0.4𝑚. 

 

Figure 83: Side View and Bird's Eye View 
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Kinect V2 Sensor Limitations 

 

Figure 84: Limits of Vision of Kinect V2 

The limit based on field of view for the Kinect V2 camera system is shown 

in Figure 84. Where if the object of interest is 0.5 𝑚 to either side, and 0.5 𝑚 

forward, the Kinect sensor system is not able to accurately pick up object’s 

position. The optimized position of being able to read and capture sensor 

data can be defined that the target vehicle should be at a distance of 0.75 m 

away from the chaser object (Figure 86).  

 

Figure 85: Optimal sensor position, Bird’s Eye View  
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Figure 86: Optimized sensor position, Side view 

The optimized position of the Kinect V2 camera system based on [56], [57] 

is that the observed object should be at a distance of 0.75m away from the 

target vehicle as shown in Figure 86. 

Kinect V2 Synopsis 

Based on the literature review and the performance capabilities of the 

Kinect V2 camera system, it would be possible to include the Kinect V2 

camera system for on-board navigational capabilities, however navigation 

of the ABVs was defined through the use of the Optitrack Camera system. 

Therefore the Kinect V2 camera sensor system has been designated as an 

avenue of future research. 
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3.8. Moment of Inertia Approximation  

This section describes the moment of Inertia approximation calculations 

that were done. From Figure 87 each ABV was idealized into a cuboid shape 

with two cylinders representing the air-tanks sitting above the frame as 

shown in Figure 88. 

 

Figure 87: Air Bearing Vehicles (ABV) 

 

Figure 88: Shape Approximation cuboid and 2 cylinders 
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Each ABV have dimensions listed in Table 3 that were used within the 

idealized model of the Cuboid Inertia Equation 4 as well as the Cylinder 

Inertia Equation 5. 

Table 3: ABV Dimensions 

Dimensions of 

ABV 

Distance tank from origin Dimension of tank 

ℎ = 0.305𝑚 

𝑙 = 0.345𝑚 

𝑤 = 0.345𝑚 

𝛿𝑥 = 0.0𝑚 

𝛿𝑦 = 0.1725𝑚 

𝛿𝑧 = 0.2075𝑚 

𝑟𝑡𝑎𝑛𝑘 = 0.045𝑚 

𝐿𝑡𝑎𝑛𝑘 = 0.205𝑚 

Cuboid Inertia Equation: 

  𝑰𝒄𝒖𝒃𝒐𝒊𝒅
𝑩 =

[
 
 
 
 
 
1

12
𝑚𝐴𝐵𝑉(𝑤

2 + ℎ2) 0 0

0
1

12
𝑚𝐴𝐵𝑉(ℎ

2 + 𝑙2) 0

0 0
1

12
𝑚𝐴𝐵𝑉(𝑤

2 + 𝑙2)]
 
 
 
 
 

 (4) 

Cylinder Inertia Equation: 

𝜉 = (3𝑟𝑡𝑎𝑛𝑘
2 + 𝐿𝑡𝑎𝑛𝑘

2 ) 

 𝑰𝒕𝒂𝒏𝒌 =

[
 
 
 
 
 
1

2
𝑚𝑡𝑎𝑛𝑘𝑟𝑡𝑎𝑛𝑘

2 0 0

0
1

12
𝑚𝑡𝑎𝑛𝑘𝜉 0

0 0
1

12
𝑚𝑡𝑎𝑛𝑘𝜉]

 
 
 
 
 

 (5) 
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Using the parallel axis theorem, the mass moment of inertia of each air-tank 

on the ABV can be approximated 

  𝑰𝒕𝒂𝒏𝒌
𝑩 = 𝑰𝒕𝒂𝒏𝒌 + [

𝑚𝑡𝑎𝑛𝑘 0 0
0 𝑚𝑡𝑎𝑛𝑘 0
0 0 𝑚𝑡𝑎𝑛𝑘

] [

𝛿𝑥
2

𝛿𝑦
2

𝛿𝑧
2

] (6) 

To get an approximation of the Inertia matrix of the each ABV in the body 

coordinate frame: 

 𝑰𝑨𝑩𝑽
𝑩 = 𝑰𝒄𝒖𝒃𝒐𝒊𝒅

𝑩 + 2𝑰𝒕𝒂𝒏𝒌
𝑩 = [

𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
𝐼𝑦𝑥 𝐼𝑦𝑦 𝐼𝑦𝑧
𝐼𝑧𝑥 𝐼𝑧𝑦 𝐼𝑧𝑧

] (7) 

After substitution of 𝑰𝒄𝒖𝒃𝒐𝒊𝒅
𝑩  and 𝑰𝒕𝒂𝒏𝒌

𝑩  variables into equation 7. The 

moment of inertia approximation along the vertical z-axis,  𝐼𝑧𝑧 is defined as 

shown in equation 10 with the spacecraft being modeled as a cuboid and the 

tanks as solid cylinders. 

For the Inertia approximation of each ABV 

𝑰𝑨𝑩𝑽
𝑩 = [

𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
𝐼𝑦𝑥 𝐼𝑦𝑦 𝐼𝑦𝑧
𝐼𝑧𝑥 𝐼𝑧𝑦 𝐼𝑧𝑧

] 

As defined: 

𝐼𝑥𝑦 , 𝐼𝑥𝑧 , 𝐼𝑦𝑥, 𝐼𝑦𝑧 , 𝐼𝑧𝑥, 𝐼𝑧𝑦 ≡ 0 

The 𝐼𝑥𝑥 Component: 

  𝐼𝑧𝑧 =
1

12
𝑚𝐴𝐵𝑉(𝑤

2 + 𝑙2) + 2 (
1

2
𝑚𝑡𝑎𝑛𝑘𝑟𝑡𝑎𝑛𝑘

2 +𝑚𝑡𝑎𝑛𝑘𝛿𝑥
2) (8) 
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𝐼𝑦𝑦 Component: 

  𝐼𝑧𝑧 =
1

12
𝑚𝐴𝐵𝑉(𝑤

2 + 𝑙2)

+ 2 (
1

12
𝑚𝑡𝑎𝑛𝑘(3𝑟𝑡𝑎𝑛𝑘

2 + 𝐿𝑡𝑎𝑛𝑘
2 ) + 𝑚𝑡𝑎𝑛𝑘𝛿𝑦

2) 

(9) 

𝐼𝑧𝑧 Component: 

  𝐼𝑧𝑧 =
1

12
𝑚𝐴𝐵𝑉(𝑤

2 + 𝑙2)

+ 2 (
1

12
𝑚𝑡𝑎𝑛𝑘(3𝑟𝑡𝑎𝑛𝑘

2 + 𝐿𝑡𝑎𝑛𝑘
2 ) + 𝑚𝑡𝑎𝑛𝑘𝛿𝑧

2) 

(10) 

Where after calculation the approximated Moment of Inertia of each ABV 

was calculated to be: 

𝑰𝑨𝑩𝑽
𝑩 = [

0.2159 0 0
0 0.3106 0
0 0 0.3752

] 
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3.9. ABV Compressed Nitrogen Mass Estimation 

This section is to find an expression for the mass of the ABV. The mass of 

the vehicle dynamically changes during experiments as the air tanks empty 

due to thruster firings and the constant flow through the Air-Bearing Pads 

(ABP). 

The mass measurements of the ABVs is shown in Table 4. 

Table 4: Mass Measurements with a scale 

Mass Target (Charlie) 𝑚𝐴𝐵𝑉𝑇𝐺𝑇 12.248 kg ± 0.001 kg 

Mass Chaser (Bob) 𝑚𝐴𝐵𝑉𝐶𝐻 11.069 kg ± 0.001 kg 

Mass full tank 𝑚𝑓𝑢𝑙𝑙 1.467 kg ± 0.001 kg 

Mass empty tank 𝑚𝑒𝑚𝑝𝑡𝑦 1.333 kg ± 0.001 kg 

Mass difference 𝑚𝑛 0.134 kg (Approx.) 

Mass Chaser no air tanks  𝑚𝑏𝑜𝑏 kg 

Mass Target no air tanks 𝑚𝑐ℎ kg 

 

The mass difference between full and empty tanks is the initial mass of 

compressed nitrogen: 

𝑚𝑛 = 𝑚𝑓𝑢𝑙𝑙 −𝑚𝑒𝑚𝑝𝑡𝑦 

The Ideal Gas Law was used to describe the relation between the volume of 

compressed air inside each tank with the associated mass, molar mass, 

pressure and temperature [65]: 



99 

 

𝑝𝑉 =
𝑚𝑑
𝑀
𝑅𝑇  (11) 

Therefore, according to the ideal gas law the mass of the compressed fluid 

is directly proportional to the pressure of the fluid: 

𝑚 ∝ 𝐾𝑝,   𝐾 =
𝑉𝑀

𝑅𝑇
 (12) 

To solve equation 12, the conditions in Table 5 were used, with regards to 

the temperature, universal gas constant, volume of air, as well as molar mass 

of nitrogen gas. 

Table 5: Verification of Measurement against Theory 

Temperature  T (𝐾) 295 K 

Universal Gas Constant  R (𝐽/(𝑘𝑔𝐾)) 8.314 (𝐽/(𝑘𝑔𝐾)) 

Volume of Air – Air Tank 𝑉 (𝑖𝑛3) 48 (𝑖𝑛3) 

Molar Mass of Nitrogen  M (g/mol) 14.00670 g/mol 

Pressure of Air-Tank  P (psi)  [0,1,2,…., 2600] 

𝑚𝑏𝑜𝑏, and 𝑚𝑐ℎ𝑎𝑟𝑙𝑖𝑒 represent the ABVs mass of each respective vehicle 

without the mass of the air-tanks. The total mass of each ABV can be 

expressed: 

𝑚𝐴𝐵𝑉𝑇𝐺𝑇(𝑡) = 𝑚𝑏𝑜𝑏 + 2𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘 + 2𝑚𝑛(𝑡) 

𝑚𝐴𝐵𝑉𝐶𝐻(𝑡) = 𝑚𝑐ℎ𝑎𝑟𝑙𝑖𝑒 + 2𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘 + 2𝑚𝑛(𝑡)   (13) 
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Each Ninja air-tank was considered fully pressurized when the dial on the 

air-tank was at 2600 psi. The calculated mass of the compressed nitrogen is 

80.52 g. The measured mass of compressed nitrogen, 𝑚𝑑 = 83 𝑔, between 

a full tank and an empty tank. The difference between theoretical and 

measured value could be: 

 Temperature: Possibly the estimated temperature of the room was 

not an accurate measurement compared to the actual value. 

 Measurement error: With the mass scale for the air-tank. 

The model used for the depletion of compressed nitrogen gas in the tanks 

was made to follow a linear trend whereby the change in temperature 

associated with compressed nitrogen gas venting from the air-tank was not 

considered. From Figure 89 as the pressure of the air-tanks decreased the 

mass associated with the nitrogen in the air-tank decreased. The mass flow 

rate out of the tanks were considered to be slow. Temperature change was 

therefore assumed constant to get an initial estimate of the variation of mass 

of the compressed air as the pressure within the air tanks decreased.  
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Figure 89: Ideal Gas Law Calculation Nitrogen in Air-Tank 

3.10. Reaction Wheel  

An alternative method to control the rotation rate of the ABV independently 

from the Cold Gas Propulsion system, is with an on-board reaction wheel 

installed on each vehicle. A preliminary description of constraints, design, 

fabrication, as well as calculations and performance testing of the reaction 

wheel is presented and discussed within this section of the dissertation. 

This section is dedicated to the calculations required in the selection of an 

appropriate DC Brushless Motor, as well as an estimate to the RPM 

(Revolutions Per minute) required to meet operational requirements.  
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Reaction Wheel Nomenclature and Constraints 

The nomenclature used in the reaction wheel calculations are shown in 

Table 6. 

Table 6: Reaction Wheel Nomenclature 

Variable Description 

𝑰𝒓𝒘 Moment of Inertia Reaction Wheel 

𝑰𝒂𝒃𝒗 Moment of Inertia of ABV 

𝝎𝒓𝒘 Angular Velocity of Reaction Wheel 

𝝎𝒂𝒃𝒗 Angular Velocity of ABV 

𝑉𝑟𝑤 CAD Volume of Reaction Wheel 

𝜌𝑟𝑤 CAD Density of Reaction Wheel 

𝑚𝑟𝑤 CAD Mass of Reaction Wheel 

 

The overall size, and shape of the reaction wheel was in part limited by the 

relative positioning that the reaction wheel could be placed without 

inhibiting the performance of other major components within each 

respective vehicle. Shown in Figure 90 is the bird’s eye view of the lower 

deck within each ABV. Space for the CGT Solenoids, Pressure regulators, 

pneumatic air system, manifolds, Arduino microcontroller, as well as the 

lithium ion Battery was assigned. The reaction wheel was placed to align 

with the body frame z-axis. 
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Figure 90: Bird’s Eye View of the lower deck within ABV. 

Constraint Requirements: 

 Reaction wheel must ideally be aligned with the z-axis of the body 

frame of the vehicle. 

 The reaction wheel must not inhibit other major components 

function 

 There has to be ease of access if other major components within the 

lower deck of the ABV shown in Figure 90 need to be accessed / 

changed / inspected.  

 Enough space for wiring, tubing, and safety has to be in cooperated 

within the design and placement of the reaction wheel. 
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Reaction Wheel Desired RPM at Nominal conditions: 

Moment of Inertia Assumptions for Calculations: 

The following considered were considered, in order to gain an 

approximation of the RPM required by a brushless DC motor in order to 

achieve desired vehicle rotation. 

 No external disturbances of torque exerted on the ABV  

 Desired Rotation of the vehicle in the body frame is only accounted 

for by the actions of the reaction wheel. 

 The Reaction wheel aligned with principle axis. 

From the conservation of angular momentum equation: 

  𝑰𝒓𝒘𝛚𝒓𝒘+ 𝑰𝐚𝐛𝐯𝝎𝐚𝐛𝐯 = [
0
0
0
] (14) 

The desired operation rotation rate of the ABV is defined at the angular 

velocity of 10 degrees/second. 

ω𝑎𝑏𝑣𝑧 = 10
𝑑𝑒𝑔

𝑠
= 0.1745

𝑟𝑎𝑑

𝑠
 

Where: 

[

ω𝑎𝑏𝑣𝑥
ω𝑎𝑏𝑣𝑦
ω𝑎𝑏𝑣𝑧

] = [
0
0

0.1745
]
𝑟𝑎𝑑

𝑠
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The side view of the reaction wheel is shown in Figure 91,  

 

Figure 91: Side View of Reaction Wheel 

From the PTC|Creo CAD program, the reaction wheel was assigned 

Stainless Steel 416 with the following material properties for volume, 

density, moment of Inertia, and mass respectively was calculated: 

𝑉𝑟𝑤 = 9.2423 ∙ 10
−5 𝑚3 

𝜌𝑟𝑤 = 7805.7 𝑘𝑔/𝑚
3 

𝑚𝑟𝑤 = 0.7214 𝑘𝑔 

𝑰𝒓𝒘 = [
6.756 0 0
0 6.756 0
0 0 5.5101

] ∙ 10−4𝑘𝑔𝑚2 
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Based on the estimation of moment of Inertia of the ABV is shown in 

section 3.8. The Inertia Matrix of the Cube Satellite CAD Design was 

calculated. 

𝑰𝑨𝑩𝑽 = [
0.2159 0 0
0 0.3106 0
0 0 0.3752

] 𝑘𝑔𝑚2 

Calculation of 𝜔𝑟𝑤 

𝑰𝒓𝒘𝛚𝒓𝒘 + 𝑰𝐀𝐁𝐕𝛚𝐀𝐁𝐕 = [
𝟎
𝟎
𝟎
] 

𝐈𝐫𝐰 [

ω𝑟𝑤𝑥
ω𝑟𝑤𝑦
ω𝑟𝑤𝑧

] = −𝐈𝐀𝐁𝐕𝛚𝐀𝐁𝐕 

(𝐈𝐫𝐰)
−𝟏  𝐈𝐫𝐰 [

ω𝑟𝑤𝑥
ω𝑟𝑤𝑦
ω𝑟𝑤𝑧

] = −(𝐈𝐫𝐰)
−𝟏𝐈𝐀𝐁𝐕𝛚𝐀𝐁𝐕 

[

ω𝑟𝑤𝑥
ω𝑟𝑤𝑦
ω𝑟𝑤𝑧

] = − [
1.4802 0 0
0 1.4799 0
0 0 1.8148

] ∙ 103 [
0
0

0.0655
] 

The reaction wheel angular velocity to achieve desired vehicle 

maneuverability: 

  [

ω𝑟𝑤𝑥
ω𝑟𝑤𝑦
ω𝑟𝑤𝑧

] = [
0
0

118.8373
]
𝑟𝑎𝑑
𝑠

 (15) 

Calculations to RPM: 

ω𝑟𝑤𝑧 = 118.8373
𝑟𝑎𝑑

𝑠

1𝑟𝑒𝑣

2𝜋𝑟𝑎𝑑

60 𝑠

𝑚𝑖𝑛
=  1134.8 𝑅𝑃𝑀 

ω𝐴𝐵𝑉𝑧 = 0.1745
𝑟𝑎𝑑

𝑠

1𝑟𝑒𝑣

2𝜋𝑟𝑎𝑑

60 𝑠

𝑚𝑖𝑛
=  1.666 𝑅𝑃𝑀 
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Due to size constraints and limitations of performance in order to achieve 

10 deg/s angular velocity, the reaction wheel on the ABV must be able to 

provide approximately 1135 RPM. 

Selection of Brushless DC Motor  

 

 

Figure 92: BLY17MD2S Brushless Motor 
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Based on the desired RPM setting, the Bly17MD2S [66], [67] brushless DC 

motor from Anaheim Automation was chosen since it has the capability to 

operate at the nominal conditions of the ABV at 10deg/s. However, can also 

be ramped up to a higher RPM settings as needed, to provide more 

aggressive maneuver condition. 

Reaction Wheel Performance Requirements: 

 

Figure 93: Reaction Wheel CAD 

Shown in Figure 93, is the CAD model of the Reaction Wheel. With the DC 

brushless motor inverted and the reaction wheel made to align through the 

use of a bearing and surface mounts. In this configuration the reaction wheel 

is able to satisfy the design and physical size constraints.  
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The labeled CAD diagram of the designed and created reaction wheel is 

shown in Figure 94. 

 

Figure 94: Reaction Wheel CAD Model 

The reaction wheels have a diameter of 2.95 inch with an overall thickness 

of 1 inch. The outer ring of the reaction wheel is shown in Figure 95, with 

the placement of the reaction wheel in the CAD assembly is shown in Figure 

96.  
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Figure 95: Reaction Wheel Design 

 

Figure 96: CAD Section View of Reaction Wheel Placement  
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Reaction Wheel Assembled 

The fabricated reaction wheels can be seen in Figure 97 

 

Figure 97: Reaction Wheels 

 

Figure 98: Reaction Wheel placement within ABV 
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The reaction wheels were shown to operate within expected nominal 

performance as outlined by the Anaheim documentation [66]. However, it 

was decided that initial vehicle navigation would be performed without the 

use of the reaction wheels in order to first address thrust coupling that comes 

from conflict of command from the CGTs as outlined in chapter 6.1. Where 

the control algorithms for translation and rotation are compared against one 

another.  

Reaction Wheel Preliminary Experimental Testing 

The reaction wheels were operated and compared against the BLY17MD 

documentation in order to validate their performance shown in Figure 99 

and Figure 100. From the experimental runs it does appear that the 

experimental results compared very favorably to the documentation. With 

a measured recorded value of the Reaction wheel at 2200 RPM, satisfying 

the required performance criteria. 

 

Figure 99: BLY17MD motor documentation of Voltage to RPM  
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Figure 100: Comparison of Experimental performance [66] 

Reaction Wheel Synopsis 

Based on preliminary testing and comparison to documentation the 

Reaction wheel is able to achieve the desired RPM. However, after being 

completed, fabricated, and initially tested the decision was made to achieve 

navigation control without use of the reaction wheel. By means of 

navigational control in translation and rotation using the CGTs working in 

unison with one another.  
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3.11. Chapter Summary 

This chapter described initial design, fabrication, and calibration testing 

of the hardware-in-the-Loop testbed for the dynamics of spacecraft 

rendezvous and capture. It describes the experimental test facility as well 

as test apparatus available in the ORION laboratory, with a description of 

the integrated flat floor, air-bearing table, and Optitrack camera system 

respectively.  

The fabrication process of each ABV was described with the Gripper of 

the chaser vehicle covered as well as the on-board CGTs that are used for 

translation and rotation navigation of the vehicle. From there, the 

communication infrastructure implemented for the ABVs was described, 

with the Kinect V2 on-board navigation cameras and the reaction wheel 

presented. 
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Chapter IV: Optitrack Calibration & 

Table Mapping  

4. Introduction: Optitrack Calibration & Table 

Mapping 

This chapter discusses how the Optitrack data was filtered and calibrated 

as well as how the Air Bearing Table (ABT) was mapped and 

characterized. 

First a description of the filtering process for the Optitrack Data was 

described as well as each step that required. Followed by the 

characterization, mapping, and contour plotting of the surface of the table. 

These steps were necessary in order to characterize the table surface the 

test was being made on as well as the Optitrack Camera system that was 

used to measure each vehicle’s position and orientation in the global 

frame. 

 

4.1. Filtering Optitrack Data with Matlab/Simulink 

This section discusses the methods that were used to filter the raw Optitrack 

tracking data that was provided and used to track the position and heading 

of the Air-Bearing Vehicles. The filtering process was done in three main 

steps.  
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4.1.1. Step 1: Coordinate Frame Transform and 

Initial Filtering 

 

Figure 101: Coordinate Frame Transform 

The first stage was to stream the Optitrack data into Matlab / Simulink. As 

shown in Figure 101 after performing a coordinate transformation, the 

tracking data that is streamed from Optitrack is adjusted in the correct frame 

for further processing. 

 

[
 
 
 
 
 
𝑥′
𝑦′

𝑧′
𝜓′

𝜗′
𝜙′]
 
 
 
 
 
𝑂𝑝𝑡𝑖𝑡𝑟𝑎𝑐𝑘 𝐹𝑟𝑎𝑚𝑒

𝑌𝑖𝑒𝑙𝑑𝑠
→    𝒙 = [

𝑥
𝑦
𝜙
]

𝐺𝑙𝑜𝑏𝑎𝑙 𝐹𝑟𝑎𝑚𝑒

 (16) 

The Global frame position and angle heading data is received as analog 

signal, the values are then truncated to the third decimal place. 

𝜕𝑥

𝜕휀
,
𝜕𝑦

𝜕휀
= ±0.0005𝑚,

𝜕𝜙

𝜕휀
= ±0.0005 𝑟𝑎𝑑 
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A moving median filter of window length 5 time steps is used to smooth 

any irregularities in the position and angle recorded. 

4.1.2. Step 2: Time Gap filling Filtering 

The algorithm for step 2 is based on a method to fill in the time gaps of 

missing data with the previous step state information. This step is included 

in order to smooth out missing packets of data between the Optitrack camera 

sensors and the message being processed and received by Matlab /Simulink.  

Step 2 Algorithm / Pseudocode 

1) The difference in position value is first calculated between current 

and previous time step. 

𝑺𝒙 = 𝒙𝒊 − 𝒙𝒊−𝟏 

2) The difference in Optitrack time-frame is calculated for each time 

step 

∆𝑡 = 𝑡𝑖 − 𝑡𝑖−1 

3) The discrete derivative (velocity) is calculated 

�̇�𝒊 =
𝑺𝒙
∆𝑡

 

4) If the difference in time frame Optitrack data is equal to zero, the 

current velocity is equal to the previously calculated value. 

Otherwise, the calculated velocity is updated. 

𝐼𝑓 (∆𝑡 == 0)�̇�𝒊 = �̇�𝒊−𝟏 

𝐸𝑙𝑠𝑒: �̇�𝒊 = �̇�𝒊 𝐸𝑛𝑑 
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5) The discrete 2nd derivative (Acceleration) is then calculated 

�̈�𝒊 = �̇�𝒊/∆𝑡 

6) If the difference in time frame Optitrack data is equal to zero. 

Current recorded acceleration is equal to previous value and is 

updated. 

𝐼𝑓 (∆𝑡 == 0)  �̈�𝒊 = �̈�𝒊−𝟏 

Else: �̈�𝒊 = �̇̈�𝒊  End 

7) A moving median filter is applied of window length of five to the 

updated position, velocity, and recorded acceleration of the ABV. 

4.1.3. Step 3: First Order Filtering 

Step 3 Algorithm / Pseudocode 

A first order filter is applied to the signal of position, velocity, and 

acceleration. Whereby 90% of the previously calculated value is accepted 

as truth, with 10% of the updated calculated value being considered as true. 

The third step in the Optitrack filtering process was only applied to the 

velocity and acceleration data set. 

Where: 𝜶 = 𝟎. 𝟏 

�̇� = (1 − 𝛼)�̇�𝒊−𝟏 + 𝛼�̇�𝒊 

�̈� = (1 − 𝛼)�̈�𝒊−𝟏 + 𝛼�̈�𝒊 
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4.1.4. Optitrack Filter on Position, Velocity, 

Acceleration 

Position Data Progression 

After the initial filtering done on the raw position data it is shown that the 

discrete dataset is unchanged as from step 2 to step 3. 

 

Figure 102: Optitrack Data Filtration Method on Position 
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Velocity Data Progression 

 

Figure 103 Optitrack Data Filtration Method on Velocity 

Shown here in Figure 103 the effect of the filtration method shown. It does 

appear that this method is very conservative and introduces a delay in the 

registered value compared to the actual value of velocity and acceleration. 
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Acceleration Data Progression 

 

Figure 104: Optitrack Data Filtration Method on Acceleration 

This combined method of data parsing and filtering does not to have a 

negative effect on the readout of position for a given rigid body. It is only 

with the velocity and acceleration data do we observe an improvement of 

the signal and reduction in noise. The drawback of this type of data filtration 

system is the introduction of lag into the system as can be seen by the 
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velocity and acceleration curves of step 2 and 3 respectively. This is because 

of the introduced bias from step 3 whereby 90% of previous value is 

determined to be true with just 10% of the current value being allowed to 

update the registered position, velocity and acceleration. The values being 

considered are a conservative representation of the actual measured state 

space. If a higher 𝛼 value is chosen, then the first order filter should be more 

responsive to signal change, however this will increase noise in the signal. 

4.2. Characterizing and mapping the tilt of the table 

4.2.1. Defining Air-Bearing Table cell and zones 

In order to determine how level the Air-Bearing Table is, a method was 

developed by using the Optitrack Camera Tracking system. Shown in 

Figure 105, the table was divided into 21 cells comprised of three columns 

and seven rows.  

 

Figure 105: Creation of zones to map 
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4.2.2. Optitrack Markers 

Each cell was marked with Optitrack Markers then the relative position data 

was calculated and analyzed in Matlab. The 27 Optical markers that were 

used all have the same consistent diameter as described by Optitrack 

documentation. Similarly, the same adhesive base was used for this 

experiment. 

 

Figure 106: Optitrack Marker[59] 

Approximately 56,700 data samples were collected using Optitrack for the 

table in order to map the amount of deviation across the glass surface.  

~100 𝑠𝑎𝑚𝑝𝑙𝑒𝑠 ∗ 27 𝑚𝑎𝑟𝑘𝑒𝑟𝑠 ∗ 7 𝑟𝑜𝑤𝑠 ∗ 3 𝑐𝑜𝑙𝑢𝑚𝑛𝑠  

≅ 56,700 [𝑥, 𝑦, 𝑧] 𝑑𝑎𝑡𝑎 𝑠𝑎𝑚𝑝𝑙𝑒 𝑝𝑜𝑖𝑛𝑡𝑠 

 

 

Figure 107: Optitrack marker separation  



124 

 

4.2.3. Mapping the Air-Bearing Table 

The Optitrack markers were spaced out at 10 cm separation intervals. With 

each cell discretized into multiple rigid bodies. Shown in Figure 108 is the 

gradual process that was used to map the entirety of the table. 

 

  

  

Figure 108: Method to map the Air-Bearing Table. 
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4.2.4. ABT Data Processing and Mapping 

In post-processing analysis it appears that one corner of the glass table could 

not be accurately mapped. This could have been due to poor light 

reflectivity and placement of the Optitrack cameras in the room. Whereby, 

the cameras may not have had a clear view of the table due to angle 

distortion. Most of the excluded ghost markers seem to be along an angle 

of incline as seen in View 1 of Figure 109. 

 

Figure 109: Polynomial curve of table surface with excluded markers  
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Figure 110, a residual plot shows the excluded markers that were considered 

one standard deviation from the prescribed mean of the dataset. 

 

Figure 110: Residual plot with excluded points  
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4.2.5. Matlab Polynomial Surface Contour Fit  

Using Matlab curve fitting toolbox a polynomial cubic surface was created 

from data points that were considered to be within tolerance of the mean 

standard deviation. Shown in Figure 111 is the planar XZ and YZ view of 

the data points after parsing. 

 

 

Figure 111 ZX and ZY planar view of table surface 
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Matlab linear model Polynomial 33 fit curve that was used for the 

approximation of the table is shown here with the values of the variables 

displayed in Table 7: 

  𝑓(𝑥, 𝑦)  =  𝑝00  +  𝑝10𝑥 + 𝑝01𝑦 + 𝑝20𝑥
2  +  𝑝11𝑥𝑦 

+ 𝑝02𝑦
2  +  𝑝30𝑥

3  +  𝑝21𝑥
2𝑦 + 𝑝12𝑥𝑦

2  

+  𝑝03𝑦
3 

(17) 

Table 7: ABT coefficient for Table Characterization Model 

Coefficient Mean 95% Lower 

Bound 

95% Upper 

Bound 

𝑝00 0.6922   0.6787 0.7057 

𝑝10 −0.0004637   −0.002178 0.001251 

𝑝01 0.001649   −0.01096 0.01425 

𝑝20 −0.001235   −0.001594 −0.0008753 

𝑝11 0.001681   0.0006122 0.002749 

𝑝02 0.001007   −0.00284 0.004853 

𝑝30 4.248𝑒 − 05   5.353𝑒 − 06 7.961𝑒 − 05 

𝑝21 0.0002792   0.0002154 0.0003431 

𝑝12 −0.0005545   −0.0007166 −0.0003924 

𝑝03 −5.347𝑒 − 05   −0.0004405 0.0003335 
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4.2.6. Contour and Surface Mapping of the Table 

Bird’s eye view of the XY plane is shown in Figure 112 with a contour 

surface mapping. From the data set the section of the table with poor 

coverage due most likely to light reflectivity and camera angle is 

highlighted with a red box marker. The contour mapping shows there is a 

high side on the top right corner. 

 

 

Figure 112: Bird’s Eye and Contour Surface Mapping of the Table 
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4.2.7. Overall Surface Contour of Air-Bearing Glass 

Table Surface. 

At the time of testing, the following averaged XYZ values of the corner 

markers of the glass table were obtained with the following coordinates 

[𝑥, 𝑦, 𝑧]𝑇: 

𝑨 = [0.9095,4.188,0.7099]𝑇 

𝑩 = [4.493, 4.211, 0.7027]𝑇 

𝑪 = [4.569,2.454,0.696]𝑇 

𝑫 = [0.9398,2.41,0.7024]𝑇 

 

Figure 113: Cartesian coordinate of the table at each corner 
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Overall profile measure of the table 

From the averaged data set markers shown in Figure 114, the 3D contour 

map was used to represent the table surface over the span of the table. From 

the calculations, there is a -0.72 cm change in z-value from point A to point 

D, defined along the vector, 𝒅. With a -1.39 cm change in z-value from 

point A to point C along vector, 𝒆.  

 

Figure 114: 3D Contour and Triangular surface mesh of the table 
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Figure 115 is a representation of the table in the XZ and YZ plane, each 

angle (ψa, ψ𝑒 , ψ𝑐, θd, θb, θe) describes the straight path from one point 

to another in the XZ and YZ plane respectively. These six angles are a 

representation of the overall distortion of the ABT. 

 

 

Figure 115 Table distortion based on Optitrack measurement  



133 

 

From Figure 115 and Table 8, the largest amount of distortion was along 

the diagonal vector, e, in the XZ and YZ plane respectively.  

Table 8: Angles from corner to corner of the ABT 

Plane Angle Degrees (°) 

XZ ψ𝒂 0.1151 

XZ ψ𝑒 0.2176 

XZ ψ𝒄 0.1010 

YZ θ𝐝 0.2417 

YZ θ𝒆 0.4593 

YZ θ𝒃 0.2185 
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4.3. Chapter Summary 

This chapter outlined the experimental test facility, apparatus and 

equipment set up. First, a description of the Optitrack camera system was 

explored, with a description of the process to filter the position, velocity, 

and acceleration of the rigid body object from the raw Optitrack data. 

After that, the air-bearing table was divided into cells comprised of three 

zones and seven sections. Each cell was scanned and the overall table 

profile was recreated from the data cloud mapping. It is unfortunate that 

due to camera placement and light reflectivity, there does appear to be 

one cell of the table that did not give conclusive data. However from the 

overall data set, the amount of relative surface contour of the table is 

recorded relative to the origin position. With the largest amount of 

relative surface contour appears to be along the diagonal of the table 

along vector 𝒆 of the table with: 

θ𝒆 = 0.459 ° and ψ𝑒 = 0.218 °. 
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Chapter V: ABV Dynamics and EOM 

5. Introduction: ABV Dynamics and EOM 

This chapter covers the ABV dynamics and Equations of Motion EOM 

for the ABVs. First a general description is made with regards to the 

overall forces and torques exerted on each ABV respectively, then 

Moment of Inertia Approximation with a calculation of the mass for the 

compressed nitrogen as it is being consumed by the ABV during 

operation. The chapter then discusses the ABV Body frame as well as 

state variables, followed by the Forces and Torques exerted on the ABV. 

With a discussion into the friction effects, as well as the gravitational 

disturbance caused by the tilt of the table. After, the Equations of Motion 

are presented with a description of the equations necessary for thruster 

allocation. 

 

5.1. Equations of Motion (EOM) Calculations: 

The general form of the EOM of the ABVs is defined in 6-DOF (Degrees 

of Freedom) in the global frame. This set of equations is a combination of 

the forces and torques experienced by the ABVs in the global frame.  

∑𝑭 = 𝒎�̈� = [
𝑚 0 0
0 𝑚 0
0 0 𝑚

] [
�̈�
�̈�
�̈�
] 
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∑𝑻 = 𝑰�̈� = [

𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
𝐼𝑦𝑥 𝐼𝑦𝑦 𝐼𝑦𝑧
𝐼𝑧𝑥 𝐼𝑧𝑦 𝐼𝑧𝑧

] [

휃̈
�̈�

�̈�

] 

Whereby, the force and torques exerted on the ABV in the global frame, 

𝑭𝑨𝑩𝑽𝑮, is defined as the sum of the effects due to friction ( 𝑭𝒇𝒓𝒊𝒄𝑮), gravity 

(𝑭𝒈𝒓𝒂𝒗𝑮), and control input (𝑭𝑼𝑭𝑮  
) needed to set the desired trajectory of 

the ABV.  

𝑭𝑨𝑩𝑽𝑮 = 𝑭𝒇𝒓𝒊𝒄𝑮 + 𝑭𝒈𝒓𝒂𝒗𝑮 + 𝑭𝑼𝑭𝑮  
 (18) 

In 6-DOF configuration this set of equations is expressed: 

[
 
 
 
 
 
 
𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝐹𝐴𝐵𝑉𝑧
𝑇𝐴𝐵𝑉𝜃
𝑇𝐴𝐵𝑉𝜓
𝑇𝐴𝐵𝑉𝜙]

 
 
 
 
 
 

𝐺

=

[
 
 
 
 
 
 
𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝐹𝑓𝑟𝑖𝑐𝑧
𝑇𝑓𝑟𝑖𝑐𝜃
𝑇𝑓𝑟𝑖𝑐𝜓
𝑇𝑓𝑟𝑖𝑐𝜙]

 
 
 
 
 
 

𝐺

+

[
 
 
 
 
 
 
𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝐹𝑔𝑟𝑎𝑣𝑧
𝑇𝑔𝑟𝑎𝑣𝜃
𝑇𝑔𝑟𝑎𝑣𝜓
𝑇𝑔𝑟𝑎𝑣𝜙]

 
 
 
 
 
 

𝐺

+

[
 
 
 
 
 
𝑢𝐹𝑥
𝑢𝐹𝑦
𝑢𝐹𝑧
𝑢𝑇𝜃
𝑢𝑇𝜓
𝑢𝑇𝜙]

 
 
 
 
 

𝐺

 (19) 

The ABVs operate on the ABT, therefore the EOM can be simplified to 

consider motion in the XY plane as well as rotation in the z-axis. Therefore 

the EOM can be expressed by equation 20: 

[

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

 𝐺

= [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

𝐺

+ [

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙

]

 𝐺

+ [

𝑢𝐹𝑥
𝑢𝐹𝑦
𝑢𝑇𝜙

]

𝐺

 (20) 

Where the H matrix can be described as a combination of the mass matrix 

and the Inertia matrix. 
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𝑯𝟔𝑫𝑶𝑭 =

[
 
 
 
 
 
𝑚 0 0 0 0 0
0 𝑚 0 0 0 0
0 0 𝑚 0 0 0
0 0 0 𝐼𝑥𝑥 𝐼𝑥𝑦 𝐼𝑥𝑧
0 0 0 𝐼𝑦𝑥 𝐼𝑦𝑦 𝐼𝑦𝑧
0 0 0 𝐼𝑧𝑥 𝐼𝑧𝑦 𝐼𝑧𝑧]

 
 
 
 
 

 

After simplification taking into consideration that the ABVs have 3DOF in 

XY planar motion and rotation in the z-axis being defined by: 

𝐇 = [

𝑚(𝑡) 0 0
0 𝑚(𝑡) 0
0 0 𝐼𝑧𝑧(𝑡)

] (21) 

The following sections within this chapter describe solving the force and 

torque exerted on the body, the friction, and gravity term components in 

order to adequately define the EOM for the ABVs. 

5.2. Equations of Motion Nomenclature  

Table 9: List of Abbreviated Chapter Acronyms 

Air Bearing Vehicle ABV 

Air-Bearing Pads ABP 

Air-Bearing Table ABT 

LVLH 

Local Vertical Local Horizontal Reference 

Frame 

STP Standard Temperature and Pressure 

DOF Degrees of Freedom 
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5.3. ABV Boby Frame and ABV State Variables 

 

Figure 116: Body frame of the vehicle 

The Vehicle Body frame is defined for each vehicle as the +z-axis pointing 

down towards the floor, the + x-axis orientated towards the front of each 

vehicle with the +y-axis pointed towards the right hand side of the vehicle. 

 

Figure 117: Heading of defined in LVLH and Global frame.  
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As described in Figure 117, both the Body and the Global frame follow the 

same heading direction convention, whereby the heading is defined as a 

rotation within the range[−𝝅,+𝝅]. 

 

Figure 118: Global to LVLH coordinate frame 

Angle notation is shown in Figure 118. Using a body-centered frame that is 

aligned with the global frame, the current position[𝑥, 𝑦, 𝜙], the desired 

position[𝑥𝑑 , 𝑦𝑑 , 𝜙𝑑], of the vehicle can be respectively defined. The default 

desired heading is aligned with the trajectory of travel. However based on 

the mission parameters, the desired heading of the vehicle can be set to be 

different from the trajectory heading.  
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ABV state variables in the Global frame: 

Current position, velocity, acceleration of each ABV are defined as:  

𝒙 = [

𝑥
𝑦
𝜙
] , �̇� = [

�̇�
�̇�

�̇�
] , �̈� = [

�̈�
�̈�

�̈�
]   (22) 

The desired position, velocity, and acceleration of each ABV at a given time 

step was defined by the variables[𝒙𝒅, �̇�𝒅, �̈�𝒅] respectively. 

𝒙𝒅 = [

𝑥𝑑
𝑦𝑑
𝜙𝑑
] , �̇�𝒅 = [

�̇�𝑑
�̇�𝑑
�̇�𝑑

] , �̈�𝒅 = [

�̈�𝑑
�̈�𝑑
�̈�𝑑

] (23) 

Position Error 

𝒙𝒆 = 𝒆 = 𝒙𝒅 − 𝒙 = [

𝑥𝑑
𝑦𝑑
𝜙𝑑
] − [

𝑥
𝑦
𝜙
] = [

𝑥𝑑 − 𝑥
𝑦𝑑 − 𝑦
𝜙𝑑 − 𝜙

] (24) 

Velocity Error 

�̇�𝒆 = �̇� = �̇�𝒅 − �̇� = [

�̇�𝑑
�̇�𝑑
�̇�𝑑

] − [

�̇�
�̇�

�̇�
] = [

�̇�𝑑 − �̇�
�̇�𝑑 − �̇�

�̇�𝑑 − �̇�

] (25) 

Acceleration Error 

�̈�𝒆 = �̈�𝒅 − �̈� = [

�̈�𝑑
�̈�𝑑
�̈�𝑑

] − [

�̈�
�̈�

�̈�
] = [

�̈�𝑑 − �̈�
�̈�𝑑 − �̈�

�̈�𝑑 − �̈�

] (26) 
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Coordinate Transformation Matrices 

Rotation from a given frame to another frame of reference. Such as the 

rotation from global to local frame. 

𝐑𝒙(휃) = [
1 0 0
0 𝑐휃 𝑠휃
0 −𝑠휃 𝑐휃

] (27) 

𝐑𝒚(𝜓) = [
𝑐𝜓 0 −𝑠𝜓
0 1 0
𝑠𝜓 0 𝑐𝜓

] (28) 

𝐑𝒛(𝜙) = [
𝑐𝜙 𝑠𝜙 0
−𝑠𝜙 𝑐𝜙 0
0 0 1

] (29) 

For abbreviation: 

𝑐휃 = cos (휃) 

𝑠휃 = sin (휃) 

𝑐𝜓 = cos (𝜓) 

𝑠𝜓 = sin (𝜓) 

𝑐𝜙 = cos (𝜙) 

𝑠𝜙 = sin (𝜙) 

Rotation Matrices 

Rotation of a point within a given frame about a particular axis: 

𝐂𝒙(휃) = [
1 0 0
0 𝑐휃 −𝑠휃
0 𝑠휃 𝑐휃

] (30) 

𝐂𝒚(𝜓) = [
𝑐𝜓 0 𝑠𝜓
0 1 0
−𝑠𝜓 0 𝑐𝜓

] (31) 

𝐂𝒛(𝜙) = [
𝑐𝜙 −𝑠𝜙 0
𝑠𝜙 𝑐𝜙 0
0 0 1

] (32) 
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5.4. ABV Forces and Torques  

This section of the EOM chapter, addresses the body fixed forces and 

torques on each respective ABV.  

The necessary calculations are formulated in the Global frame, and then 

transferred to the body vehicle frame to account for each vehicle’s 

orientation. An illustration is shown in Figure 119, where in case I the body 

frame is aligned with the Global axis. In most maneuvers, this is not true, 

since there is an offset angle, 𝜙, as shown in case II. 

 

Figure 119: body frame illustration 
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Figure 120 is an illustration that shows the chaser (blue) and target (orange) 

ABV vehicle. In the global frame, both ABV’s position is tracked using 

Optitrack, and defined by the vectors 𝒂 and 𝒃. With the relative position of 

the Target to the chaser defined by the vector 𝒄 in the global frame. Each 

ABV Body frame may not necessarily be aligned with the global frame at 

all times, this is represented by the Body frame red axis as compared to the 

global frame black axis lines. Where the angles 𝜙𝐶𝐻 and 𝜙𝑇𝐺𝑇 represent 

current heading of each vehicle. The front of each ABV is defined by the 

blue triangular cone 

 

Figure 120: Target and Chaser Vehicle with desired point. 
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Deriving the orientation of the ABV vehicle in the Body frame from the 

Global Frame is shown in equation 33. 

𝑹𝒛(𝜙𝐴𝐵𝑉) 𝑭𝑮 = 𝑭𝑨𝑩𝑽𝑩 (33) 

Chaser Vehicle (Bob): 

[
𝑐𝜙𝐶𝐻 𝑠𝜙𝐶𝐻 0
−𝑠𝜙𝐶𝐻 𝑐𝜙𝐶𝐻 0
0 0 1

]  [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐺𝐶𝐻

= [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐵𝐶𝐻

 (34) 

Target Vehicle (Charlie): 

[
𝑐𝜙𝑇𝐺𝑇 𝑠𝜙𝑇𝐺𝑇 0
−𝑠𝜙𝑇𝐺𝑇 𝑐𝜙𝑇𝐺𝑇 0
0 0 1

]  [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐺𝑇𝐺𝑇

= [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐵𝑇𝐺𝑇

 (35) 

Body Frame exerted force from the CGTs 

 

Figure 121: Thruster and Body Frame of Reference 

Figure 121 is a representation of each thruster and their respective frame in 

conjunction with the vehicle’s body frame.   
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The Position of each solenoid CGT in the ABV body frame is defined as 

thus: 

𝒓𝟏
𝐵 = [

−𝑙
𝛿
0
] 𝒓𝟐

𝐵 = [
−𝑙
−𝛿
0
] 𝒓𝟑

𝐵 = [
−𝛿
−𝑙
0
] 𝒓𝟒

𝐵 = [
𝛿
−𝑙
0
] 

𝒓𝟓
𝐵 = [

𝑙
−𝛿
0
] 𝒓𝟔

𝐵 = [
𝑙
𝛿
0
] 𝒓𝟕

𝐵 = [
𝛿
𝑙
0
] 𝒓𝟖

𝐵 = [
−𝛿
𝑙
0
] 

With 𝛿 and 𝑙 defined: 

𝛿 = 0.1325 𝑚, 𝑙 = 0.1725 𝑚 

Each thruster provides thrust in the prescribed direction marked by the red 

arrows, summarized in the vector: [𝑓1, 𝑓2, 𝑓3, 𝑓4, 𝑓5, 𝑓6, 𝑓7, 𝑓8]
𝑇.  

Each thruster is defined to act along its own x-axis frame: 

𝑭𝑖 = [
𝑓𝑖
0
0
] ,where: 𝑖 = 1…8 

Euler angle coordinate transformation from each CGT frame to body frame: 

𝐑𝒊
𝑩

𝒛(𝜙) = [
𝑐𝜙 𝑠𝜙 0
−𝑠𝜙 𝑐𝜙 0
0 0 1

]    

The exerted force and torque on the vehicle can be expressed in the body 

frame as: 

∑ 𝑭𝑩
𝐵

= [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝐹𝐴𝐵𝑉𝑧

] =∑ R𝑧𝑖
𝐵

8

𝑖=1

𝑭𝒊 
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∑ 𝑴
𝐵

= [

𝑇𝐴𝐵𝑉𝜃
𝑇𝐴𝐵𝑉𝜓
𝑇𝐴𝐵𝑉𝜙

] =∑𝒓𝒊 × 𝑹𝑧𝑭𝒊𝑖
𝐵

8

𝑖=1

 

Force vector from each thruster in vehicle’s body frame of reference after 

performing coordinate frame transformation: 

𝑹𝑭11
𝐵 = 𝐑𝟏

𝑩
𝒛(0)𝑭1 = [

𝑓1
0
0
] 𝑹𝑭22

𝐵 = 𝐑𝟐
𝑩

𝒛(0)𝑭2 = [
𝑓2
0
0
] 

𝑹𝑭33
𝐵 = 𝐑𝟑

𝑩
𝒛 (
𝜋

2
)𝑭3 = [

0
𝑓3
0
] 𝑹𝑭44

𝐵 = 𝐑𝟒
𝑩

𝒛 (
𝜋

2
)𝑭4 = [

0
𝑓4
0
] 

𝑹𝑭55
𝐵 = 𝐑𝟓

𝑩
𝒛(𝜋)𝑭5 = [

−𝑓5
0
0
] 𝑹𝑭66

𝐵 = 𝐑𝟔
𝑩

𝒛(𝜋)𝑭6 = [
−𝑓6
0
0
] 

𝑹𝑭77
𝐵 = 𝐑𝟕

𝑩
𝒛 (
3𝜋

2
)𝑭7 = [

0
−𝑓7
0
] 𝑹𝑭88

𝐵 = 𝐑𝟖
𝑩

𝒛 (
3𝜋

2
)𝑭8 = [

0
−𝑓8
0
] 

The total force applied by cold gas thrusters on each ABV can be described: 

∑ 𝑭𝒃𝒐𝒅𝒚
𝐵

= [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝐹𝐴𝐵𝑉𝑧

] = [
𝑓1 + 𝑓2 − 𝑓5 − 𝑓6
𝑓3 + 𝑓4 − 𝑓7 − 𝑓8

0

] = 𝒎[

�̈�

�̈�

�̈�

]   (36) 

Calculating the individual Moment/Torque calculations. 

𝒓𝟏
𝐵 × 𝑹𝑭11

𝐵 = [
�̂� 𝒋̂ �̂�
−𝑙 𝛿 0
𝑓1 0 0

] = [
0
0

−𝑓1𝛿
]  

𝒓𝟐
𝐵 × 𝑹𝑭22

𝐵 = [
�̂� 𝒋̂ �̂�
−𝑙 −𝛿 0
𝑓2 0 0

] = [
0
0
𝑓2𝛿
] 

𝒓𝟓
𝐵 × 𝑹𝑭55

𝐵 = [
0
0

−𝑓5𝛿
] 

𝒓𝟔
𝐵 × 𝑹𝑭66

𝐵 = [
0
0
𝑓6𝛿
] 
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𝒓𝟑
𝐵 × 𝑹𝑭33

𝐵 = [
�̂� 𝒋̂ �̂�
−𝛿 −𝑙 0
0 𝑓3 0

] = [
0
0

−𝑓3𝛿
] 

𝒓𝟒
𝐵 × 𝑹𝑭44

𝐵 = [
�̂� 𝒋̂ �̂�
𝛿 −𝑙 0
0 𝑓4 0

] = [
0
0
𝑓4𝛿
] 

𝒓𝟕
𝐵 × 𝑹𝑭77

𝐵 = [
0
0

−𝑓7𝛿
] 

𝒓𝟖
𝐵 × 𝑹𝑭88

𝐵 = [
0
0
𝑓8𝛿
] 

Torque applied on the ABV caused by the CGTs: 

∑ 𝑴
𝐵

= [

𝑇𝜃
𝑇𝜓
𝑇𝜙

] 

  [

𝑇𝐴𝐵𝑉𝜃
𝑇𝐴𝐵𝑉𝜓
𝑇𝐴𝐵𝑉𝜙

] = [
0
0

−𝑓1𝛿 + 𝑓2𝛿 − 𝑓3𝛿 + 𝑓4𝛿 − 𝑓5𝛿 + 𝑓6𝛿 − 𝑓7𝛿 + 𝑓8𝛿
]  (37) 

Therefore, the exerted force and torque on the ABV from the Solenoid 

CGTs in the ABV body frame can be combined and expressed:  

  [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐵

= [

𝑓1 + 𝑓2 − 𝑓5 − 𝑓6
𝑓3 + 𝑓4 − 𝑓7 − 𝑓8

𝑇𝐴𝐵𝑉𝜙

] (38) 
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5.5. Friction Due to Air-Bearing Pads: 

Planar friction and torque friction on the ABV can be accounted in order to 

obtain the EOM term:  

[

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

 𝐺

 

Planar Friction: 

The ABPs are made of a porous material that allow compressed nitrogen 

gas to evenly distribute creating fluid friction between a moving and a 

stationary boundary surface. The emission of compressed nitrogen gas from 

each ABP of the ABV during planar XY motion, is approximated as a 

Couette flow between the surfaces of the ABPs and ABT. The resulting 

torque during the motion of the ABPs can be calculated from [65]: 

𝑇𝑤 = 𝜇 (
𝜕𝑢

𝜕𝑧
+
𝜕𝑣

𝜕𝑥
)
𝑧=0
  

  𝑭𝒇𝒓𝒊𝒄𝐺
= [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

 𝐺

 (39) 



149 

 

 

Figure 122: Air-Bearing Pad 

Table 10: Properties of the Air and the ABP 

Vertical distance between the ABP 

and ABT: 
ℎ = 5.08 ∙ 10−6𝑚 

Dynamic viscosity of air [68]: 𝜇𝑎𝑖𝑟 = 1.803 ∙ 10
−5𝑘𝑔/𝑚𝑠 

Kinematic viscosity of air [68]: 𝜈𝑎𝑖𝑟 = 1.488 ∙ 10
−5𝑚2/𝑠 

Surface area of an ABP:       𝐴 = 𝜋(0.025)2 = 0.00196 𝑚2 

The planar global velocity of the vehicle has both a translation and rotation 

component is considered when solving for the friction effects on the air-

bearing vehicle. The angular velocity component is defined as:  

�̇�𝑟𝑜𝑡 = 𝑟𝑐𝑜𝑠(�̇�) 

�̇�𝑟𝑜𝑡 =  𝑟𝑠𝑖𝑛(�̇�) 
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Total global velocity of each ABP can be expressed as a combination of 

translation and rotation motion: 

𝑼(�̇�,�̇�,�̇�) = [
�̇�𝑡𝑟 + �̇�𝑟𝑜𝑡
�̇�𝑡𝑟 + �̇�𝑟𝑜𝑡

0

] = [
�̇� + 𝑟𝑐𝑜𝑠(�̇�)

�̇� + 𝑟𝑠𝑖𝑛(�̇�)
0

] 

Friction force exerted from the air-bearing pad of the vehicle, between a 

moving and stationary surface. The shear stress from the Couette flow 

exerted on the ABP is defined as: 

𝜏𝑠ℎ =
𝜇𝑎𝑖𝑟𝑼(�̇�,�̇�,�̇�)

ℎ
 

Where: 

𝑭𝑨𝑩𝑷 = 𝜏𝑠ℎ ∙ 𝐴 

  𝑭𝑨𝑩𝑷 =
𝜇𝑎𝑖𝑟𝐴

ℎ
𝑼(�̇�,�̇�,�̇�) (40) 

Therefore in the planar XY direction for each ABP: 

  𝑭𝑨𝑩𝑷 =

[
 
 
 
 
𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇�𝑡𝑜𝑡)

𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇�𝑡𝑜𝑡)

0 ]
 
 
 
 

=

[
 
 
 
 
𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇� + 𝑟𝑐𝑜𝑠(�̇�))

𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇� + 𝑟𝑠𝑖𝑛(�̇�))

0 ]
 
 
 
 

 (41) 

There are three ABPs on the base of the ABV. The total planar friction in 

the global frame for the ABV can be expressed as shown: 

 [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝐹𝑓𝑟𝑖𝑐𝑧

]

 𝐺

=  3𝑭𝑨𝑩𝑷 = 3

[
 
 
 
 
𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇� + 𝑟𝑐𝑜𝑠(�̇�))

𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇� + 𝑟𝑠𝑖𝑛(�̇�))

0 ]
 
 
 
 

 (42) 
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Total Planar Friction 

There is 120°  separation between each ABP. Figure 123 is an illustration 

showing the three Air Bearing Pads located on the base of the ABV. 

 

Figure 123: Torque exerted on the body from friction 

The next step to calculate the total planar friction is to resolve the torque 

experience by each ABP and the ABV: 

 Torque experienced by each individual ABP : 𝑻𝑨𝑩𝑷 

 The torque experienced with respect to the center of the ABV:  

𝑻𝒓𝒐𝒕 = [

𝑇𝑟𝑜𝑡𝜃
𝑇𝑟𝑜𝑡𝜓
𝑇𝑟𝑜𝑡𝜙

] 

Therefore, the friction torque exerted on the ABV can be expressed: 

  𝑇𝑓𝑟𝑖𝑐𝜙 = 𝑇𝑟𝑜𝑡𝜙 + 3𝑇𝐴𝐵𝑃 (43) 

Where total planar friction is expressed: 

[

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

𝐺

= [

𝐹𝑓𝑥
𝐹𝑓𝑦

𝑇𝑟𝑜𝑡𝜙 + 3𝑇𝐴𝐵𝑃

] 
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Torque exerted on each Air Bearing Pad 

 

Figure 124: Air Bearing Pad 

Speed due to rotation of each ABP. 

𝑢 = 𝑟�̇� 

Shear stress exerted on the ABP 

𝜏 = 𝜇
𝑢

ℎ
 

The Torque exerted on the ABP can be expressed by the following equation: 

𝑇𝐴𝐵𝑃 = ∫ 𝜏2𝑟𝜋𝑑𝑟. 𝑟
𝑅

0

 

𝑇𝐴𝐵𝑃 = ∫ 𝜇
𝑟�̇�

ℎ
2𝑟𝜋𝑑𝑟. 𝑟

𝑅

0

 

𝑇𝐴𝐵𝑃 =
2�̇�𝜋𝜇

ℎ
∫ 𝑟3𝑑𝑟
𝑅

𝑜

=
2𝜋�̇�𝜇

ℎ

𝑅4

4
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Torque exerted on ABV 

𝑻𝒓𝒐𝒕 =∑𝒓𝒊 × 𝑭𝒊 = 𝒓1 × 𝑭𝑓1 + 𝒓2 × 𝑭𝑓2 + 𝒓3 × 𝑭𝑓3  

Where:  

𝑻𝒓𝒐𝒕 = [

𝑇𝑟𝑜𝑡𝜃
𝑇𝑟𝑜𝑡𝜓
𝑇𝑟𝑜𝑡𝜙

] 

Using the Euler Rotation Matrix about the z-axis to transform one vector to 

another within the same frame: 

[𝐑𝑧(𝜙)] = [
𝑐𝜙 −𝑠𝜙 0
𝑠𝜙 𝑐𝜙 0
0 0 1

] 

All the ABP are treated as on the same plane, hence the distance from the 

body LVLH frame is calculated to be: 

  𝒓𝒑𝟏
𝑩 = [

𝑟1𝑥
𝑟1𝑦
𝑟1𝑧
] = [

0.1331
0
0

]𝑚 (44) 

Using Euler Rotation about the z-axis to go from the body ABP position to 

the global frame ABV position. 

  𝒓𝒑𝟐
𝑩 = [

𝑟2𝑥
𝑟2𝑦
𝑟2𝑧
] = [𝑹𝒛 (

2𝜋

3
)] 𝒓𝒑𝟏

𝑩 =

[
 
 
 
 0.1331𝑐

2𝜋

3

0.1331𝑠
2𝜋

3
0 ]

 
 
 
 

𝑚 (45) 

 𝒓𝒑𝟑
𝑩 = [

𝑟3𝑥
𝑟3𝑦
𝑟3𝑧
] = [𝑹𝒛 (

4𝜋

3
)] 𝒓𝒑𝟏

𝑩 =

[
 
 
 
 0.1331𝑐

4𝜋

3

0.1331𝑠
4𝜋

3
0 ]

 
 
 
 

𝑚   (46) 
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Each ABP of the ABV considered under the same planar friction. Hence: 

𝑭𝑨𝑩𝑷 = [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝐹𝑓𝑟𝑖𝑐𝑧

]

 𝐺

=

[
 
 
 
 
𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇� + 𝑟𝑐𝑜𝑠(�̇�))

𝜇𝑎𝑖𝑟𝐴

ℎ
(�̇� + 𝑟𝑠𝑖𝑛(�̇�))

0 ]
 
 
 
 

=

[
 
 
 
 
𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�𝑡𝑜𝑡

𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�𝑡𝑜𝑡

0 ]
 
 
 
 

 

In order to solve the applied torque caused by friction w.r.t the ABV for 

each air-bearing pad: 

𝒓𝒑𝟏
𝑩 × 𝑭𝑓1 = |

�̂� 𝒋̂ �̂�
0.1331 0 0
𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�

𝜇𝑎𝑖𝑟𝐴

ℎ
�̇� 0

| = [
0
0

𝐹𝑓𝑦𝑟1𝑥
] 

𝒓𝒑𝟐
𝑩 × 𝑭𝑓2 = |

|

�̂� 𝒋̂ �̂�

0.1331𝑐
2𝜋

3
0.1331𝑠

2𝜋

3
0

𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�

𝜇𝑎𝑖𝑟𝐴

ℎ
�̇� 0

|

|
= [

0
0

𝑟2𝑥𝐹𝑓𝑦 − 𝑟2𝑦𝐹𝑓𝑥
] 

𝒓𝒑𝟑
𝑩 × 𝑭𝑓3 = |

|

�̂� 𝒋̂ �̂�

0.1331𝑐
4𝜋

3
0.1331𝑠

4𝜋

3
0

𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�

𝜇𝑎𝑖𝑟𝐴

ℎ
�̇� 0

|

|
= [

0
0

𝑟3𝑥𝐹𝑓𝑦 − 𝑟3𝑦𝐹𝑓𝑥
] 
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This can therefore be expressed in the following form 

𝑻𝒓𝒐𝒕 = [

𝑇𝑟𝑜𝑡𝜃
𝑇𝑟𝑜𝑡𝜓
𝑇𝑟𝑜𝑡𝜙

] =∑𝒓𝒊
𝑩 × 𝑭𝒊 

= 𝒓1 × 𝑭𝑓1 + 𝒓2 × 𝑭𝑓2 + 𝒓3 × 𝑭𝑓3 (𝑁𝑚) 

[

𝑇𝑟𝑜𝑡𝜃
𝑇𝑟𝑜𝑡𝜓
𝑇𝑟𝑜𝑡𝜙

] = [
0
0

𝐹𝑓𝑦𝑟1𝑥
] + [

0
0

𝐹𝑓𝑦𝑟2𝑥 − 𝐹𝑓𝑥𝑟2𝑦
] + [

0
0

𝐹𝑓𝑦𝑟3𝑥 − 𝐹𝑓𝑥𝑟3𝑦
]  𝑁𝑚 

[

𝑇𝑟𝑜𝑡𝜃
𝑇𝑟𝑜𝑡𝜓
𝑇𝑟𝑜𝑡𝜙

] = [

0
0

𝐹𝑓𝑦(𝑟1𝑥 + 𝑟2𝑥 + 𝑟3𝑥) − 𝐹𝑓𝑥(𝑟2𝑦 + 𝑟3𝑦)
]𝑁𝑚 

Expression for the Friction EOM ABV Term 

In the formulation as the EOM of the ABV. The friction term can be 

expressed as: 

 [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

 𝐺

= [

𝐹𝑓𝑥
𝐹𝑓𝑦

𝑇𝑟𝑜𝑡𝜙 + 3𝑇𝐴𝐵𝑃

] 

  [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

 𝐺

=

[
 
 
 
 
 3 (

𝜇𝑎𝑖𝑟𝐴

ℎ
 ) �̇�𝑡𝑜𝑡

3 (
𝜇𝑎𝑖𝑟𝐴

ℎ
) �̇�𝑡𝑜𝑡

𝑇𝑟𝑜𝑡𝜙 + 3
2𝜋�̇�𝜇

ℎ

𝑅4

4 ]
 
 
 
 
 

 (47) 
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Where:  

𝑇𝑟𝑜𝑡𝜙 = 𝐹𝑓𝑦(𝑟1𝑥 + 𝑟2𝑥 + 𝑟3𝑥) − 𝐹𝑓𝑥(𝑟2𝑦 + 𝑟3𝑦) 

𝐹𝑓𝑦 =
𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�𝑡𝑜𝑡  

𝐹𝑓𝑥 =
𝜇𝑎𝑖𝑟𝐴

ℎ
�̇�𝑡𝑜𝑡 

Radius of the ABP: 𝑅 

Area of each ABP: 𝐴 = 𝜋𝑅2 

Dynamic Viscosity of Air = 𝜇 

Each ABP on the ABV is defined: 

𝒓𝒑𝟏
𝑩 = [

𝑟1𝑥
𝑟1𝑦
𝑟1𝑧
] = [

0.1331
0
0

]𝑚 

  𝒓𝒑𝟐
𝑩 = [

𝑟2𝑥
𝑟2𝑦
𝑟2𝑧
] =

[
 
 
 
 0.1331𝑐

2𝜋

3

0.1331𝑠
2𝜋

3
0 ]

 
 
 
 

𝑚 

  𝒓𝒑𝟑
𝑩 = [

𝑟3𝑥
𝑟3𝑦
𝑟3𝑧
] =

[
 
 
 
 0.1331𝑐

4𝜋

3

0.1331𝑠
4𝜋

3
0 ]

 
 
 
 

𝑚 
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5.6. Gravitational Disturbance Forces  

The gravitational disturbance forces exerted on the ABVs is represented in 

the EOM as the overall tilt in the ABT. Where as shown in Figure 125 and 

Figure 126 the table cannot be considered as completely level with the 

global frame of the ORION laboratory. 

 

Figure 125: Air-Bearing Table 

 

Figure 126: Rotation Axis Diagram 

The following factors are considered: 

 The table is not considered tilted in the z-axis (𝜙𝑡𝑏𝑙 = 0 𝑟𝑎𝑑). 

 The table is tilted about its x-axis (휃𝑡𝑏𝑙) and y-axis (𝜓𝑡𝑏𝑙). 

 The table is considered stationary and non-rotating �̈�𝑔𝑟𝑎𝑣 = 0 
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Global frame gravity vector for the table: 

  𝑮𝑔𝑙𝑜𝑏𝑎𝑙 = [
0
0
𝑔0

] (48) 

Where:  

𝑔0  =  9.81 𝑚/𝑠
2 

Represented in an Euler angle rotation in the x-axis and y-axis. 

𝑮𝑡𝑏𝑙 = [𝑹𝑧(𝜙𝑡𝑏𝑙)][𝐑𝑦(𝜓𝑡𝑏𝑙)][𝐑𝑥(휃𝑡𝑏𝑙)]𝑮𝑔𝑙𝑜𝑏𝑎𝑙 = [

�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣

]  

𝑮𝑡𝑏𝑙

= [
𝑐𝜙𝑡𝑏𝑙 𝑠𝜙𝑡𝑏𝑙 0
−𝑠𝜙𝑡𝑏𝑙 𝑐𝜙𝑡𝑏𝑙 0
0 0 1

] [
𝑐𝜓𝑡𝑏𝑙 0 𝑠𝜓𝑡𝑏𝑙
0 1 0

−𝑠𝜓𝑡𝑏𝑙 0 𝑐𝜓𝑡𝑏𝑙

] [
1 0 0
0 𝑐휃𝑡𝑏𝑙 −𝑠휃𝑡𝑏𝑙
0 𝑠휃𝑡𝑏𝑙 𝑐휃𝑡𝑏𝑙

] [
0
0
𝑔0

] 

Where: 

𝜙𝑡𝑏𝑙 = 0,   

𝑮𝑡𝑎𝑏𝑙𝑒 = [

�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣

] = [
1 0 0
0 1 0
0 0 1

] [
𝑐𝜓𝑡𝑏𝑙 0 𝑠𝜓𝑡𝑏𝑙
0 1 0

−𝑠𝜓𝑡𝑏𝑙 0 𝑐𝜓𝑡𝑏𝑙

] [
0

−𝑠휃𝑡𝑏𝑙𝑔0
𝑐휃𝑡𝑏𝑙𝑔0

] 

𝑮𝑡𝑎𝑏𝑙𝑒 = [

�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣

] = [

−𝑠𝜓𝑡𝑏𝑙  𝑐휃𝑡𝑏𝑙𝑔0
−𝑠휃𝑡𝑏𝑙𝑔0
𝑐𝜓𝑡𝑏𝑙𝑐휃𝑡𝑏𝑙𝑔0

] 

Since the table is stationary and not rotating/moving: �̈�𝑔 = 0 
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Formulation of the  �̈�𝐺 vector 

  �̈�𝐺 = [

�̈�𝑔𝑟𝑎𝑣
�̈�𝑔𝑟𝑎𝑣

�̈�𝑔𝑟𝑎𝑣

] = [
−𝑠𝜓𝑡𝑏𝑙 𝑐휃𝑡𝑏𝑙𝑔0
−𝑠휃𝑡𝑏𝑙𝑔0

0

] (49) 

The gravity term, can be expressed: 

[

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙 

]

𝐺

= [
𝑚 0 0
0 𝑚 0
0 0 𝐼𝑧𝑧

] �̈�𝐺  (50) 

[

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙 

]

𝐺

= [
𝑚 0 0
0 𝑚 0
0 0 𝐼𝑧𝑧

] [
−𝑠𝜓𝑡𝑏𝑙  𝑐휃𝑡𝑏𝑙𝑔0
−𝑠휃𝑡𝑏𝑙𝑔0

0

] 

[

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙 

]

𝐺

= [
−𝑚𝑠𝜓𝑡𝑏𝑙 𝑐휃𝑡𝑏𝑙𝑔0
−𝑚𝑠휃𝑡𝑏𝑙𝑔0

0

] 
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5.7. Composing the Equations of motion (EOM) 

The equation of motion for the ABV in the global frame can be shown: 

𝑭𝒃𝒐𝒅𝒚(�̈�, �̈�, �̈�) = 𝑭𝒇𝒓𝒊𝒄𝒕𝒊𝒐𝒏(�̇�, �̇�, �̇�) + 𝑭𝒈𝒓𝒂𝒗𝒊𝒕𝒚(�̈�𝑔, �̈�𝑔, �̈�𝑔)

+ 𝒖𝒄𝒐𝒏𝒕𝒓𝒐𝒍 𝒇𝒐𝒓𝒄𝒆 

 [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐺

= [

𝐹𝑓𝑟𝑖𝑐𝑥
𝐹𝑓𝑟𝑖𝑐𝑦
𝑇𝑓𝑟𝑖𝑐𝜙

]

𝐺

+ [

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙 

]

𝐺

+ [

𝑢𝐹𝑥
𝑢𝐹𝑦
𝑢𝑇𝜙

]

𝐺

 

Force exerted on the ABV in the Global frame 

 [

𝐹𝐴𝐵𝑉𝑥
𝐹𝐴𝐵𝑉𝑦
𝑇𝐴𝐵𝑉𝜙

]

𝐵

= [

𝑓1 + 𝑓2 − 𝑓5 − 𝑓6
𝑓3 + 𝑓4 − 𝑓7 − 𝑓8

−𝑓1𝛿 + 𝑓2𝛿 − 𝑓3𝛿 + 𝑓4𝛿 − 𝑓5𝛿 + 𝑓6𝛿 − 𝑓7𝛿 + 𝑓8𝛿
] 

(𝑓1…𝑓8) is the force exerted by each thruster. 

Friction exerted on the ABV in the Global frame 

[

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑥
𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑦
𝑇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝜙

]

𝐵

= [

3𝛼�̇�𝑡𝑜𝑡
3𝛼ẏ𝑡𝑜𝑡

𝐹𝑓𝑥𝛽𝑓𝑟𝑖𝑐 − 𝐹𝑓𝑦𝛾𝑓𝑟𝑖𝑐 + 𝜉𝑓𝑟𝑖𝑐�̇�
] 

Where defined earlier within this chapter: 

�̇�𝑡𝑜𝑡 = �̇� + 𝑟𝑐𝑜𝑠(�̇�) 

�̇�𝑡𝑜𝑡 = �̇� + 𝑟𝑠𝑖𝑛(�̇�) 

𝐹𝑓𝑥 = 𝛼�̇�𝑡𝑜𝑡 

𝐹𝑓𝑦 = 𝛼�̇�𝑡𝑜𝑡 

𝐴 = 𝜋𝑅2 = 𝜋(0.065)2𝑚2 
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𝛼 = (
𝜇𝑎𝑖𝑟𝐴

ℎ
 ) 

𝛽𝑓𝑟𝑖𝑐 = 0.1331 (𝑠
2𝜋

3
+ 𝑠

4𝜋

3
) 

𝛾𝑓𝑟𝑖𝑐 = 0.1331 (1 + 𝑐
2𝜋

3
+ 𝑐

4𝜋

3
) 

𝜉𝑓𝑟𝑖𝑐 = 3
2𝜋𝜇

ℎ

𝑅4

4
 

Gravity exerted on ABV: Due to the tilt of the table in the Global Frame 

[

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙 

]

𝐵

= 𝐇[

�̈�𝑔
�̈�𝑔

�̈�𝑔

] = 𝐇 [
−𝑠𝜓𝑡𝑏𝑙𝑐휃𝑡𝑏𝑙𝑔0
−𝑠휃𝑡𝑏𝑙𝑔0

0

] 

𝑚(𝑡) = 𝑚𝑎 + 2𝑚𝑐 + 2𝑚𝑁(𝑡)   

𝐇 = [

𝑚(𝑡) 0 0
0 𝑚(𝑡) 0
0 0 𝐼𝑧𝑧(𝑡)

] 

 𝒖, defined as the control input. 

[

𝑢𝑥𝑓𝑜𝑟𝑐𝑒
𝑢𝑦𝑓𝑜𝑟𝑐𝑒
𝑢𝜙𝑡𝑜𝑟𝑞𝑢𝑒

]

𝐵

= [

𝑢𝑓𝑥
𝑢𝑓𝑦
𝑢𝑇𝜙

] = 𝑯 [

�̈�𝑥
�̈�𝑦
�̈�𝑧

]

𝑎𝑐𝑐

= [

𝑚(𝑡) 0 0
0 𝑚(𝑡) 0
0 0 𝐼𝑧𝑧(𝑡)

] [

�̈�𝑥
�̈�𝑦
�̈�𝑧

]

𝑎𝑐𝑐

 

Relevant terms needed for substitution: 

[

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐺

= [

𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑥
𝐹𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝑦
𝑇𝑓𝑟𝑖𝑐𝑡𝑖𝑜𝑛𝜙

]

𝐺

+ [

𝐹𝑔𝑟𝑎𝑣𝑥
𝐹𝑔𝑟𝑎𝑣𝑦
𝑇𝑔𝑟𝑎𝑣𝜙 

]

𝐺

+ [

𝑢𝑥𝑓𝑜𝑟𝑐𝑒
𝑢𝑦𝑓𝑜𝑟𝑐𝑒
𝑢𝜙𝑡𝑜𝑟𝑞𝑢𝑒

]

𝐺
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Where: 

  [

F𝑥
F𝑦
T𝜙

] = [

3𝛼�̇�𝑡𝑜𝑡
3𝛼ẏ𝑡𝑜𝑡

𝐹𝑓𝑥𝛽 − 𝐹𝑓𝑦𝛾 + 𝜉�̇�
] + 𝐇 [

−𝑠𝜓𝑡𝑏𝑙𝑐휃𝑡𝑏𝑙𝑔0
−𝑠휃𝑡𝑏𝑙𝑔0

0

] + [

𝑢𝑓𝑥
𝑢𝑓𝑦
𝑢𝑇𝜙

] (51) 

5.8. Thruster Allocation 

In order to control the on-board CGTs of each vehicle an additional step is 

required. Which would be to convert from the global frame to the body 

frame of the chaser and target vehicle respectively: 

𝑹𝒛(𝜙𝐴𝐵𝑉) [

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐆

= [

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐵

 

[
cos(𝜙) sin(𝜙) 0

− sin(𝜙) cos(𝜙) 0
0 0 1

] [

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐺

=  [

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐵

 

The necessary force needed by each CGT is expressed: 

𝑇𝜙 = −𝑓1𝛿 + 𝑓2𝛿 − 𝑓3𝛿 + 𝑓4𝛿 − 𝑓5𝛿 + 𝑓6𝛿 − 𝑓7𝛿 + 𝑓8𝛿 

  [

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐵

= [

𝑓1 + 𝑓2 − 𝑓5 − 𝑓6
𝑓3 + 𝑓4 − 𝑓7 − 𝑓8

𝑇𝜙

] (52) 

If a maximum of 50% of the total thrust generated by each CGT on the 

vehicle is dedicated to translation and rotation respectively therefore the 

total force exerted from each CGT: 

∑𝑓𝑖𝑠𝑜𝑙 = 𝑓𝑖𝑡𝑟𝑎𝑛𝑠 + 𝑓𝑖𝑟𝑜𝑡 for CGTs (i = 1, …, 8) 
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Where the total amount of thrust that can be exerted from each CGT is 

defined with the following margin: 

𝑓𝑖𝑡𝑟𝑎𝑛𝑠𝑙𝑎𝑡𝑖𝑜𝑛 = 휁𝑓𝑖 , 𝑓𝑖𝑟𝑜𝑡𝑎𝑡𝑖𝑜𝑛 = 𝜅𝑓𝑖 

1 = 휁 + 𝜅 

  휁 ≤ 50%, 𝜅 ≤ 50% (53) 

Such that the force required on the body is expressed: 

[

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐵

= [

𝑓1 + 𝑓2 − 𝑓5 − 𝑓6
𝑓3 + 𝑓4 − 𝑓7 − 𝑓8

𝑇𝜙

] = 𝑨

[
 
 
 
 
 
 
 
 
𝑓1
𝑓2
𝑓3
𝑓4
𝑓5
𝑓6
𝑓7
𝑓8]
 
 
 
 
 
 
 
 

 

Where: 

𝑨 = [
휁 휁 0 0 −휁 −휁 0 0
0 0 휁 휁 0 0 −휁 −휁
−𝜅𝛿 𝜅𝛿 −𝜅𝛿 𝜅𝛿 −𝜅𝛿 𝜅𝛿 −𝜅𝛿 𝜅𝛿

]   (54) 

Using a Moore-Penrose pseudo inverse. 

𝑨+ = (𝑨𝑻𝑨)−𝟏𝑨𝑻 = (𝑨∗𝑨)−𝟏𝑨∗ 

  



164 

 

The necessary force that is required from each thruster can be expressed:  

[
 
 
 
 
 
 
 
 
𝑓1
𝑓2
𝑓3
𝑓4
𝑓5
𝑓6
𝑓7
𝑓8]
 
 
 
 
 
 
 
 

𝐴𝐵𝑉𝐵

=

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
1

4휁
0 −

1

8𝛿𝜅
1

4휁
0

1

8𝛿𝜅

0
1

4휁
−
1

8𝛿𝜅

0
1

4휁

1

8𝛿𝜅

−
1

4휁
0 −

1

8𝛿𝜅

−
1

4휁
0

1

8𝛿𝜅

0 −
1

4휁
−
1

8𝛿𝜅

0 −
1

4휁

1

8𝛿𝜅 ]
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

[

𝐹𝑏𝑜𝑑𝑦𝑥
𝐹𝑏𝑜𝑑𝑦𝑦
𝑇𝑏𝑜𝑑𝑦𝜙

]

𝐵

 

This expression is used within the Matlab/Simulink controller to determine 

how much force each CGT thrusted is commanded to produce. 
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5.9. Chapter Summary 

This chapter describes the Equations of Motion. The body frame, and 

coordinate frame variables are defined. The force term with the thrusters 

defined in the LVLH frame.  Section 0 and 0 define the total planar 

friction term of the Equations of Motion. With gravity from the tilt of the 

table being described in section 5.6. All the relevant terms are substituted 

and presented in the Air Bearing Vehicle’s equation of motion (EOM) in 

section 5.7. 
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Chapter VI: ABV Navigation Control 

System 

6. Introduction: ABV Navigation Control System 

This chapter covers the ABV control system, with the pulse width 

modulation technique (PWM) to provide translation and rotation 

navigation to the ABV. Covered as well is the conflict in coupling from 

command of translation and rotation control, caused by the CGT system 

as well as a proposed solution. 

 

6.1. Control and Actuation Mechanisms: 

6.1.1. Pulse Width Modulation 

The thrust provided by each CGT is performed by pulsing each thruster 

using Pulse Width Modulation (PWM). PWM is a digital signal created 

from the proportion of time that the signal is set at high compared to low 

during consistent time intervals. Shown in Figure 127, the red saw tooth 

pattern represents the linear increasing line over the time period duration of 

∆𝑡 seconds. When the Command and solenoid profile graph lines intersect, 

the Duty Cycle command is created that represents the amount of time that 

the CGTs are activated over time period ∆𝑡. 
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Figure 127: CGT Command Method 

𝑭𝒂𝒄𝒕 = 𝑭𝒓𝒐𝒕 + 𝑭𝒕𝒓 (55) 

𝐶𝑐𝑜𝑚𝑚𝑎𝑛𝑑 =
𝑭𝒂𝒄𝒕
𝑭𝒎𝒂𝒙

 
(56) 

𝑭𝒂𝒄𝒕 is defined as the sum of translation and rotation force that commanded 

to each CGT. 

𝑭𝒎𝒂𝒙 is defined as the set maximum force that each CGT is expected to 

exert. It is empirically determined through translation characterization 

experiments of each ABV. 

The force actuated is defined as a combination of the force required to 

achieve the rotation and translation effect. Figure 127 shows that as the 
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command was increased gradually from 20% up to 100%, the duty cycle 

as shown, gained a larger proportion of time that it was at max value within 

the time period ∆𝑡 this command method allows for each on-board CGT to 

be controlled and for the vehicle to move in a prescribed direction. 

PWM Duty Cycle Command Example: 

 

Figure 128: Example PWM Duty Cycle for CGT 

Shown in Figure 128 is a zoomed in section of a commanded PWM signal 

that was generated to actuate the CGT (𝑆𝑜𝑙1) on-board the ABV vehicle. In 

this particular case, the blue line represents the translation force 

component of the desired command. With the red line showing the 
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translation + rotation summation command given by adding the desired 

rotation force command to the translation force component that creates the 

Duty Cycle green line. The duty cycle green line was the command to 𝑆𝑜𝑙1. 

 

Figure 129: Example PWM profile CGT 1234 

Figure 129 shows an example Duty Cycle commands created for first four 

cold gas thrusters (CGT) 𝑆𝑜𝑙1, 𝑆𝑜𝑙2, 𝑆𝑜𝑙3, 𝑆𝑜𝑙4. Whereby based a maximum 

of up to 50% of the output for each thruster was dedicated to translation and 

rotation command respectively. 
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6.1.2. Translation Maneuver Command: 

Two possible methods to perform a translation maneuver are shown in 

Figure 130. With the division of desired heading defined into either a four 

or an eight-zone designation. If the desired trajectory vector falls within a 

particular zone the corresponding CGTs are made to fire. Each zone is 

defined by 90 ° increments, where the first zone is centered on the +x axis. 

Then in clockwise direction zones 2, 3, and 4 are defined. 

 

Figure 130: Four and Eight Zone Translation Command 

An illustration of the delegation by zones is shown in Figure 131, if the 

commanded trajectory is in zone 1 the vehicle fires CGT:𝑓1 and, 𝑓2. It 

follows that if the commanded trajectory is in zone 8 the CGT firing is 

𝑓1, 𝑓2, 𝑓7, 𝑓8. 
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Figure 131: Illustration of commanded trajectory 

The next step is the development of the navigation of the ABVs to account 

for relative position of each vehicle with respect to each other and the 

prescribed origin as shown in Figure 132. 

 

Figure 132: Illustration of Target and Chaser Vehicle 

Table 11 lists each of the various zones as well as which CGTs should fire 

to achieve the desired translation maneuver. 
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Table 11: Translation CGT command delegation 

Direction Zone  CGT 

Axis  𝑆1 𝑆2 𝑆3 𝑆4 𝑆5 𝑆6 𝑆7 𝑆8 

+x  1         

+x +y 2         

 +y 3         

-x +y 4         

-x  5         

-x -y 6         

 -y 7         

+x -y 8         

 

6.1.3. Rotation Maneuver Command: 

An illustration of the rotation maneuver is shown in Figure 133. It is 

possible to induce a rotation maneuver by activating only two CGTs such 

as 𝑓2 and, 𝑓6. However, for the rotation maneuver only two cases are 

considered: the clockwise and anti-clockwise maneuver. 

 

Figure 133: Clockwise / Anti-Clockwise Command Motion 
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Table 12: Rotation CGT command delegation 

Direction  CGT 

Axis 𝑆1 𝑆2 𝑆3 𝑆4 𝑆5 𝑆6 𝑆7 𝑆8 

Clockwise         

Anti-clockwise         

 

Conflict occurs when trying to perform rotation and translation at the same 

time since the applied command may negate itself and be counter-

productive. 
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6.2. Conflict of motion command 

 

Figure 134: Translation and Rotation command 

Controlling the vehicle using eight (8) on board CGTs can create 

singularities, the desired control command in translation and rotation may 

be counter-productive / conflicting with each other. This conflict of 

command can cause the vehicle to waste propulsion fuel as well as reduce 

navigation effectiveness when trying to do both translation and rotation 

motion command at the same time. Shown in Figure 134 is an image that 

depicts the conflict of motion command where a forward motion along the 

+x-axis, would conflict with command that would be for clockwise and anti-

clockwise motion respectively. This is because the thrust produced by either 

CGT 𝑓5 or 𝑓6 is counter-productive to the overall required motion generated 

by 𝑓1 and 𝑓2. 
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6.2.1. Method 1: Separation of translation and 

rotation command 

A method to prevent counter-productive motion is to de-couple the 

translation and rotation commands from one another. This would imply 

performing a cascade or command driven sequence where by as shown by: 

three possible types on Figure 135. Type 1 is direct iteration from translation 

to rotation motion command. Type 2 is a three-step iteration process with 

translation, rotation, and then rest period. With the Type 3 being, the most 

relaxed of the three with a rest period between each translation and rotation 

maneuver. Shown in Figure 135 are examples of cascade sequence 

command that can be used to control the Air-Bearing vehicle. The cascade 

Type 1 was chosen as the method for testing. 

 

Figure 135: Examples of Cascade Sequence Command 
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6.2.2. Method 2: LHS and RHS Split command: 

A method to resolve translation and rotation command conflict is described 

as a Left Hand and Right Hand Side split command as shown by Figure 136. 

 

Figure 136: Left Hand Side independent of the Right Hand Side 

∑𝐹𝑥 = 𝑓1 + 𝑓2 − 𝑓5 − 𝑓6 ∑𝐹𝑦 = 𝑓3 + 𝑓4 − 𝑓7 − 𝑓8 

Total torque experienced by the vehicle: 

𝜏𝑧 = 𝛿(−𝑓1 + 𝑓2 − 𝑓3 + 𝑓4 − 𝑓5 + 𝑓6 − 𝑓7 + 𝑓8) 

Force exerted in the overall x and y direction is described as a combination 

of the force exerted on the LHS and the RHS of the vehicle. 

𝐹𝑥 = 𝐹𝑥𝑟 + 𝐹𝑥𝑙 

𝐹𝑦 = 𝐹𝑦𝑟 + 𝐹𝑦𝑙 

Where: 

𝐹𝑥𝑟 =
𝐹𝑥
2
−
𝜏𝑧
4𝛿

 

𝐹𝑥𝑙 =
𝐹𝑥
2
+
𝜏𝑧
4𝛿
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𝐹𝑦𝑟 =
𝐹𝑦

2
−
𝜏𝑧
4𝛿

 

𝐹𝑦𝑟 =
𝐹𝑦

2
+
𝜏𝑧
4𝛿

 

6.2.3. Method chosen to resolve conflict of motion 

command 

Splitting Left hand and Right hand control was considered to address the 

conflict of motion command, however it was decided to use an alternating 

rotation and translation command of Type 1 as described in the Method 1. 

 

Figure 137: Type 1: Proposed solution to achieve translation and 

rotation command with CGTs 

Of interesting note, are the reaction wheels that were designed and built for 

both vehicles as shown in Figure 97. Both wheels were developed for the 

purpose to assist with the rotation control, however due to research direction 

they were put on standby while a reactionless wheel navigation solution was 

explored.  
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6.3. Chapter Summary 

This chapter discusses the propulsion control algorithms that were 

implemented to allow the vehicles to move, as well as possible solutions 

to conflict between translation and rotation command. First, the PWM 

command driven signal was described with how the desired translation 

and rotation command was transmitted. 

The conflict in motion between rotation and translation command stems 

from the coupling effect that derives from trying to control translation 

and rotation maneuvers using same actuated CGTs. A discussion into 

three possible methods was explored with Method 1 that involved with 

alternative pulse firing of rotation and translation command being 

selected.  
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Chapter VII: ABV Control System 

Characterization Experiments 

7. Introduction: Translation and Rotation 

Characterization Experiments 

This chapter covers the calibration experiments that were performed for 

the CGT system, in order to obtain experimental estimates for thruster’s 

translation and rotation performance. That was used for calculation of the 

force and moment of inertia experienced by the ABV. 

 

7.1. ABV CGT Testing: Force and Inertia 

Equations 

Force on vehicle from kinematic equations of motion.  

Calculation for mass of the air-bearing vehicle 𝑀𝑡𝑜𝑡 , was defined as the 

mass of the tank changes based on the fuel consumed.  

𝑀𝑡𝑜𝑡  =  𝑀𝑣𝑒ℎ𝑖𝑐𝑙𝑒𝑐  +  2𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘  + (𝑅1 + 𝑅2)𝑚𝑑𝑖𝑓𝑓 (57) 

The mass measurement error was defined: 

𝜕𝑀𝑡𝑜𝑡
𝜕휀

= √(
𝜕𝑀𝑡𝑜𝑡
𝜕𝑀𝐴

𝜕𝑀𝐴
𝜕휀
)
2

+ (
𝜕𝑀𝑡𝑜𝑡
𝜕𝑀𝐶

𝜕𝑀𝐶
𝜕휀
)
2

+ (
𝜕𝑀𝑡𝑜𝑡
𝜕𝑀∆

𝜕𝑀∆
𝜕휀
)
2

 (58) 
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Where: 

Mass of respective vehicle = 𝑀𝐴 

Mass of empty tank = 𝑀𝐶 

Mass differential of the air-tanks = 𝑀∆ 

The distance travelled for the air-bearing vehicle,∆𝑆, with the error in the 

x-direction 
𝜕∆𝑆

𝜕𝑥
, and y-direction, 

𝜕∆𝑆

𝜕𝑦
: 

∆𝑆 = √(𝑥𝑓 − 𝑥𝑖)
2
+ (𝑦𝑓 − 𝑦𝑖)

2
= √(∆𝑥)2 + (∆𝑦)2 (59) 

With the error in x and y distance expressed respectively as: 

𝜕∆𝑆

𝜕𝑥
=
1

2
(∆𝑥2 + ∆𝑦2)− 

1
2(2∆𝑥) (60) 

𝜕∆𝑆

𝜕𝑦
=
1

2
(∆𝑥2 + ∆𝑦2)− 

1
2(2∆𝑦) (61) 

The full expression for the error in displacement is expressed as:  

𝜕∆𝑆

𝜕휀
= √(

𝜕∆𝑆

𝜕∆𝑥

𝜕∆𝑥

𝜕휀
)
2

+ (
𝜕∆𝑆

𝜕∆𝑦

𝜕∆𝑦

𝜕휀
)
2

 (62) 

Using the kinematic motion equation: 

∆𝑆 = 𝑈𝑖∆𝑇 +
1

2
𝑎∆𝑇2  

After rearranging the acceleration of the vehicle, 𝑎, is found: 

𝑎 =
2∆𝑆

∆𝑇2
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With the error in acceleration of the vehicle: 

𝜕𝑎

𝜕휀
= √(

𝜕𝑎

𝜕∆𝑆

𝜕∆𝑆

𝜕휀
)
2

+ (
𝜕𝑎

𝜕∆𝑇

𝜕∆𝑇

𝜕휀
)
2

  

= √(
2

∆𝑇2
𝜕∆𝑆

𝜕휀
)
2

+ (
−4∆𝑆

∆𝑇3
𝜕∆𝑇

𝜕휀
)
2

 (63) 

With the equation for Force and Force measurement error defined: 

𝐹𝑎𝑣𝑔 = 𝑀𝑡𝑜𝑡𝑎, 

𝜕𝐹

𝜕휀
= √(

𝜕𝐹𝑎𝑣𝑔

𝜕𝑀𝑡𝑜𝑡

𝜕𝑀𝑡𝑜𝑡
𝜕휀

)

2

+ (
𝜕𝐹𝑎𝑣𝑔

𝜕𝑎

𝜕𝑎

𝜕휀
)

2

 

= √(𝑎
𝜕𝑀𝑡𝑜𝑡
𝜕휀

)
2

+ (𝑀𝑡𝑜𝑡
𝜕𝑎

𝜕휀
)
2

 

(64) 

The amount of air in the tank with the initial and final position listed in. 
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Experimental estimation of vehicle Inertia: 

Motion Equation: 

∆휃 = 휃𝑓𝑖𝑛𝑎𝑙 − 휃𝑖𝑛𝑖𝑡𝑖𝑎𝑙 

∆휃 = 𝜔𝑜∆𝑇 +
1

2
𝛼∆𝑇2 

(65) 

Initial Angular Velocity, Angular Acceleration, Error in Angular 

Acceleration: 

𝜔𝑜 = 0 𝑟𝑎𝑑/𝑠 

𝛼 =
2∆휃

∆𝑇2
,

𝜕𝛼

𝜕휀
= √(

𝜕𝛼

𝜕∆휃

𝜕∆휃

𝜕휀
)
2

+ (
𝜕𝛼

𝜕∆𝑇

𝜕∆𝑇

𝜕휀
)
2

 

(66) 

Experimental representation of Torque exerted on the vehicle body: 

𝜏 = 𝐼𝑧𝑧𝛼 

∑𝐹𝑎𝑣𝑔 ∗ 𝛿 = 𝐹𝑎𝑣𝑔12𝛿 + 𝐹𝑎𝑣𝑔34𝛿 + 𝐹𝑎𝑣𝑔56𝛿 + 𝐹𝑎𝑣𝑔78𝛿 

𝜏 =∑𝐹𝑎𝑣𝑔 ∗ 𝛿 = 𝐼𝑧𝑧𝛼,
∑𝐹𝑎𝑣𝑔 ∗ 𝛿

𝛼
= 𝐼𝑧𝑧 

(67) 
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Error in Inertia: 

𝜕𝐼𝑧𝑧
𝜕휀

= √(
𝜕𝐼𝑧𝑧
𝜕𝐹

𝜕𝐹

𝜕휀
)
2

+ (
𝜕𝐼𝑧𝑧
𝜕𝛿

𝜕𝛿

𝜕휀
)
2

+ (
𝜕𝐼𝑧𝑧
𝜕𝛼

𝜕𝛼

𝜕휀
)
2

 

𝜕𝛼

𝜕휀
= √(

𝜕𝛼

𝜕∆휃

𝜕∆휃

𝜕휀
)
2

+
𝜕𝛼

𝜕∆휃

𝜕∆휃

𝜕휀

2

,
𝜕𝐹

𝜕휀
= max

𝜕𝐹𝑎𝑣𝑔

𝜕휀
𝑒𝑟𝑟𝑜𝑟  

𝜕∆휃

𝜕휀
= ±0.005

𝑟𝑎𝑑

𝑠𝑒𝑐𝑜𝑛𝑑
,

𝜕∆𝑇

𝜕휀
=  ± 0.005 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

𝛿 = 0.1325 𝑚 

7.2. Translation Testing: 

The first series of tests performed was to calculate the force exerted from 

the solenoid thrusters during an open-loop maneuver as well as the 

associated error from the measurements recorded. Each air-bearing vehicle 

has eight solenoid thrusters located around its body (see Figure 138). For 

example, In order to perform a linear translation maneuver in the +x-axis 

direction and measure the exerted force on the vehicle. Solenoids 1 and 2 

were commanded open with the other solenoids kept in the off position. 
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Figure 138: Solenoids Actuated For Forward Translation 

Depending on the desired direction of experimental testing the 

corresponding solenoids are commanded to actuate thereby allowing the 

vehicle to move. 

7.2.1. Translation PWM CGT Command 

A Pulse Width Modulated (PWM) signal of 100% duty cycle was sent to 

CGT 1 and 2, with all other CGTs not engaged. The signal sent to the on-

board CPU commanded Sol1 and Sol2 were commanded to be open from 2 

seconds to 17 seconds (see Figure 139) with all other CGTs not activated.  
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Figure 139: Forward Translation Command CGT 12 
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7.2.2. Example Translation Data Collection: Charlie  

Five experimental runs were initially performed to compare the thrust 

provided versus time and command sent (see Figure 140 ). Charlie was 

released from the same relative position in the Global Coordinate Frame of 

the laboratory. As the vehicle travelled across the ABT, the position was 

logged for further analysis. The translation of the vehicles X, Y, and θ 

position shown in Figure 140. There appears to be a larger translation in the 

Y direction with a relatively small amount of drift in the X direction, and θ 

heading.  

 

Figure 140: Optitrack Position Tracking of Test Vehicle 
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Figure 141: Optitrack Velocity Tracking of Test Vehicle 

Figure 141 shows the Optitrack �̇�, 휃̇ velocity tracking data for the air-

bearing test vehicle. The vehicle is caught at the end of the table is shown 

when �̇� velocity changes direction at the 12 second mark. During normal 

operation, the ABV is not expected to move at a very fast rate (>5 m/s) 

across the glass plate surface. Therefore, the current position and filtered 

velocity data of the rigid body can be used in the future development of a 

closed loop controller within Matlab-Simulink. 
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Example Translation run: Charlie 

Figure 142 shows the time-lapse progression of the vehicle as it moves from 

one side of the air-bearing table to other side from the start to end of a 

particular run of the experiment. 

  

  

Figure 142: Translation Example  
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Example Data Collected From Test  

This section discusses example translation data collected during a single 

experiment run.  

 

Figure 143: Example Optitrack Position and Velocity Testing 
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Figure 143 shows the change in: 𝑋, 𝑌, and angle 휃 of the vehicle as it was 

released from its start position and the linear translation maneuver was 

performed. The rates of change �̇�, �̇�, 휃̇ of the vehicle. The point of capture 

can be seen where the vehicle is stopped, approximately at 12 s where the 

�̇� rate changes direction, to prevent the vehicle from falling off the air-

bearing table. 

Average Force exerted by each thruster 

To perform calculations to find the approximate force from the thrusters on 

the air-bearing vehicle, the boundary conditions outlined in Table 13 apply, 

with the mass and time measurements. 

Table 13: Boundary Conditions for translation calculations 

Description Variable Measured Quantity 

Initial Velocity 𝑈𝑖 0 𝑚/𝑠 

Initial Time 𝑇𝑖 2.0 𝑠 

Final Time 𝑇𝑓 10.0 𝑠 

Time Difference ∆𝑇 8.0 𝑠 
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Table 14, the initial velocity of the ABV is zero with the friction forces from 

the glass surface considered negligible. Error calculations done using Root 

Mean Square (RMS) approach. 

Table 14: Mass and Time Measurements 

𝑀𝑣𝑒ℎ𝑖𝑐𝑙𝑒_𝑐 12.050 kg ± 0.050 kg 

𝑚𝑓𝑢𝑙𝑙 𝑡𝑎𝑛𝑘 1.447 kg ± 0.001 kg 

𝑚𝑒𝑚𝑝𝑡𝑦 𝑡𝑎𝑛𝑘 1.364 kg ± 0.001 kg 

𝑚𝑑𝑖𝑓𝑓 0.083 kg ± 0.001 kg 

Ratio of tank1, tank2 filled 𝑅1, 𝑅2 

Measurement error in time 
𝜕∆𝑇

𝜕𝜀
 

±0.005 𝑠𝑒𝑐𝑜𝑛𝑑𝑠 

Distance error in the x-direction and 

y-direction. 

𝜕∆𝑥

𝜕휀
,
𝜕∆𝑦

𝜕휀
= ±0.5𝑚𝑚 

When performing the series of experiments, the observation was that one 

test consumed approximately ¼ of the total air capacity of the on board air-

tanks, an illustration shown (see Figure 144). One full tank of air had a 

pressure of 2600 psi. There are two air tanks located on each air-bearing 

vehicle. An approach to consider is that the mass of the air tanks would vary 

with time as the propellant was consumed to provide thrust. However to get 

an approximate of the force provided by the thrusters, the initial mass at the 

start of each test was considered. 
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Figure 144: Illustration for Air Tank capacity. 

Table 15 describes the initial and final position of each time slice that was 

taken from the experimental runs to calculate an estimate of the force 

exerted by the ABV CGT. 

 

Table 15: Test Condition, Initial and Final Recorded Position 

Test Air in the 

tanks at start 

[𝑿 𝒀]𝒊𝒏𝒊𝒕𝒊𝒂𝒍 

(m) 

[𝑿 𝒀]𝒇𝒊𝒏𝒂𝒍 (m) 

1 3

4
 tanks full [-5.444 3.953] [-5.656 2.506] 

2 4

4
 tanks full [-5.416 3.988] [-5.638 2.562] 

3 3

4
 tanks full [-5.393 3.958] [-5.645 2.581] 

4 1

2
 tanks full [-5.405 3.957] [-5.573 2.484] 

5 1

4
 tanks full [-5.377 3.968] [-5.671 2.14] 
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Table 16 is a representation of the calculated acceleration of the ABV 

during each run, with the recorded mass measurements during each run. 

Table 16: Calculated Acceleration and Mass Approximation 

Test [�̈� �̈�] (𝒎/𝒔
𝟐) Mass Approximation. 

1 [-0.0066 -0.0452] 14.903 kg ± 0.0501kg 

2 [-0.0069 -0.0446] 14.944 kg ± 0.0501kg 

3 [-0.0079 -0.0430] 14.903 kg ± 0.0501kg 

4 [-0.0053 -0.0460] 14.861 kg ± 0.0500kg 

5 [-0.0092 -0.0571] 14.820 kg ± 0.0500kg 
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From Table 17 the average force exerted by each of the CGTs on the ABV 

during the linear translation maneuver can be denoted using the following 

equation expression. Where we disregard the highest and lowest value. 

Table 17: Calculated Force Exerted by CGT Thrust 

Test 𝑭𝒐𝒓𝒄𝒆𝟏𝟐 

Force exerted by both 

thrusters 

𝐹𝑎𝑣𝑔12 

Force exerted by one 

thruster 

1 0.6811 N ± 0.0025N 0.3405 N ± 0.0025N 

2 0.674 N ± 0.0024N 0.3370 N ± 0.0024N 

3 0.6519 N ± 0.0017N 0.3260 N ± 0.0017N 

4 0.6885 N ± 0.0025N 0.3443 N ± 0.0025N 

5 0.8574 N ± 0.0031N 0.4287 N ± 0.0031N 

 

The average translation force exerted by the CGTs can then be calculated 

from Table 17 and is shown in equation 68. 

𝐹𝑎𝑣𝑔12 =
(∑ 𝐹1(𝑖)

𝑛=5
𝑖=1 )

𝑛
  ± max

𝜕𝐹1(𝑖)

𝜕휀
𝑒𝑟𝑟𝑜𝑟  

𝐹𝑎𝑣𝑔12 =  0.3406 𝑁 ± 0.0025 𝑁 

(68) 
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7.2.3. Experimental Translation for Bob and Charlie 

An extensive independent series of experiment runs were performed with 

both the chaser and target vehicle (Bob and Charlie) respectively as 

compared to the example calculation. The tests were done for the Forward, 

Left, Right, and Backward direction of each vehicle ( Bob and Charlie). 

 

Bob Forward Translation Experiment 

 

Figure 145: Bob Forward Translation Position Plot 
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The position data shown in Figure 145 is a tracking of the ABV Bob during 

the forward facing orientation experiment set.  

 

Figure 146: Bob Forward Translation Velocity Plot 

Figure 146 is a representation of the ABV Bob Velocity tracking. The 

amount of drift in the x-velocity is minimal as shown in the amount of 

deviation in the recorded value. With as the vehicle increasing in speed the 

change in y-velocity increasing at a steady rate. 
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Figure 147: Bob Forward Translation Experiment 

A representation of Bob’s translation during the Forward facing orientation 

experiment can be seen in Figure 147 with the Bird’s Eye view of the overall 

vehicle. 
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Bob Right Translation Experiment 

 

Figure 148: Bob Right Translation Position Plot 

Figure 148 is the representation of Bob as it was made to translate to the 

right in order to characterize 𝑆𝑜𝑙3, and 𝑆𝑜𝑙4 CGTs. Figure 149 is a 

representation of the velocity of the ABV during the right orientation 

translation experiments. Figure 150 is the Bird’s eye view of the Bob ABV 

as it performed the translation experiment. It can be observed that there was 

some overall drift in the ABV performance. 
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Figure 149: Bob Right Translation Velocity Plot 

 

Figure 150: Bob Right Translation Experiment  
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Bob Left Translation Experiment 

 

Figure 151: Bob Left Translation Position Plot 

Figure 151 is a plot that outlines the ABV Bob position tracking as the 

vehicle was made to perform the Left hand orientation translation 

experiments. From the position data it can be determined that there was 

indeed some drift in the ABV translation, with the vehicle not able to hold 

a straight trajectory. Figure 152 is the velocity plot of BOB ABV 

performance, similarly it does appear to have drift in the vehicle’s 

performance. With the bird’s eye perspective shown in Figure 153. 
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Figure 152: Bob Left Translation Velocity Plot 

 

Figure 153: Bob Left Translation Experiment  
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Bob Back Translation Experiment 

 

Figure 154: Bob Back Translation Position Plot 

Shown in Figure 154 is the experiment translation run with Bob ABV in the 

back translation orientation. Based on the recorded readings the vehicle had 

the tendency to want to deviate in the same general direction. The reason 

why this set of position data criss-crosses in opposing position direction is 

because the ABV was made to translate from one side of the table to the 

other, then back again. 
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 Figure 155 shows the velocity of the ABV during this maneuver set with 

the overall rate of velocity change appearing to be at a steady rate.  

 

Figure 155: Bob Back Translation Velocity Plot 
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Figure 156 is the Bird’s eye view of the vehicle’s performance corrected for 

relative position, which shows that the overall vehicle’s drift appears to be 

in the same relative direction. Implying that the mass distribution on the 

vehicle is causing the vehicle to drift more to the right direction. 

 

Figure 156: Bob Back Translation Experiment  
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Charlie Forward Translation Direction  

 

Figure 157: Charlie Forward Translation Position Plot 

Figure 157 is the Charlie forward translation position plot. From the data 

collected there appears to have been one erroneous run where the vehicle 

moved inconsistently as compared to the other runs. The related velocity 

data is shown in Figure 158. With the bird’s eye view in Figure 159 that 

shows how “Test run 5” behaved very differently that the other previous 

runs. 
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Figure 158: Charlie Forward Translation Velocity Plot 

 

Figure 159: Charlie Forward Translation Experiment  
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Charlie Right Translation Experiment 

 

Figure 160: Charlie Right Translation Position Plot 

The translation position plots for Charlie in the right facing orientation is 

shown in Figure 160. Based on the position plots Charlie ABV moved 

relatively in the same direction with very little deviation. The velocity plot 

is shown in Figure 161, the velocity gradually becomes more negative. This 

implies that the vehicle’s acceleration in the y-direction changes at a steady 

rate. Figure 162 shows the bird’s eye view of the Charlie right translation 

experiments with regards to the relative deviation of the ABVs position 

tracking. 
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Figure 161: Charlie Right Translation Velocity Plot 

 

Figure 162: Charlie Right Translation Experiment  
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Charlie Left Translation Experiment 

 

Figure 163: Charlie Left Translation Position Plot 

Figure 163 shows Charlie left orientation translation position plot where it 

appears the vehicle is moving consistently across all runs. The velocity plot 

is shown in Figure 164 with the ABV not having any deviation in the x-

direction but gradual increase in y-velocity as the vehicle moves faster and 

faster. The bird’s eye view is shown in Figure 165 with the vehicle’s overall 

translation trajectories being displayed. 
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Figure 164: Charlie Left Translation Velocity Plot 

 

Figure 165: Charlie Left Translation Experiment  
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Charlie Back Translation Experiment 

 

Figure 166:Charlie Back Translation Position Plot 

Figure 166 is the position plot of Charlie ABV in the backwards orientation. 

This plot shows the vehicle move with relatively small amount of deviation 

in the x-direction with translation in the y-direction. The velocity of the 

ABV is presented in Figure 167. With similar to the other case runs the 

vehicle translation is shown in the bird’s eye view is shown in Figure 168. 
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Figure 167: Charlie Back Translation Velocity Plot 

 

Figure 168: Charlie Back Translation Experiment  
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7.2.4. Force Results of Translation Experiments 

Force averaging was performed for each series of experimental runs, where 

the average of the force exerted by the CGTs was taken after the highest 

and lowest value from each series were not considered as part of the average 

Force: Bob Air-Bearing Vehicle 

Table 18: Bob Translation Force Calculation  

FWD 𝑻𝒆𝒔𝒕𝟏  𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

𝑭𝟏𝟐 (N) 0.578 0.582 0.505 0.538 0.345 

𝑭𝒉𝒂𝒍𝒇 (N) 0.289 0.291 0.253 0.269 0.173 

𝝏𝑭/𝝏𝜺 (N) 0.00075 0.00076 0.00067 0.00071 0.00018 

𝑭𝒂𝒗𝒈𝟏𝟐(N) 0.270   For CGT 1, 2   

           

LH 𝑻𝒆𝒔𝒕𝟏 𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

𝑭𝟕𝟖(N) 0.619 0.395 0.544 0.587 0.388 

𝑭𝒉𝒂𝒍𝒇(N) 0.340 0.198 0.272 0.293 0.194 

𝝏𝑭/𝝏𝜺 (N) 0.00080 0.00054 0.00071 0.00076 0.00053 

𝑭𝒂𝒗𝒈𝟕𝟖(N) 0.254   For CGT 7,8   

           

RH 𝑻𝒆𝒔𝒕𝟏 𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

𝑭𝟑𝟒(N) 0.603 0.273 0.414 0.406 0.383 

𝑭𝒉𝒂𝒍𝒇(N) 0.302 0.137 0.207 0.203 0.192 

𝝏𝑭/𝝏𝜺(N) 0.00078 0.00040 0.00056 0.00055 0.00052 

𝑭𝒂𝒗𝒈𝟑𝟒(N) 0.201   For CGT 3,4   

           

BCK 𝑻𝒆𝒔𝒕𝟏 𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

𝑭𝟓𝟔(N) 0.446 0.428 0.517 0.428 0.454 

𝑭𝒉𝒂𝒍𝒇(N) 0.223 0.214 0.258 0.214 0.227 

𝝏𝑭/𝝏𝜺(N) 0.00060 0.00057 0.00068 0.00057 0.00061 

𝑭𝒂𝒗𝒈𝟓𝟔(N) 0.221   For CGT 5,6   
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Force: Charlie Air-bearing Vehicle: 

Table 19: Charlie Translation Force Calculations 

FWD 

𝑻𝒆𝒔𝒕𝟏 

(N) 

𝑻𝒆𝒔𝒕𝟐 

(N) 

𝑻𝒆𝒔𝒕𝟑 

(N) 

𝑻𝒆𝒔𝒕𝟒 

(N) 

𝑻𝒆𝒔𝒕𝟓 

(N) 

Mass (kg) 14.092 14.065 14.023 13.990 13.973 

𝑭𝟏𝟐 (N) 0.771 0.781 0.468 0.484 0.817 

𝑭𝒉𝒂𝒍𝒇 (N) 0.386 0.391 0.234 0.242 0.408 

𝝏𝑭/𝝏𝜺 (N) 0.00099 0.00100 0.00063 0.00064 0.00100 

𝑭𝒂𝒗𝒈𝟏𝟐 (N) 0.339   For CGT 1, 2   

            

LH 𝑻𝒆𝒔𝒕𝟏 𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

Mass (kg) 14.146 13.975 14.080 14.048 14.017 

𝑭𝟕𝟖(N) 0.509 0.630 0.586 0.580 0.586 

𝑭𝒉𝒂𝒍𝒇(N) 0.254 0.315 0.293 0.290 0.293 

𝝏𝑭/𝝏𝜺(N) 0.00068 0.00082 0.00077 0.00076 0.00077 

𝑭𝒂𝒗𝒈𝟕𝟖 (N) 0.292   For CGT 7, 8   

           

RH 𝑻𝒆𝒔𝒕𝟏 𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

Mass (kg) 14.080 14.033 13.990 13.967 13.933 

𝑭𝟑𝟒(N) 0.213 0.399 0.356 0.452 0.569 

𝑭𝒉𝒂𝒍𝒇(N) 0.106 0.200 0.178 0.226 0.284 

𝝏𝑭/𝝏𝜺(N) 0.00035 0.00055 0.00050 0.00061 0.00075 

𝑭𝒂𝒗𝒈𝟑𝟒(N) 0.201   For CGT 3, 4   

            

BCK 𝑻𝒆𝒔𝒕𝟏 𝑻𝒆𝒔𝒕𝟐 𝑻𝒆𝒔𝒕𝟑 𝑻𝒆𝒔𝒕𝟒 𝑻𝒆𝒔𝒕𝟓 

Mass (kg) 14.118 14.091 14.052 14.021 13.980 

𝑭𝟓𝟔 (N) 0.316 0.665 0.693 0.692 0.470 

𝑭𝒉𝒂𝒍𝒇(N) 0.158 0.333 0.347 0.346 0.235 

𝝏𝑭/𝝏𝜺(N) 0.00045 0.00086 0.00090 0.00090 0.00069 

𝑭𝒂𝒗𝒈𝟓𝟔(N) 0.3044   For CGT 5, 6   

 

It is interesting to note that the 𝐹𝑎𝑣𝑔12 = 0.339𝑁 ± 0.00099𝑁 compares 

very closely and within error bound to the first preliminary set of testing 

that was performed independently where 𝐹𝑎𝑣𝑔12 = 0.3406 𝑁 ± 0.0025 𝑁 
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Observations from translation experiment runs of Bob 

and Charlie 

Average force from the translation experiments were used for the Inertia 

calculations. The average force from the overall performance of each 

respective ABV, Bob and Charlie, is tabulated below in Table 20. 

Table 20: Force exerted used for Inertia Calculations 

Bob 𝑭𝒂𝒗𝒈𝟏𝟐 𝑭𝒂𝒗𝒈𝟑𝟒 𝑭𝒂𝒗𝒈𝟓𝟔 𝑭𝒂𝒗𝒈𝟕𝟖 𝝏𝑭/𝝏𝜺 

Force (N) 0.270 0.254 0.201 0.221 0.0008 

          
Charlie 𝑭𝒂𝒗𝒈𝟏𝟐 𝑭𝒂𝒗𝒈𝟑𝟒 𝑭𝒂𝒗𝒈𝟓𝟔 𝑭𝒂𝒗𝒈𝟕𝟖 𝝏𝑭/𝝏𝜺 

Force (N) 0.339 0.292 0.201 0.304 0.001 

 

Surprisingly, based on the performance runs of Bob and Charlie it appears 

that the CGTs on Charlie performed on average much better than the CGTs 

on Bob. Charlie had nozzles that were machined at Florida Institute of 

Technology, versus the nozzles that were purchased from Silvent on Bob. 

A possible reason why Charlie had better performance as compared to Bob 

could be from pressure loss due to the additional fitting adapter required by 

the Silvent Nozzles as compared to the manufacturer nozzles. The benefit 

of performing this series of calibration translation runs is that the overall 

upper limit of the expected force from the CGTs was calculated. The 

Simulink controller was updated to taken into consideration the upper limit 

of CGT performance.  
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7.3. Rotation Test: 

7.3.1. Rotation Description of Thruster Firing 

An open loop command for counter clockwise rotation was performed as a 

validation experiment to demonstrate that rotation is possible by using 

CGTs 1,3,5,7. The time stamped images obtained from a video recording 

show the vehicle perform a counter clockwise rotation sequence that was 

commanded (see Figure 169). 

  

  

  

Figure 169: Rotation Command Example 

An illustration of which CGTs were commanded to activate can be seen 

Figure 170.  
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Figure 170: Illustration of CGTs Turned on for Rotation 

7.3.2. Example Rotation PWM Command: 

The rotation experiment was performed using a PWM duty cycle signal of 

80% (see Figure 171 ). Where CGT Thrusters: 𝑆𝑜𝑙2, 𝑆𝑜𝑙4, 𝑆𝑜𝑙6, 𝑆𝑜𝑙8 were 

commanded to actuate with 𝑆𝑜𝑙1, 𝑆𝑜𝑙3, 𝑆𝑜𝑙5, 𝑆𝑜𝑙7 not activated. 

 

Figure 171: PWM Signal CGT ACLK Sol 2468 
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Example Rotation Experiment: 

The Optitrack system recorded the translation and rotation information of 

the air-bearing vehicle. The data shows the rotation of the vehicle being 

tracked by Optitrack in the angle θ, as well as the global position X and Y. 

There does appear to be some noise in the signal recorded by Optitrack, this 

is shown in the fluctuation of the angle, θ, data. Figure 172 is an example 

where: 𝑆𝑜𝑙2, 𝑆𝑜𝑙4, 𝑆𝑜𝑙6, 𝑆𝑜𝑙8 were actuated to create a clockwise rotation. 

 

Figure 172: Rotation Position Tracking  

  



219 

 

7.3.3. Chaser Vehicle Rotation Testing: 

Bob Anti-clockwise Rotation: 

The Anti-clockwise rotation experiments that were performed for Bob are 

shown in Figure 173. 

 

Figure 173: Bob Anti-Clockwise Position Tracking Plot 

Figure 174 depicts the velocity and angular rate of the ABV during the anti-

clockwise rotation. This graph outlines the change and gradual increase in 
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angular rate as the vehicle rotated faster and faster. The overall bird’s eye 

view of Bob during anti-clockwise rotation is shown in Figure 175 

 

Figure 174: Bob Anti-Clockwise Velocity Tracking Plot 
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Figure 175: Bob Anti-Clockwise Rotation Experiment   
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Bob Clockwise Rotation: 

The clockwise ABV experiments were performed and shown for Bob in 

Figure 176. 

 

Figure 176: Bob Clockwise Position Tracking Plot. 

With the velocity plot shown in Figure 177, and the bird’s eye plot of the 

vehicle’s motion tracked in Figure 178 
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Figure 177: Bob Clockwise Velocity Tracking Plot 

 

Figure 178: Bob Clockwise Rotation Experiment  
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Charlie Anti-clockwise Rotation: 

Shown in Figure 179 are the anti-clockwise plots for Charlie that showcase 

the position tracking of the vehicle during testing. All four test runs behaved 

similarly with the ABV rotating at a consistent rate, �̇�, as can be seen in 

Figure 180. Figure 181 is a bird’s eye view representation of the ABVs 

during the rotation maneuver. 

 

Figure 179: Charlie Anti-clockwise Position Tracking Plot 
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Figure 180: Charlie Anti-Clockwise Velocity Tracking Plot 

 

Figure 181: Charlie Anti-Clockwise Rotation Experiment  
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Charlie Clockwise Rotation: 

The relative position tracking of Charlie during the clockwise rotation 

experiments is shown here in Figure 182. This series of experimental runs 

showcases the ABV’s ability to rotate at the same angular rate, �̇�, as seen 

in Figure 183. With the overall deviation in relative position of the ABV 

captured in the Bird’s eye view shown in Figure 184. 

 

Figure 182: Charlie Clockwise Position Tracking Plot 
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Figure 183: Charlie Anti-Clockwise Velocity Tracking Plot 

 

Figure 184: Charlie Clockwise Rotation Experiment  
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7.3.4. Inertia Results of Rotation Experiments: 

 

Inertia: Air-Bearing Vehicle Bob and Charlie 

The absolute average moment of inertia was calculated in Table 21 and 

Table 22 for Bob and Charlie respectively. The average value for the 

moment of inertia |𝐼𝑧𝑧|𝐴𝑣𝑔 was calculated for each vehicle while 

disregarding the highest and lowest recorded value. The reason this was 

done was to get rid of bias due to extremes in the ABV performance. The 

average moment of inertia for Bob was found to be 3.258 𝑘𝑔/𝑚2. 

Table 21: Inertia calculations for Bob 

ACLK Test 1 Test2 Test 3 Test 4 

∆휃 (deg) -66.577 -64.572 -52.197 -72.997 

𝛼 (𝑑𝑒𝑔/𝑠2) -2.081 -2.018 -1.631 -2.281 

|𝐼𝑧𝑧| (𝑘𝑔/𝑚
2) 3.452 3.559 4.403 3.148 

𝜕𝛼/𝜕휀 0.000349 0.0003494 0.000349 0.000349 

𝜕𝐼𝑧𝑧/𝜕휀 0.0029 0.0030 0.0037 0.0027 

          

CLK Test 1 Test2 Test 3 Test 4 

∆휃 (deg) 54.775 106.800 117.800 75.573 

𝛼 (𝑑𝑒𝑔/𝑠2) 1.712 3.338 3.681 2.362 

|𝐼𝑧𝑧| (𝑘𝑔/𝑚
2) 4.196 2.152 1.951 3.041 

𝜕𝛼/𝜕휀 0.000349 0.000349 0.000349 0.000349 

𝜕𝐼𝑧𝑧/𝜕휀 0.0035 0.0018 0.0017 0.0026 

          

|𝐼𝑧𝑧|𝐴𝑣𝑔 (𝑘𝑔/𝑚2)  3.258     
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Table 22 Inertia calculations for Charlie 

ACLK Test 1 Test2 Test 3 Test 4 

∆휃 (deg) -116.024 -82.850 -55.061 -82.219 

𝛼 (𝑑𝑒𝑔/𝑠2) -3.626 -2.590 -1.721 -2.569 

𝐼𝑧𝑧 (𝑘𝑔/𝑚
2) 2.379 3.331 5.012 3.357 

𝜕𝛼/𝜕휀 0.000349 0.0003494 0.000349 0.000349 

𝜕𝐼𝑧𝑧/𝜕휀 0.0017 0.0023 0.0035 0.0024 

          

CLK Test 1 Test2 Test 3 Test 4 

∆휃 (deg) 82.621 83.824 75.573 79.355 

𝛼 (𝑑𝑒𝑔/𝑠2) 2.572 2.620 2.362 2.480 

𝐼𝑧𝑧 (𝑘𝑔/𝑚
2) 3.340 3.292 3.652 3.478 

𝜕𝛼/𝜕휀 0.000349 0.0003494 0.000349 0.000349 

𝜕𝐼𝑧𝑧/𝜕휀 0.0024 0.0023 0.0026 0.0024 

          

|𝐼𝑧𝑧|𝑎𝑣𝑔 (𝑘𝑔/𝑚2) 3.408     

 

Observations on Calculated Inertia for Bob and Charlie 

The moment of inertia experimental calculations of Bob and Charlie ABC 

are shown here in Table 23. For each ABV, the highest and lowest inertia 

value were treated as a discrepancy and not considered in the average. With 

the average |𝐼𝑧𝑧|𝑎𝑣𝑔 found to be 3.408 𝑘𝑔/𝑚2. 
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Table 23 is a summary of the Moment of Inertia results that were calculated 

for both ABVs, Bob and Charlie respectively. The table showcases how 

both vehicles had very similar average value for the Moment of Inertia with 

Bob at 3.258 𝑘𝑔/𝑚2, and Charlie at 3.4082 𝑘𝑔/𝑚2. The difference in value 

could be explained as coming from three major sources. First, each vehicle 

had different CGT thrusters on-board, with Bob having the nozzle 

attachment that was obtained from Silvent, and Charlie having nozzles that 

were machined on Florida Institute of Technology campus. Second, both 

vehicles had different mass distributions, with Bob having the gripper tool 

while Charlie did not have such an attachment. A third major source of error 

that could have potentially affected the results was that each vehicle may 

not have exactly the same length of internal pneumatic hosing. This would 

cause each vehicle to have different amounts of internal pressure head loss 

affecting the exit pneumatic pressure that is fed forward to the CGTs. 

Table 23: Moment of Inertia for Bob and Charlie 

    Test 1 Test2 Test 3 Test 4 

    |𝐼𝑧𝑧|  (𝑘𝑔/𝑚
2) 

Bob 

ACLK 3.4518 3.559 4.4029 3.1484 

CLK 4.1956 2.1518 1.9509 3.041 

AVG 3.2579       

            

Charlie 

ACLK 2.3786 3.331 5.0121 3.3565 

CLK 3.3402 3.2923 3.6517 3.4777 

AVG 3.4082       
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7.4. Sources of Error for Translation and Rotation 

Experiments: 

Possible sources of error include:  

1) Perfect alignment of each CGT thruster is not a guaranteed for this 

experiment. 

2) The vehicle may not have been exactly level leading to a mass bias 

on one side of the vehicle versus the other. 

3) The amount of thrust produced by each thruster may not be identical, 

this is due to head loss from pipe friction, distance from regulator, 

and length of pipe. 

4) Mass distribution of weight on the vehicle may not have been 

symmetric causing the vehicle to have a tendency to move in certain 

prescribed directions. 

5) Tilt / distortion of the table surface creates a bias for the direction 

and path taken by the vehicle. 
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7.5. Chapter Summary 

This chapter describes the open loop translation and rotation experiments 

that were performed in order to characterize both the chaser and target 

air-bearing vehicles. Based on the data collected, it appears that both 

vehicles are able to translate Forward, Backward and to the Left with a 

higher average force as compared to a translation in the Right hand 

direction. The reason for this could be related to the mass distribution on-

board of the vehicles, or the pressure head loss from the length of the 

pneumatic tubing to each CGT actuator. A possible method to improve 

the performance of the system would be that each CGT has its own 

independent regulator; however, this would add complexity and weight 

to the vehicle. 

The equations that were used for the calculation of force and inertia were 

stated from the Kinematic Equations of motion. Then, an example of 

translation data was processed followed by the position and velocity plots 

of the experimental tests (Forward, Left, Right, and Backwards 

direction). The Force results were then plotted and described with the 

next step being the rotation experimental tests done in the Clockwise and 

Anti-clockwise direction. The Inertia experimental results give an 

estimate of 𝐼𝑧𝑧 for both the chaser and target (Bob and Charlie) vehicle 

respectively. 
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Chapter VIII: Gripper Performance 

8. Introduction: Gripper Performance 

This chapter covers the Gripper experiments done in order to gauge the 

performance based on the three different types of material (rigid, ductile, 

and brittle) that the gripper was commanded to interact with.  

A description of the three different types of material was presented, with 

an overview of the ABV maneuver that was tested, followed directly after 

with the results of the experimental runs. At the end of the chapter a 

discussion of the Gripper results is presented, with areas of improvements 

as well as a chapter summary. 

 

8.1. Grasping Features on Target Object 

Adaptor Plate 

The purpose of the adaptor plate is to provide a surface for docking objects 

to be easily attached and replaced on the target object. The adaptor plate is 

created out of a 0.33 cm thick sheet of aluminum metal cut to the dimensions 

of 19.6 cm x 17.2 cm. The size was chosen to provide enough surface area 

to adhere the objects using Velcro and maintain the shape of the target 

object. Two holes were drilled 2.3 cm in from the left and right side of the 

plate and 8.6 cm from the top of the plate. An M5 screw with a sealing 
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washer was passed through the drilled holes and screwed into the frame 

structure of the target object to mount the adaptor plate. 

 

Figure 185: Target object with adaptor plate identified by the red box. 

Rigid Object 

The rigid grasping target was designed to represent a section of the payload 

attachment ring (part 1575-4 PAF) from the Delta IV rocket as evident from 

the curved shape of the structure (Figure 186). The object was 3D printed 

with PLA plastic. Blue masking tape is used along the lower surface to keep 
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the two printed sections of the payload attachment ring together on the 

target object. Velcro was applied to the back of the object to attach to the 

adaptor plate. 

  

 

Figure 186: Payload attachment ring, red box identifies leading edge 

Ductile / Compliant Objects 

The ductile/ compliant grasping target was designed to test the gripper’s 

ability to grasp a rectangular structure of a satellite object. To simulate 

multi-layer insulation, the object was covered in three layers of bubble wrap 

and four layers of aluminum foil. The base of the structure in Figure 187 is 
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a rectangular box with dimensions of 23.5 cm x 5.1 cm x 15.9 cm. The 

ductile box, was meant to represent a protruding oblong feature on the 

spacecraft that the gripper can grasp onto. 

  

 

Figure 187: Front & Side view of rectangular structure. 

Brittle / Damaged Objects  

Simulated small tank/cylinder 

To represent a damaged air tank, a 15.5 cm x 5.7 cm x 5.7 cm cylinder was 

used (Figure 188). Due to the cylinder’s ability to retain dents from stress 

applied to the object, the researchers can determine the effect of the gripper 

on retrieving brittle/ damaged objects.  
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Figure 188: Front & Side view of a simulated small air tank structure 

Small Nozzle profile shape 

The second object represents a small rocket nozzle with radius of 8.7 cm at 

the base and 3.6 cm at the top and a height of 9.5 cm. This object was made 

out of plaster and wrapped in aluminum foil (Figure 189). 
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Figure 189: Front & Side view of a small mock rocket engine nozzle. 

8.2. Gripper Capture Method 

The method to capture is a direct head-on approach. During each series of 

experiments, data from the force sensors and on-board accelerometers is 

continuously transmitted to a remote computer. The evaluation of the 

grasping maneuver is based on whether successful capture is achieved as 

well as the data provided by the accelerometers, optitrack, and force 

sensors.  
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8.2.1. Direct (Head-on) Capture Method 

The direct head-on capture sequence involves Bob approaching the target 

ABV, Charlie, as shown in Figure 190. When Bob reached close proximity, 

the remote human operator activates the gripper to begin the grasping 

maneuver.  

 

Figure 190: Capture sequence: (1) Initial, (2) Capture 

Capture is considered successful when the chaser ABV is able to use the 

gripper to grasp onto the protruding feature. This maneuver would attach 

the chaser ABV to the target vehicle, since they would both move in-sync 

with each other.  
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8.3. Gripper Experimental Data 

8.3.1. Rigid Body Object – Payload Attachment Ring 

 

Figure 191: Rigid capture of payload attachment ring 

Figure 192 shows the position and heading data [𝑥, 𝑦, 𝜑] of the fourth 

experimental run that was performed. At a distance of 0.5 m away between 

the centers of mass of both vehicles, the gripper was able to grasp the 

payload attachment ring. The plots for x-position show that the vehicles 

were approaching each other, as the displacement between the chaser and 
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target vehicles decreases from about 1 m to 0.5 m. Figure 192 depicts the 

position [𝑥, 𝑦, 𝜙]𝑇 of both vehicles with the red line representing the chaser 

and the blue line the target ABV. Both ABVs were pushed towards each 

other, then when suitably close enough the Gripper was activated. This is 

why the X position graph the two lines move towards each other.  

 

Figure 192: Rigid capture position data 

Once contact is established the heading angle, 𝜙, is similar for both vehicles 

as can be seen from time period [10 … 20] seconds. With separation of the 
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vehicles being shown as the heading, 𝜙, of the ABVs de-synchronizes and 

both ABVs orientation and position changes. 

 

Figure 193: Rigid capture Optitrack acceleration data 

In Figure 193, the moment of contact is shown in the initial spike shown in 

the �̈� acceleration at the 12 second mark. With a bump in acceleration values 

also present as the two ABVs separate at the 35 second mark in �̈� 

acceleration value. 

Figure 194 shows the acceleration measured of the two ABVs by the 

optitrack camera system. Figure 194 displays the on- board accelerometer 

data. A possible reason for the on-board accelerometer not being able to 

register contact could be because of packet loss and signal filtering that is 

affecting its’ resolution.  
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Figure 194: Rigid capture on-board accelerometer 

 

Figure 195: Rigid capture force sensors data 
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The force sensors did not read any significant forces during the grasping 

maneuver; however, there was an elevation in the force registered by sensor 

𝑭𝟐  as shown in Figure 195. At the 11-second mark, the command to close 

the gripper was made, with the stop command given once successful capture 

was made at about the 27-second mark, followed by the released command 

to make the gripper let go of the target object at the 30-second mark. 
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8.3.2. Ductile / Compliant Object 

The next experimental test that was performed was the capture test for the 

ductile object as shown in Figure 196. This test demonstrated that the 

gripper was able to interact with the ductile object. 

 

 

Figure 196: Ductile capture - box object during grasping maneuver 

Similar to the previous experimental run, the two ABVs were made to 

approach one another as can be seen in Figure 197. This can be noted in the 

change in x position value of both vehicles as they approached one another. 
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The duration of contact is outlined by the amount of time that the two ABV 

headings were aligned as shown by the, 𝜙, value. 

 

Figure 197: Ductile capture position data 

Moment of contact and separation is displayed in Figure 198 with the ABVs 

showing a spike in �̈� acceleration value.   



247 

 

 

Figure 198: Ductile capture Optitrack acceleration data 

The on-board accelerometers of both ABVs did not having enough 

resolution to detect contact Figure 199. The spike in acceleration during 

contact and release of the two ABVs with each other as shown in Figure 

200 can be described as from the momentum change of the vehicle. 
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Figure 199: Ductile capture onboard accelerometer 

 

Figure 200: Ductile capture force sensors data 
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8.3.3. Brittle / Damaged Object 

Brittle Object 1: Tank 

  

 

Figure 201: Brittle capture tank – small cylinder object 

From the position data shown in Figure 202 the gripper of the chaser vehicle 

was eventually able to grasp the target ABV. The optitrack camera system 

was able to detect the moment of initial contact and separation of both 

vehicles, as demonstrated by the spike in the �̈�-acceleration seen in Figure 

203. Similar to the previous two runs the on-board accelerometer does not 

have the resolution to detect the moment of contact. With the command that 

was sent to the gripper as well as the experienced force by each gripper 
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finger shown in Figure 205. It is interesting to note that the gripper was able 

to get a firm grasp of the cylindrical shaped object with the middle force 

sensor able to detect a large spike in normal applied force to its sensor. 

However, the two adjacent fingers did not register a force, because of the 

geometry of the object being grasped and the orientation of the respective 

force sensors 𝐹1 and 𝐹3. 

 

Figure 202: Brittle capture tank – position data 

Figure 203 shows the moment of contact and separation of the two ABVs. 

With Figure 204 again showing poor resolution of the received data from 

the on-board accelerometers. 
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Figure 203: Brittle capture tank - Optitrack acceleration data 

 

Figure 204: Brittle capture tank – onboard accelerometer 
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Figure 205: Brittle capture tank – force sensor data 

Figure 205 showcases a clear jump in force sensor readings as shown in the 

spike in F2 reading. The reason for this is due to the clear contact made 

during the capture process between the Chaser grasping robotic gripper with 

the target physical feature. 
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Brittle Object 2: Nozzle Feature. 

The second brittle object that was grasped was a representation of a nozzle 

feature as shown in Figure 206.  

 

 

Figure 206: Brittle capture nozzle - on target ABV 

Similar to previous experimental trials, the two ABVs were brought 

together, which can be seen in the change in x-direction value in Figure 207. 

The initial impact and separation of both vehicles is evidenced in the spike 

in �̈� acceleration values shown in Figure 208. 
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Figure 207: Brittle capture nozzle – position data  

 

Figure 208: Brittle capture nozzle - Optitrack acceleration data 
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Figure 209: Brittle capture nozzle - on-board accelerometer 

 

Figure 210: Brittle capture nozzle – force sensors data  
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The final series of experiments were done with the grasping of the mock up 

nozzle. The gripper was aligned to grasp the edge of the nozzle feature. The 

position graph Figure 207 shows the relative position and heading of both 

ABVs with the initial contact occurring at the 10 s mark. The contact is 

registered as shown in the Optitrack acceleration data Figure 208. Similar 

to the previous experiments the settings selected within Simulink/Matlab 

appear to effect onboard accelerometers to not have enough resolution to 

register the moment of contact Figure 209. With because of the awkward 

geometry the force sensors did not register any applied force during the 

gripping maneuver Figure 210. 

8.4. Discussion of Gripper Results 

The results gathered from the three types of grasping experiments (Rigid, 

Ductile, Brittle), the gripper was able to capture each of the objects. This is 

evident by the data recorded in each respective section (Figure 191, Figure 

196, Figure 201, Figure 206). An example is shown during run 4 of the 

Rigid Body Object experiment with the payload attachment fitting, at the 

11 second mark the distance between the target and chaser vehicles. The 

spike in acceleration in the x-direction for the chaser and the target vehicles 

increased rapidly at the time the distance between vehicles became 

consistent. The two vehicles contacted each other during the spike in 

acceleration (Figure 194). After the gripper was able to grasp the payload 
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attachment fitting, the chaser and target ABVs drifted together until 

separation. 

It should be noted that the orientation of the sensor is critical for recoding 

force sensor data. Inadvertent bending of the force sensor can cause an 

offset negative value to be recorded by the force sensor as seen from the 

rigid and ductile docking objects (Figure 200 & Figure 205). When an 

applied load vector is normal to the force sensor. The force sensor is able to 

collect accurate load values as evident from the data collected from the 

brittle cylinder docking object (Figure 210). Where capture of the 

cylindrical heat shielded object during the Brittle/ Damaged Object 

experiment gathered positive force readings around 4.5 N from force sensor 

𝐹2. 

For brevity, not all the runs, plots, and data were presented within this paper, 

however they can be provided upon request. 

8.5. Area of Improvement for gripper. 

The design and functionality of the gripper could be improved to provide 

better dexterity, and ability to grasp various irregular geometry shapes and 

objects. Independent control of each gripper finger would be the ideal, 

however this would increase the complexity and type of actuation 

mechanism required since multiple motors and actuators would have to 

move in unison, avoid mechanism singularities, and possibility of inflicting 

damage to the target or chaser vehicle. The current robotic gripper is robust 
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in its design, while allowing for fast interchangeability of gripper fingers in 

the laboratory workspace. However, with the current gripper design is that 

due to the lead screw, all of the gripper fingers move in unison. As an 

improvement, the gripper finger tips could be 3D printed out of flexible 

plastic material, such as Ninjaflex, that can be adhered to the end of the 

gripper fingers to improve the grasp and protect the force sensors. 

Improvement needs to be made to the data collection, data filtering, and 

resolution of the on-board accelerometer data that is coming from the ABVs 

and being broadcast over UDP Wi-Fi to the observing computer. The data 

from the on-board accelerometers may be filtered too aggressively, or there 

may be missing packets of data. This can be seen in the resolution of the on 

board accelerometer data (Figure 194, Figure 199, Figure 204, Figure 208).  

Under development is trajectory, guidance, navigation, and control to allow 

experimental testing of different types of trajectory controllers, to achieve 

autonomous rendezvous and capture of the target by the chaser ABV. 

Similar to the challenges faced by the on-board accelerometer there does 

appear to be signal delay over Wi-Fi command between the observer and 

on-board ABV computer, in addition to delay from hardware actuation that 

needs to be resolved.  



259 

 

8.6. Chapter Summary: Gripper Experiments 

Overall, the grasping tool was effective it was able to interact with all 

three types of grasping features (rigid, ductile, and brittle). It was 

discovered that the orientation of the gripper fingers and force sensors 

affected the grippers’ ability to gather accurate force readings during the 

gripping process. This was due to the grasping not applying force directly 

to the force sensor. The grasping tool was effective at capturing objects 

less than 7 cm thick (small objects) based on the results gathered for 

position, acceleration, and angle. 

Areas of improvement have been identified that involve improvements to 

the functionality of the gripper, as well as the processing, transmission 

and filtering of data. Once resolved the next phase would be autonomous 

capture of the target vehicle by the chaser ABV. 
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Chapter VI: Theoretical Orbital 

Rendezvous and Capture 

9. Introduction: Theoretical Orbital Rendezvous 

and Capture  

This chapter explores the theoretical long range rendezvous and docking 

by having a chaser satellite approach a target object while taking into 

consideration the Clohessy-Wiltshire Equations of Motion for objects in 

an earth orbit.  

The sliding mode simulation represents the long range rendezvous and is 

used to set up the initial conditions for the hardware-in-the-loop 

simulations that are performed with the testbed. 

 

9.1. LVLH Coordinate system 

Rendezvous and capture maneuvers are typically analyzed in the Local 

Vertical Local Horizontal (LVLH) frame, as shown in Figure 211. The 

target spacecraft is at the center of the coordinate system. The +X direction 

is considered to be the direction of travel of the target about earth, with the 

+Y-axis pointing towards the Earth’s center of mass. The chaser’s position 

can be expressed in both Cartesian (𝑥, 𝑦, 𝑧) and Spherical 

coordinates(𝜌, 휃𝑎𝑧 , 𝜙𝑒𝑙), where 𝜌 is defined as the radial distance from the 
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chaser to the target, 휃𝑎𝑧 is the azimuth angle on the XY plane measured 

counter-clockwise from the +X-axis, and 𝜙𝑒𝑙 is the angle of elevation.  

 

Figure 211 LVLH coordinate system 

The spherical coordinates can be calculated from the Cartesian coordinates 

in the following: 

𝜌 = √𝑥2 + 𝑦2 + 𝑧2 (69) 

휃𝑎𝑧 = atan (
𝑦

𝑥
) (70) 

𝜙𝑒𝑙 = asin (
𝑧

𝜌
) (71) 
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9.2. Clohessy-Wiltshire (CW) Model 

Described in the LVLH frame, the Clohessy-Wiltshire (CW) Model is the 

relative motion between spacecraft in a circular orbit around a central body 

[36].The equations were reshaped by taking into account the mass of the 

chaser, 𝑚𝑠𝑎𝑡, and inserting a control forces vector, F. 

(�̈� − 2𝜔𝑜𝑟𝑏�̇� − 3𝜔𝑜𝑟𝑏
2 𝑥) =

𝐹𝑥
𝑚𝑠𝑎𝑡

= 𝜏𝑥 (72) 

 (�̈� + 2𝜔𝑜𝑟𝑏�̇�) =
𝐹𝑦

𝑚𝑠𝑎𝑡
= 𝜏𝑦 (73) 

(�̈� + 𝜔𝑜𝑟𝑏
2 𝑧) =

𝐹𝑧
𝑚𝑠𝑎𝑡

= 𝜏𝑧 (74) 

The parameter 𝜔𝑜𝑟𝑏 is defined as the orbital angular velocity (mean 

motion) [69] calculated from the gravitational parameter of earth,, and the 

semi major axis of the target’s orbit, 𝑎𝑡: 

𝜔𝑜𝑟𝑏 = √
𝜇

𝑎𝑡
3 (75) 

9.3. Sliding Mode Control of Rendezvous 

Maneuvers 

The CW equations are rewritten and formulated in the suitable form for 

control, as follows. Defined: 𝑯 the inertia matrix, 𝑪 the vector of centripetal 

and Coriolis torques, 𝒈 is the vector of gravitational torques, and 𝝉 is the 

vector of the resultant forces on the chaser. 
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𝑯�̈� + 𝑪�̇� + 𝒈 = 𝝉 (76) 

𝒒 = [
𝑥
𝑦
𝑧
] , �̇� = [

�̇�
�̇�
�̇�
] , �̈� = [

�̈�
�̈�
�̈�
] (77) 

𝑯 = �̂�  (78) 

𝑪 = 𝒆�̂� (79) 

𝒈 = 𝒆�̂� (80) 

Where the values of �̂�, �̂�, and �̂� are: 

�̂� = [
1 0 0
0 1 0
0 0 1

] 

 �̂�= [
0 −2𝜔 0
2𝜔 0 0
0 0 0

]   �̂� =  [
−3𝜔𝑜𝑟𝑏

2 𝑥
0

𝜔𝑜𝑟𝑏
2 𝑧

] 

(81) 

Values selected for 𝑯,𝑪, and 𝒈 were scaled from the input �̂�, �̂�, and �̂� with 

an error factor that accounted for variation due to uncertainty. The error 

factor allows for the injection of disturbance into the theoretical model.  An 

assumption made is that the inertia matrix of the chaser, 𝑯, was assumed to 

be known, and equal to the input inertia matrix, �̂� , as described in (7a). The 

error factor, 𝒆, was considered to be  at the same relative amount of 

disturbance to the Coriolis, Centripetal, and Gravitation terms.  
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The modeling errors �̃�, 𝐂 ̃, and �̃�  can therefore be defined:  

�̃� = �̂� − 𝑯 ≡ 𝟎 (82) 

𝑪 ̃ = 𝑪 ̂ − 𝑪 (83) 

�̃� = �̂� − 𝒈 (84) 

For the simulations performed, the position error, 𝒒𝒆, was defined as 

composed of the current position, 𝒒, and the desired position, 𝒒𝒅: 

𝒒𝒆 = 𝒒 − 𝒒𝒅 (85) 

The matrix 𝜦 is defined as a positive definite skew symmetric matrix 

composed of a positive constant gain, 𝜆, multiplied with the identity matrix. 

It provides the scaling factors of the control gains of the sliding mode 

control. 

𝜦 = 𝜆𝑰, 𝜆 > 0 (86) 

The cost function is defined as the performance measure we want to 

minimize related to the cost of another variable. In this case the cost 

function is related to the velocity error and a gain on the position error, 𝒔, 

as defined using 𝒒𝒆 and 𝜦: 

𝒔 = �̇�𝒆 + 𝜦𝒒𝒆 = �̇� − �̇�𝒓 (87) 

The reference velocity, �̇�𝒓 is composed of the desired velocity, �̇�𝒅, along 

with the current and desired position: 

�̇�𝒓 = �̇�𝒅 − 𝜦(𝒒 − 𝒒𝒅) (88) 

�̈�𝒓 = �̈�𝒅 − 𝜦(�̇� − �̇�𝒅) (89) 

  



265 

 

Therefore the cost function can be described as: 

𝒔 = �̇� − �̇�𝒅 + 𝜦 𝒒𝒆  (90) 

𝒔 = �̇� − �̇�𝒅 + 𝜦(𝒒 − 𝒒𝒅) (91) 

The Lyapunov function is defined by the kinetic energy equation where: 

𝑉(𝑡) =
1

2
𝒔𝑇𝑯𝒔   (92) 

The sliding condition is trying to minimize the amount of energy in the 

system and can be considered as the gradient function, a negative definite 

value ensures that the trajectory “slides” towards the desired condition, 

thereby allowing the vehicle to achieve trajectory control [37].  

1

2

𝑑

𝑑𝑡
𝒔𝑻𝑯𝒔 < 0  (93) 

Where: 

1

2

𝑑

𝑑𝑡
𝒔𝑻𝑯𝒔 = 𝒔𝑻(𝝉 − 𝑪�̇�𝒓 − 𝒈 −𝑯�̈�𝒓) +

𝟏

𝟐
𝒔𝑻(�̇� − 𝟐𝑪)𝒔 (94) 

Since (�̇� − 2𝑪) is skew symmetric, the term can be eliminated [37], and 

the derivative is determined to be negative definite, implying that the 

controller satisfies the sliding condition and goes towards the desired 

conditions. 

1

2

𝑑

𝑑𝑡
𝒔𝑻𝑯𝒔 = 𝒔𝑻(𝝉 − 𝑪�̇�𝒓 −𝒈 −𝑯�̈�𝒓) < 0  (95) 
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9.4. Control Law Implementation  

The sliding mode control input 𝝉 can be described by equation (21), with 𝒌 

being the gain on the controller. 

𝝉 = �̂� − 𝒌 ∙ 𝑠𝑔𝑛(𝒔) (96) 

The 𝑠𝑔𝑛(𝒔) function is illustrated in Figure 212. It inspects the sign of the 

function 𝑠𝑖 and gives an output of ±1 respectively. 

 

Figure 212 Switching control: 𝐬𝐠𝐧(𝒔) function 

The 𝑠𝑔𝑛(𝒔) function causes chattering in the controller, because when (𝒔) 

is very close to 0 it can instantaneously flip from +1 to -1 and vice versa. 

Figure 213 is an illustration of the chattering that occurs as the current 

position and velocity of the object slides towards the desired position and 

velocity(𝒒𝒅, �̇�𝒅 ). 



267 

 

 

Figure 213 Example Sliding Control (with sgn(s) function) 

A saturation function, 𝑠𝑎𝑡(𝑠), was added to the 𝑠𝑔𝑛(𝑠) function to reduce 

the fluctuation of torque. The saturation function created an upper and lower 

bound thereby alleviating the instantaneous switching effect between [-1, 1] 

that is present in the 𝑠𝑔𝑛(𝑠) function (Figure 214). 

 

Figure 214 Switching control with saturation function. 
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The algorithm for the saturation function was implemented by:  

𝐼𝑓               |(𝑠𝑖)| ≥ 𝛿𝑏𝑜𝑢𝑛𝑑 

𝑠𝑎𝑡 (
𝑠𝑖

𝛿𝑏𝑜𝑢𝑛𝑑
) =  𝑠𝑔𝑛(𝑠𝑖) 

 

𝑒𝑙𝑠𝑒  

𝑠𝑎𝑡 (
𝑠𝑖

𝛿𝑏𝑜𝑢𝑛𝑑
) =  𝑠𝑔𝑛(𝑠𝑖) 

𝑒𝑛𝑑 (97) 

Figure 215 is an illustration of the saturation function and sliding plane with 

the boundary layer included. 

 

Figure 215: Example sliding control with saturation function 

The control input is given with: 

�̂� = �̂��̈�𝒓 + �̂��̇�𝒓 + �̂� (98) 
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After substitution: 

1

2

𝑑

𝑑𝑡
𝒔𝑻𝑯𝒔 = 𝒔𝑻(�̂� − 𝒌 ∙ 𝑠𝑎𝑡(𝒔) − 𝑪�̇�𝒓 − 𝒈 −𝑯�̈�𝒓) < 0  (99) 

That can be expressed as: 

𝒔𝑻(�̃��̈�𝒓 + �̃��̇�𝒓 + �̃�) −∑𝑘𝑖|𝑠𝑖|

𝑛

𝑖=1

≤ −∑휂𝑖|𝑠𝑖|

𝑛

𝑖=1

 (100) 

Rearranging the equation: 

𝒌𝒊 ≤ |(�̃��̈�𝒓 + �̃��̇�𝒓 + �̃�)𝒊| + 𝜼𝒊 (101) 

Compared in Figure 216 and Figure 217 is the implementation of the sign 

function instead of the saturation function. There is a significant decrease 

in fluctuation of torque for the controller caused by the implementation of 

the saturation function.  

 

Figure 216: Example sliding control with sgn() function  
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Figure 217: Example sliding control with sat() function 

9.5. Creating the State Space Model: 

Based on the control law the state vector can be described as: 

𝛿𝒔 =

[
 
 
 
 
 
𝑥
𝑦
𝑧
�̇�
�̇�
�̇�]
 
 
 
 
 

=

[
 
 
 
 
 
𝑥1
𝑥2
𝑥3
𝑥4
𝑥5
𝑥6]
 
 
 
 
 

 ⇒ 

[
 
 
 
 
 
�̇�1
�̇�2
�̇�3
�̇�4
�̇�5
�̇�6]
 
 
 
 
 

=

[
 
 
 
 
 
 
 
 

𝑥4

𝑥5

𝑥6

(3𝜔𝑜𝑟𝑏
2 𝑥1 + 2𝜔𝑜𝑟𝑏𝑥5) + 𝜏𝑥

−2𝜔𝑜𝑟𝑏𝑥4 + 𝜏𝑦

−𝜔𝑜𝑟𝑏
2 𝑥3 + 𝜏𝑧 ]

 
 
 
 
 
 
 
 

 (102) 
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Where in the state space model: 

𝒒 = [
𝑥
𝑦
𝑧
] = [

𝑥1
𝑥2
𝑥3
] (103) 

Using substitution: 

𝝉𝒊 = [�̂��̈�𝒓 + �̂��̇�𝒓 + �̂�]𝒊 −
[ 𝒌 ]𝑖  ∙ [𝑠𝑎𝑡 (

𝑠𝑖
𝛿𝑏𝑜𝑢𝑛𝑑

)]
𝑖

 (104) 

𝒌𝒊 = |(�̃��̈�𝒓 + �̃��̇�𝒓 + �̃�)𝒊| + 𝜼𝒊, (105) 

Where: 

𝑖 = 𝑥, 𝑦, 𝑧  

9.6. Simulation of Sliding Model Control of Docking 

with a Non-cooperative Target 

To demonstrate the functionality and performance of sliding mode control 

laws and to showcase how the control of the long-range rendezvous defines 

the initial conditions of the final approach that will ultimately be simulated 

using the ABVs, a computer simulation model was implemented. The 

model was implemented in Matlab/Simulink.  

As typical for rendezvous and docking simulations, the model uses the 

LVLH frame with the target at the origin. For maneuver targeting and 

simulation purposes, four distinct features were created in the space around 

the target object (see Figure 218). 
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Figure 218. Matlab model 

Zone 1 was defined to allow for trajectory change of the chaser as it 

approaches the target, to accommodate for the orientation and angular 

velocity of the target. The target is assumed to be at the center of a Keep-

Out Sphere (Zone 2) that has a cone of safe approach. Therefore, if the target 

rotates, the chaser had to remain within the bounds of the cone. 

With the target being either at rest or rotating about one of its body axes, 

the control law must maneuver the chaser from its initial or current position 

to the desired position. An illustration is presented in Figure 219. 
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Figure 219: Current and Desired Position for the Chaser 

Parameters chosen for are shown in Table 24. 

Table 24: Stationary Simulation Parameters Chosen 

Parameter Value 

λ 
0.00010 stationary model 

0.00030 rotation model 

𝛈 [0.0001;0.0001;0.0001] 

at(m) 7000000 

rsat (m) 5 

rchaser (m) 2 

rcone (m) 50 

hcone (m) 75 

Z1 (m) 2Z2 

Z2 (m) √(hcone)2 + (rcone)2 + rsat 

msat (kg) 1000 

δbound 
1.00 stationary model 

0.10 rotation model 
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The values, 𝝀 and 𝜼 were chosen to control the gain response. The 

simulations were performed at full scale, therefore appropriate dimensions 

were chosen for rchaser, the major dimension of the chaser satellite, the 

major dimension of the target satellite, rsat, radius of the base of the cone 

of safe approach, rcone, and hcone, the height of the cone of safe approach. 

From which the radial lengths (Z1 and Z2) of Zone 1 and Zone 2 were 

defined. 

9.6.1. Stationary Target  

The stationary targeting algorithm is formulated based on the LVLH frame 

(Figure 219). The equations of motion of a body in spherical coordinates 

are applied. The target vehicle was set to be stationary with the desired 

chaser location, 𝜌𝑑, and the angle of rendezvous on the XY plane, 휃𝑎𝑧𝑑, 

considered to be constant. The desired angle of elevation, 𝜙𝑒𝑙𝑑 , was set as 

zero.  

�̇�𝑑 = 0.0
𝑚

𝑠
, �̈�𝑑 = 0.0

𝑚

𝑠2
 

휃̇𝑎𝑧𝑑 = 0.0
𝑟𝑎𝑑

𝑠
, 휃̈𝑎𝑧𝑑 = 0.0

𝑟𝑎𝑑

𝑠2
 

𝜙𝑒𝑙𝑑 = 0.0 ° ∴ �̇�𝑒𝑙𝑑 = 0.0
°

𝑠
, �̈�𝑒𝑙𝑑 = 0.0

°

𝑠2
 

(106) 
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After simplification, the position of a body in spherical coordinates [70] can 

be expressed as: 

𝒒𝒅 = [

𝑥𝑑
𝑦𝑑
𝑧𝑑
] = [

𝜌𝑑 cos(휃𝑎𝑧𝑑)

𝜌𝑑 sin(휃𝑎𝑧𝑑)

0

] (𝑚) (107) 

The desired velocity and acceleration for the stationary case are: 

�̇�𝒅 = [
0
0
0
] (
𝑚

𝑠
) , �̈�𝒅 = [

0
0
0
] (
𝑚

𝑠2
)  (108) 

Assuming the target is simulated with a keep out sphere of 100 m, the 

stationary target algorithm is reliant on the current distance,𝜌, and angle,α, 

of the chaser satellite w.r.t. the target. The trajectory of the chaser is 

corrected based on its proximity to the target. If 𝜌 of the chaser is greater 

than the distance𝑍1, the initial desired trajectory of the chaser is set by 

condition (109a). If 𝜌 is less than 𝑍1 but greater than 𝑍2, and α, is not within 

the cone, (109b) is implemented, otherwise (109c) is the desired trajectory 

if α is within the cone and meets the other conditions of (109b). After the 

trajectory corrections provided by (109b and 109c) if 𝜌 is less than 𝑍2, 

condition (109d) is set as the desired trajectory to allow for rendezvous of 

the chaser satellite with the stationary target. Within certain segments of the 

algorithm, an arbitrary small offset of 10 m is selected to ensure that the 

chasers updated 𝒒𝒅 , �̇�𝒅 & �̈�𝒅 keeps progressing towards the desired 

rendezvous conditions.  
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IF 𝜌 > 𝑍1 

𝒒𝒅 , �̇�𝒅 & �̈�𝒅, 𝑤𝑖𝑡ℎ (𝜌𝑑 = (𝑍1 − 10)) (a) 

𝑬𝒍𝒔𝒆 𝒊𝒇 (𝜌 > (𝑍2 + 10))&&(𝜌 ≤  𝑍1)& 𝑛𝑜𝑡 𝑖𝑛 𝑐𝑜𝑛𝑒 

𝒒𝒅 , �̇�𝒅 & �̈�𝒅, 𝑤𝑖𝑡ℎ (𝜌𝑑 = (𝑍1 − 10)) (b) 

𝑬𝒍𝒔𝒆 𝒊𝒇 (𝜌 > (𝑍2 + 10))&&(𝜌 ≤  𝑍1)& 𝑖𝑛 𝑐𝑜𝑛𝑒  

𝒒𝒅 , �̇�𝒅 & �̈�𝒅, 𝑤𝑖𝑡ℎ (𝜌𝑑 = 𝑍2   )   (c) 

𝑬𝒍𝒔𝒆 𝒊𝒇 (𝜌 ≤ (𝑍2 + 10)) 

𝒒𝒅 , �̇�𝒅 & �̈�𝒅, 𝑤𝑖𝑡ℎ (𝜌𝑑 = 𝑟𝑠𝑎𝑡)  (d) 

END 

(109) 

For the stationary model, the control inputs �̂�, 𝑪 ̂, and �̂� were set to be: 

𝑯 = �̂�, 𝑪 = 0.98�̂�, 𝒈 = 0.98�̂� (110) 

|�̃�| ≡  0     (a) 

|�̃�| ≤ 2% of 𝑪     (b) 

|�̃�| ≤ 2% of 𝒈    (c) 

(111) 

No error is assumed in �̃� (36a) because the inertia matrix 𝑯, of the chaser, 

is defined as known from the Clohessy Wiltshire model. The error in, 𝑪 ̃ 

and, 𝒈 ̃ is deemed to come from the Coriolis and Centripetal, and the 

Gravitational torque terms respectively. 
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Stationary Model Target  

Four cases (0°, 90°, 180°, and 270°) are simulated using the stationary 

target algorithm to demonstrate that it is possible to maneuver from an 

arbitrary starting position and velocity to get to a pre-determined position 

on the target that has a set orientation.  

Initial State Values =

[
 
 
 
 
 
𝑥0
𝑦0 
𝑧0 
�̇�0
�̇�0
�̇�0 ]
 
 
 
 
 

=

[
 
 
 
 
 
1500 (𝑚)
2000 (𝑚)
500 (𝑚)
3 (𝑚/𝑠)
4 (𝑚/𝑠)
1 (𝑚/𝑠) ]

 
 
 
 
 

 (112) 

Based on the parameters chosen (Table 2), Figure 220 demonstrates there is 

oscillation in the chaser’s trajectory as it approaches Zone 1.  

 

Figure 220. Isometric view of Chaser Trajectory  
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Figure 221 is an enlarged view of the trajectories as the chaser performs the 

rendezvous maneuver in the stationary case.  

 

Figure 221. Zoomed in image of the trajectory- Stationary Model 

Figure 222 depicts successful rendezvous. In each case the chaser is able to 

go to the desired position such that the simulation is completed with the 

contact between the chaser and the target. 
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Figure 222. Zoomed in image of the stationary simulations 

 

Figure 223: Zoomed in view showing the rendezvous 

The position, velocity, and acceleration data from the simulation was 

processed and presented in Figure 224 matching with the CW theory. There 
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appears to be fluctuation in the X and Y position of the chaser as it spirals 

towards the target. The velocity and acceleration graphs also depict the 

same fluctuation as the position graph. In Figure 221, the rendezvous 

algorithm is initiated by the proximity of the chaser to the target. The 

simulation is completed when the chaser vehicle encounters the target. The 

following graphs (see Figure 224, Figure 225, and Figure 226) for is all four 

stationary target conditions to show that theoretical rendezvous and docking 

was possible from long range to up close. 

 

Figure 224. Position of Chaser relative to target. Stationary model. 
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Figure 225. Velocity of Chaser relative to Target. Stationary model. 

 

Figure 226: Chaser acceleration in x, y, z direction: Stationary model  
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The required control force for the stationary case targeting 0° docking 

position on the target is displayed in Figure 227. The limitations of the 

stationary model is that it may be too expensive given the amount of time 

required for rendezvous, and initial fluctuation in position, velocity, and 

acceleration of the chaser. A possible method to reduce the limitations of 

the stationary model would be to increase the tolerance for faster 

rendezvous but accept slightly greater uncertainty in the known parameters 

of |�̃�| and |�̃�|. 

 

Figure 227. Control input for Stationary Simulation 
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9.6.2. Rotating Target 

For the rotating model the following desired trajectory conditions were 

considered. 

�̅�𝒅 = [

𝑥𝑑
𝑦𝑑
𝑧𝑑
] = [

𝜌𝑑 cos(휃𝑑)

𝜌𝑑 sin(휃𝑑)
0

] (𝒎) (113) 

�̇̅�𝒅 = [
0
0
0
] (
𝑚

𝑠
) 

�̈̅�𝒅 = [
0
0
0
] (
𝑚

𝑠2
) 

(114) 

 

Figure 228. Definition of zone sections 

Shown in Figure 228, as the target rotated about its z-axis, the angles 

𝛽1, 𝛽2, 𝐶1, 𝐶2 were defined relative to the safety cone angle 𝛾. 𝛽1, 𝛽2, are 

defined as the upper and lower bound angles of the cone of safe approach. 

𝐶1, 𝐶2 are defined as ±90° from the angle of safe approach. Using the angles 
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𝛽1, 𝛽2, 𝐶1, 𝐶2 the Keep-Out-Sphere was partitioned into four main sections: 

S1, S2, S3, and S4 respectively. 

1. 𝑆1section: bounded by  𝛽2, 𝐶2 

2. 𝑆2section: bounded by  𝐶1, 𝐶2 

3. 𝑆3section: bounded by  𝐶1, 𝛽1 

4. 𝑆4section: Cone, bounded by  𝛽1, 𝛽2 

Each section caused the chaser satellite to change its desired trajectory, 

ensuring that the chaser satellite remained within the cone of safe approach, 

𝑆4. In order to avoid singularities within the model, the transition from 

[0,2𝜋] was accounted for by. 

The initial trajectory guidance command that instructs the chaser to proceed 

to Zone 1 with an initial set condition of 휃𝑑 = 0°.  Equation (115c) provides 

the rest of the trajectory desired path conditions, whereby upon arriving at 

Zone 2, due to the parameters chosen, the chaser is instructed to orbit 

clockwise on the safety sphere until desired docking conditions occur 

(115i). The trajectory course corrections are provided by (115f, 115g, and 

115h) to ensure that the chaser remains within the cone of safe approach 

(115i). 
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IF (ρ > Z1)  𝐪𝐝 , �̇�𝐝 & �̈�𝐝with (ρd = Z1, θazd = 0°)  (a) 

𝐄𝐥𝐬𝐞 𝐢𝐟 (ρ ≤ Z1)&(ρ > Z2) 

𝐪𝐝 , �̇�𝐝 & �̈�𝐝 with (ρd = Z2, θd = 0°)    (b) 

𝐄𝐥𝐬𝐞 𝐢𝐟 (ρ ≤ Z2) 

𝐪𝐝 , �̇�𝐝 & �̈�𝐝 with (ρd = Z2, θazd = α −
π

4
°)  (c) 

IF(2rsat ≥ 
ρ

4
)  Tdist = 2rsat       (d) 

Else  Tdist =
ρ

4
 END       (e) 

IF  (α within S1 )     (f) 

𝐪𝐝 , �̇�𝐝 & �̈�𝐝,  with (ρd = Tdist, θazd = γ°)  

Else if  (α within S2)    (g) 

𝐪𝐝 , �̇�𝐝 & �̈�𝐝,    with (ρd = Tdist, θazd = α +
π

2
°)  

Else if  (α within S3)    (h) 

𝐪𝐝 , �̇�𝐝 & �̈�𝐝, with (ρd = Tdist, θazd = α −
π

2
°)END 

IF (α within S4)          (i) 

𝐪𝐝 , �̇�𝐝 & �̈�𝐝 with (ρd = rsat, θazd = γ°)END 

END 

(115) 
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Rotation Model (error = 2%) 

For the purpose of our rotation model with robust trajectory control, an 

estimate to the control inputs �̂�, 𝑪 ̂, and �̂� were set to be: 

𝑯 = �̂�, 𝑪 = 1.02�̂�, �̅� = 1.02�̂� (116) 

By choosing these parameters (34), the modeling error becomes: 

|�̃�| ≡ 0 (117) 

|𝑪 ̃| ≤ 2.0% of 𝑪 (118) 

|�̃�| ≤ 2.0% of 𝒈 (119) 

Similar to the stationary case. No error is assumed in �̃� (39a) because the 

inertia matrix 𝑯, of the chaser, is defined as known from the Clohessy 

Wiltshire model.  

 

Figure 229. Case 1 simulation, 𝝎𝒛 = −𝟎. 𝟏 𝒓𝒂𝒅/𝒔 
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State Variables Rotation Model  

Depicted in Figure 229 is the simulation that was using the initial position 

and velocity conditions of the chaser presented in Table 25.  

Table 25: Rotation Simulation Initial Conditions 

𝜔𝑧 = −0.1 𝑟𝑎𝑑 / 𝑠 ≈  −5.72 ° / 𝑠 

𝑥0 (m) 𝑦0 (m) 𝑧0 (m) �̇�0 (m/s) �̇�0 (m/s) �̇�0 (m/s) 

1500 2000 500 3 4 1 

Figure 229 depicts the rendezvous, with the target body rotating clockwise 

about its z-axis at 0.1 rad/s. In order to determine an adequate trajectory, the 

limitations of the capture mechanism were considered. Table 26 displays 

the position, velocity and acceleration of the chaser at the moment of 

contact. 

Table 26: At Contact Rotation Simulation 

𝑡 1.0901 ∙ 105  𝑠 

𝒓 = [𝑥, 𝑦, 𝑧]𝑇 [
−6.95
−0.833
0

] m 

𝒗 = [�̇�, �̇�, �̇�]𝑇 [
−0.00211
0.000269

0
] (𝑚/𝑠) 

𝒂 = [�̈�, �̈�, �̈�]𝑇 [
0.163
0.194
0
] (× 10−04) (𝑚/𝑠2 ) 
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Figure 230. Case 1: zoomed in XY plane view 

Figure 230 depicts the enlarged view of the chaser trajectory as course 

corrections were made to approach the target. Figure 232, and Figure 233, 

show the position, velocity, and acceleration respectively. Similar to the 

stationary target case, and matching with the CW equations of motion 

theory described in [69], the chaser has oscillation in the X and Y dataset 

for the position, velocity, and acceleration. However, the Z data steadily 

decreases until rendezvous occurs.  
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Figure 231: Chaser position vs time. Rotating Target 

 

Figure 232. Chaser velocity vs time. Rotating Target 
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Figure 233. Chaser Acceleration vs. time. Rotating target 

 

Figure 234 Force Control Input Required for Rotation Case. 
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9.7. Discussion on simulations performed 

A limitation of the simulations performed are the assumptions made in both 

the stationary and rotation models. Each model is sensitive to changes in 

the chosen parameters: �̃�, �̃�, �̃�, 𝜆, and η  as well as the algorithms that are 

used to dictate the trajectory course.  

The stationary and rotation models demonstrate theoretically that 

rendezvous and docking through the cone of safe approach is possible. 

However, the total amount of time required for each respective maneuver 

to complete is quite extensive.  
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9.8. Chapter Summary 

This chapter looked at the theoretical long range orbital rendezvous and 

capture of an object using the Clohessy-Wiltshire equations of motion to 

simulate a satellite in orbit. The first step was the creation of the LVLH 

frame centered about the target vehicle. Section 9.1 set up the coordinate 

frame. Section (9.2-9.5) set up the modified sliding mode control model 

with the formation of the state space model. The simulation algorithms 

are described in section 9.6 with both a stationary as well as a rotating 

target simulation and respective algorithms. Section 9.7 presents a 

discussion on the simulations performed. 
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Chapter X: End-to-End Verification 

10. Introduction: End-to-End Verification 

Discussed in this section is the series of experiments that showcase the 

development and tuning of the controller to allow for rendezvous and 

capture of the relatively stationary target using the chaser ABV system. 

This chapter provides the End-to-End verification of the ABV 

performance. First a description of the desired trajectory that was used 

with the Matlab|Simulink model, then a description of experimental tests 

that were performed to calibrate the testbed, as well as the final series of 

runs that led up to rendezvous and capture of the target by the chaser 

vehicle. 

 

10.1. Desired ABV Trajectory Maneuver 

A bird’s eye view of the experimental test capture maneuver is shown here 

in Figure 235. The goal of the experiment is to investigate real-time capture 

with an uncooperative target using optical sensors to align the chaser with 

the target. The red triangle representsedthe front field of view of the Chaser 

as it approached the target. 
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Figure 235: Kinect V2 Sensor view 

10.2. Experimental PID Trajectory Control. 

In order to verify experimental autonomous rendezvous and docking 

between the chaser and target air-bearing vehicle. PID Trajectory control 

was chosen as the control method to be tested. Two different types of PID 

trajectory control were considered. The first was PID Position trajectory 

control, with the second being PID velocity trajectory control. 

PID position control: 

𝒖𝒄𝒐𝒏𝒕𝒓𝒐𝒍 = [

𝑢�̈�
𝑢�̈�
𝑢�̈�
] = 𝑲𝑷𝒆 + 𝑲𝑰∫𝒆𝑑𝑡 + 𝑲𝑫�̇� (120) 

PID velocity control: 

𝒖𝒄𝒐𝒏𝒕𝒓𝒐𝒍 = [

𝑢�̈�
𝑢�̈�
𝑢�̈�
] = 𝑲𝑷�̇� + 𝑲𝑰𝒆 + 𝑲𝑫�̈� (121) 
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Figure 236: PID Control Diagram 

Where: 

𝑲𝒑 = [

𝐾𝑝𝑥
𝐾𝑝𝑦
𝐾𝑝𝜙

] , 𝑲𝑰 = [

𝐾𝐼𝑥
𝐾𝐼𝑦
𝐾𝐼𝜙

] , 𝑲𝒅 = [

𝐾𝑑𝑥
𝐾𝑑𝑦
𝐾𝑑𝜙

] 

In Figure 236, both cases, 𝒖𝒄𝒐𝒏𝒕𝒓𝒐𝒍 is a representation of the control input 

acceleration that is needed in order to reduce the error between desired and 

current state. With the current state being defined as the vehicle’s position, 

velocity, and acceleration in terms of XY planar position and 𝜙 heading in 

the Global frame. 

[

𝒖𝒙𝒇𝒐𝒓𝒄𝒆
𝒖𝒚𝒇𝒐𝒓𝒄𝒆
𝒖𝝓𝒕𝒐𝒓𝒒𝒖𝒆

]

𝑮

= 𝑯[

𝑢�̈�
𝑢�̈�
𝑢�̈�
] = [

𝑚 0 0
0 𝑚 0
0 0 𝐼𝑧𝑧

] [

𝑢�̈�
𝑢�̈�
𝑢�̈�
] (122) 

From the equation of motion as defined in chapter 5.1 

[

𝑭𝒃𝒐𝒅𝒚𝒙
𝑭𝒃𝒐𝒅𝒚𝒚
𝑻𝒃𝒐𝒅𝒚𝝓

]

𝑮

= [

𝑭𝒇𝒓𝒊𝒄𝒙
𝑭𝒇𝒓𝒊𝒄𝒚
𝑻𝒇𝒓𝒊𝒄𝝓

]

𝑮

+ [

𝑭𝒈𝒓𝒂𝒗𝒙
𝑭𝒈𝒓𝒂𝒗𝒚
𝑻𝒈𝒓𝒂𝒗𝝓 

]

𝑮

+ [

𝒖𝒇𝒙
𝒖𝒇𝒚
𝒖𝑻𝝓

]

𝑮
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10.3. Desired Trajectory Algorithm 

The desired trajectory for the chaser vehicle as it approached the target 

vehicle was defined by the following set of equations: 

𝒙𝒅  = 𝒙𝒔𝒕𝒂𝒓𝒕 + (𝒙𝒈𝒐𝒂𝒍 − 𝒙𝒔𝒕𝒂𝒓𝒕) (
𝑡

𝑡𝑓
− (

1

2𝜋
)) sin (2𝜋

𝑡

𝑡𝑓
) (123) 

𝒙𝒅  = 𝒙𝒔𝒕𝒂𝒓𝒕 + (𝒙𝒈𝒐𝒂𝒍 − 𝒙𝒔𝒕𝒂𝒓𝒕) (
𝑡

𝑡𝑓
− (

1

2𝜋
)) sin (2𝜋

𝑡

𝑡𝑓
) 

(124) 

�̈�𝒅 = (𝒙𝒈𝒐𝒂𝒍 − 𝒙𝒔𝒕𝒂𝒓𝒕) (
1

𝑡𝑓
)(
2𝜋

𝑡𝑓
) sin (2𝜋

𝑡

𝑡𝑓
) 

(125) 

𝒙𝒔𝒕𝒂𝒓𝒕 is the initial starting position of the respective vehicle: 

𝒙𝒔𝒕𝒂𝒓𝒕 = [

𝑥𝑖𝑛𝑖𝑡𝑖𝑎𝑙
𝑦𝑖𝑛𝑡𝑖𝑎𝑙
𝜙𝑖𝑛𝑖𝑡𝑖𝑎𝑙

] 

Where 𝒙𝒈𝒐𝒂𝒍 is defined as the desired goal position at time 𝑡𝑓: 

𝒙𝒈𝒐𝒂𝒍 = [

𝑥𝑔𝑜𝑎𝑙
𝑦𝑔𝑜𝑎𝑙
𝜙𝑔𝑜𝑎𝑙

] 

For the chaser vehicle, Bob, the 𝒙𝒈𝒐𝒂𝒍 position was tuned according to the 

geometry of the vehicle and set to be 0.5m offset in the y-direction from the 

target. 

At t = 40 seconds, the desired trajectory algorithm was changed to make the 

chaser hold position. This can be seen in the Figure 237, 237, and 238. 
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Figure 237: Chaser Desired Position Trajectory 
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Figure 238: Chaser Desired Velocity Trajectory 

 

Figure 239: Chaser Desired Acceleration trajectory  
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10.4. Tuning the PID Vehicle Models.  

The tuning and calibration of the PID controller for both vehicles occurred 

through multiple trials and tuning of the vehicle controller, dynamics 

settings and system. A required step in order to characterize the dynamic 

behavior of both vehicles involved taking the limitations imposed by both 

vehicle’s translation and rotation limits. This was done earlier in chapter 7.1 

with the thrust and inertia testing that put an upper cap of 0.2 N on the 

exerted expected upper maximum force from each CGT. 

T01a: Tracking offset desired position and orientation 

 

Figure 240: Test 01a Tracking offset desired position and orientation  

This was the test with the ‘bounce’ where tracking an offset position from 

the target to create a trajectory proved unstable and caused the chaser to 
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approach the target vehicle too fast. There was contact then the chaser 

vehicle bounced off the target and was sent in the opposing direction. 

T01b: Tracking offset Position and Orientation 

 

Figure 241 Test 01b Tracking Offset Position and Orientation 

Figure 241 shows one of the first tests that was attempted to run both 

vehicles at the same time. Whereby the chaser was made to track and follow 

the target vehicle with an offset of 0.75 m. This test did not provide a smooth 

trajectory approach that was desired. With the chaser vehicle losing 

orientation heading. 
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T02a: Tracking offset position from stationary target. 

 

Figure 242 Test 02a Offset position and orientation from stationary 

target 

The next series of tests were focused just on the chaser vehicle Bob. Where 

a set point was set at a given offset position from where the target vehicle, 

Charlie, was located. The PID control was set to go towards the set point. 

The overall performance of the PID controller showed remarkable 

improvement to the overall vehicle’s motion. However, while the chaser 

was able to get to the target, its orientation was facing in the wrong direction 

at the end of maneuver 
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T02b: Tuning of Gains for Stationary Target 

 

Figure 243: Test 02b Tuning of Gains for Stationary Target 

The overall PID values were tweaked, however there appeared to be a 

slightly different issue where the momentum of the vehicle carried through 

and caused the vehicle to have a difficulty slowing down and braking. 

  



303 

 

T02c: Tuning of Gains for Stationary Target 

 

Figure 244: Test 02c further testing for tuning of gains 

In this test run the overall performance of the PID position control with 

desired set point, seemed to work up to a certain extent. Whereby the vehicle 

was able to approach, the desired point however, the chaser vehicle gained 

too much momentum and was not able to slow down in time causing the 

chaser vehicle to lose orientation heading. 
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T03a: Desired trajectory implementation 

 

Figure 245 Test 03a Implementation of a desired trajectory 

There appears to be much better tracking with the implementation of a 

cycloidal desired trajectory. However, the vehicle may have become 

impeded and perhaps there was dirt or a misfiring to cause a circular 

trajectory behavior as shown in Figure 245. 
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T03b Desired trajectory further tuning 

 

Figure 246: Test 03b further testing and tuning of the controller 

Further tuning is required to have the vehicle reach the desired position. In 

Figure 246 Bob appears to overshoot the desired position; however, it does 

appear to start to correct its current position up until the experiment runs to 

completion. 
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T03c: Desired Trajectory further tuning 

 

Figure 247: Test 03c further testing for vehicle performance tuning 

Further tuning as shown in Figure 247, Bob appears to get closer to where 

it needs to go with overshoot in the horizontal direction that is corrected up 

until the end of the experimental run. 
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T04a: Implementation of both chaser and target vehicle 

The method for testing was changed and the target vehicle was brought back 

into the experimental setting as shown in Figure 248. From this 

experimental run, it was found that the chaser vehicle was given a set point 

distance that was too far away and was not able to interact with the chaser 

vehicle. In addition, the target vehicle oscillated and was not able to hold a 

constant heading. However, the overall tuning and behavior of the chaser 

vehicle appeared to improve. 

 

Figure 248: Test 04a Implementation of running target and chaser 

vehicle 
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T04b: Further tuning of both vehicle’s performance 

parameters. 

 

Figure 249: Test 04b further tuning of both vehicle’s parameters 

Shown here in Figure 249, is the last run of the experimental test day 03 06 

2019, where it appeared that both the behavior of the Chaser and Target 

vehicle were both behaving in a more nominal and controllable manner. It 

was at this stage that the next phase of testing was implemented with the 

actuation of the gripper with the vehicle running at the same time. 
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Figure 250: Relative position of both vehicles 

Figure 250, is a representation of both vehicle’s relative position as Test 

04b was performed. 
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10.5. PID Experimental Test Results 

Outlined, are the tests done to achieve rendezvous and capture between the 

chaser and target vehicle. 

10.5.1. Run 1: Vehicles did not align correctly 

Run 1: Bob and Charlie  

This run highlights how Bob approaches Charlie then was not able to 

complete the capture maneuver since Bob was just out of reach of the target 

vehicle. 

  

 

  

Figure 251: Run 1 Bob and Charlie   
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Run 1: Control Input 

Shown here is the control input commanded to both the Chaser and Target. 

If the control input exceeds [-1 , 1] then the desired maneuver is beyond the 

parameters of the vehicle’s performance. This over-saturation of control 

input can be seen in Bob’s 𝑈𝑥, 𝑈𝑦 command. 

 

Figure 252: Run 1: Bob and Charlie control input  
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Run 1: Bob and Charlie CGT Command 

The command PWM signal sent to each solenoid pneumatic actuator on 

Bob is shown in Figure 254. The command signal is split between the blue 

translation and red rotation command. With the Duty Cycle that is received 

shown in green. 

 

Figure 253: Bob CGT Command 𝑺𝒐𝒍𝟏 𝑺𝒐𝒍𝟐 𝑺𝒐𝒍𝟑 𝑺𝒐𝒍𝟒  
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Figure 254: Bob CGT Command 𝑺𝒐𝒍𝟓 𝑺𝒐𝒍𝟔 𝑺𝒐𝒍𝟕 𝑺𝒐𝒍𝟖  

Charlie’s command is somewhat different that Bob, since it is commanded 

to hold position. This can be seen in the alternating thruster command that 

was sent to the solenoid pneumatic actuators that are commanded to hold 

relative position. 
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Figure 255: Charlie CGT Command 𝑺𝒐𝒍𝟏 𝑺𝒐𝒍𝟐 𝑺𝒐𝒍𝟑 𝑺𝒐𝒍𝟒  
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Figure 256: Charlie CGT Command 𝑺𝒐𝒍𝟓 𝑺𝒐𝒍𝟔 𝑺𝒐𝒍𝟕 𝑺𝒐𝒍𝟖  
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Run 1: Bob and Charlie Position Compared to Desired 

The desired trajectory is shown as compared to the tracked position of both 

the Chaser and Target ABVs.  

 

Figure 257: Position Tracking of Bob and Charlie 
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The Optitrack position tracking of both vehicles is shown here in Figure 258 

and Figure 259. 

 

Figure 258: Run 1 Relative position tracking of Bob and Charlie 

 

Figure 259: Run 1 Bob and Charlie from bird’s eye view   
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10.5.2. Run 2: Near Miss 

Run 2: Bob and Charlie 

 

Figure 260: Run 2 Gripper does not activate in time 

Figure 260, It appears that successful rendezvous was made possible and 

both vehicles are aligned in order to allow for capture. However, the gripper 

does not activate in time to grab the vehicle. This led to the chaser ABV 

bouncing off the target and sliding off 
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Figure 261, depicts the chaser vehicle moving away from the target ABV 

after initial contact while the gripper was actuating and closing. From 

observation of this experimental run possible improvement would be to 

reduce the timing delay in the actuation of the stepper motor of the gripper. 

 

Figure 261: Chaser vehicle no longer aligned after initial impact  
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Run 2: Control Input 

The control input of Bob and Charlie ABVs for run 2 is shown here in 

Figure 262. 

 

Figure 262: Run 2 Bob and Charlie Control input 
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Run 2: Bob and Charlie CGT Command 

Bob’s CGT actuation command is shown here for Run 2 (Figure 264) 

 

Figure 263: Bob CGT Command 𝑺𝒐𝒍𝟏 𝑺𝒐𝒍𝟐 𝑺𝒐𝒍𝟑 𝑺𝒐𝒍𝟒  
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Figure 264: Bob CGT Command 𝑺𝒐𝒍𝟓 𝑺𝒐𝒍𝟔 𝑺𝒐𝒍𝟕 𝑺𝒐𝒍𝟖  
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Charlie’s CGT command to hold position for run 2 is shown here in (Figure 

266) 

 

Figure 265: Charlie CGT Command 𝑺𝒐𝒍𝟏 𝑺𝒐𝒍𝟐 𝑺𝒐𝒍𝟑 𝑺𝒐𝒍𝟒  
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Figure 266: Charlie CGT Command 𝑺𝒐𝒍𝟓 𝑺𝒐𝒍𝟔 𝑺𝒐𝒍𝟕 𝑺𝒐𝒍𝟖  
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Run 2: Bob and Charlie Position Compared to Desired 

 

Figure 267: Bob Position 

 

Figure 268: Charlie Position  
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The vehicle’s relative position is shown in Figure 269, with the bird’s eye 

relative positioning of each vehicle shown in Figure 270. 

 

Figure 269: Relative position of each vehicle. 

 

Figure 270: Vehicle relative position from bird’s eye view. 
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10.5.3. Run 3: Successful Capture 

Run 3: Bob and Charlie 

Run 3 is a successful rendezvous and capture sequence between the chaser 

and target vehicle. Figure 271 shows the initial approach between the chaser 

and target ABV. 

 

Figure 271: Bob and Charlie initial maneuvering  



328 

 

Figure 272 is a series of photos that displays the gripper arm closing and 

grasping the target vehicle. 

 

Figure 272: Actuation of Gripper and Capture of Target Feature 
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Figure 273 shows how after capture, the chaser vehicle is able to maintain 

contact for the duration of the experiment run. 

 

Figure 273: Capture of Target by Chaser ABV is stable 
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Run 3: Control Input 

Run 3 control input to the two ABVs is shown. Charlie is commanded to 

hold position, with Bob instructed to follow a pre-defined trajectory towards 

a desired position state [𝑥𝑑 𝑦𝑑 𝜙𝑑]. 

 

Figure 274: Bob and Charlie Control Input  
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Run 3: Bob and Charlie CGT Command 

The chaser CGT command is given here in Figure 276 for the on-board 

CGT pneumatic actuators. 

 

Figure 275: Bob CGT Command 𝑺𝒐𝒍𝟏 𝑺𝒐𝒍𝟐 𝑺𝒐𝒍𝟑 𝑺𝒐𝒍𝟒  
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Figure 276: Bob CGT Command 𝑺𝒐𝒍𝟓 𝑺𝒐𝒍𝟔 𝑺𝒐𝒍𝟕 𝑺𝒐𝒍𝟖  

With the target’s CGT actuation command being shown in Figure 278. 
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Figure 277: Charlie CGT Command 𝑺𝒐𝒍𝟏 𝑺𝒐𝒍𝟐 𝑺𝒐𝒍𝟑 𝑺𝒐𝒍𝟒  
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Figure 278: Charlie CGT Command 𝑺𝒐𝒍𝟓 𝑺𝒐𝒍𝟔 𝑺𝒐𝒍𝟕 𝑺𝒐𝒍𝟖  
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Run 3: Bob and Charlie Position  

Bob and Charlie’s Optitrack position tracking is shown here in Figure 279. 

 

 

Figure 279: Position of Bob and Charlie Compared to Desired  
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When contact and successful capture is made at the approximate 40 second 

mark within the Simulink experimental time frame the angular velocity and 

acceleration of both ABVs become in sync (�̇�, �̈�) as shown in Figure 280. 

 

 

Figure 280: Tracking of Velocity and Acceleration during Capture 
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Figure 281 shows the Optitrack position data of each ABV, during the run 

3 capture experiment. From this, we can observe that complete capture 

occurs at approximately the 40-second mark where the position of both 

vehicles become stable. 

 

Figure 281: Relative Position of each vehicle  
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Figure 282, the relative positioning of both vehicles during this capture is 

shown here in the bird’s eye view perspective. Where similar to the previous 

two runs the chaser vehicle approaches the target from the left hand side 

along the desired trajectory. 

 

Figure 282: Bird’s Eye View of Each Vehicle. 
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Run 3 Gripper Force Data 

Figure 284 shows the recorded gripper force values that were recorded 

during Run 3. The 𝐺𝑟𝑖𝑝𝑝𝑒𝑟2 experiences an absolute recorded exerted force 

of 0.5 N in compression between the gripper finger and the hard surface of 

contact at the 37-second mark. The grasping tool is shown in Figure 283 

 

Figure 283: Gripper grasping tool. 
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Figure 284: Gripper Force Sensors 
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10.6. Chapter Summary. 

This chapter includes the results from three experimental runs that were 

performed to verify rendezvous and capture of the target vehicle. First, 

the PID trajectory control method was covered with the desired trajectory 

algorithm. The next step was the tuning process in order to find the 

appropriate gains for both the chaser and target ABVs. During the 

experimental testing process, it was found that the surface mount of the 

chaser interface needed to be adjusted so that the vehicle bumpers would 

not interfere with the docking process.  

The first run highlighted a case where the vehicles did not align correctly 

during the rendezvous approach; the second run was a case where there 

was a near miss with the gripper closing too slow for the relative motion. 

The gripper actuation was controlled by the human controller at the 

remote desktop location. In the third run, the chaser vehicle was able to 

successfully grasp and interact with the target ABV. 
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Chapter XI: Conclusion 

11. Dissertation Summary. 

A hardware-in-the-loop testbed for the study of spacecraft rendezvous and 

capture was designed, built, and tested. The core components of this system 

are two ABVs Bob and Charlie used to study spacecraft formation flight, 

contact dynamics, and maneuver dynamics.  

The research documented in this dissertation, involved the development of 

a modified sliding mode controller for long range rendezvous and docking 

that provided the initial conditions for the testing performed on the air-

bearing table surface shown in chapter 10.  

As part of the ABVs design, development, and fabrication various on-board 

sensors were considered for close proximity navigation. However, it was 

decided that the initial navigation and testing was to be done using the 

Optitrack camera system which was demonstrated to be able to track both 

vehicle rigid bodies. Filtering methods for the Optitrack data system were 

developed in order to interpret position, velocity, and acceleration data. This 

was implemented within Matlab|Simulink script. The Air-Bearing Table 

surface was mapped and characterized in order to determine local maxima 

and minima of the table surface, it was discovered that due to positioning of 

the cameras and light fixtures within the laboratory that there are blind spots 

on the table due to what can be derived as poor light reflectivity. 
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The equations of motion for the ABVs was then development to account for 

the external forces experienced by the vehicles. This included the friction 

effects from the compressed air and table surface, with the gravity effects 

from the tilt/slant of the table. The forces exerted on the body of the vehicle 

were consolidated and then defined for each of the eight thrusters using a 

pseudo-inverse method. From there, the ABVs conflict of command was 

resolved whereby the CGTs were commanded to split an even amount of 

time between translation and rotation maneuvers respectively.  

Testing and calibration of the Air-Bearing Vehicles was then performed 

with translation and rotation experiments in order to characterize the current 

thrust profile of Bob and Charlie. The grasping tool was then tested for 

implementation on the chaser ABV, with three different types of surface 

types: rigid, brittle, and ductile surfaces.  

With communication command from the remote computer that performed 

the calculations using Wi-Fi UDP to communicate with the HUB system on 

each vehicle, that then broadcasted the C++ UDP Ethernet for on-board 

communication between the CPU and Arduino actuators. Based on 

experimental tests, it does appear that some latency and lag is prevalent due 

to dropped packets. 

End-to-end verification experiments demonstrated the performance of the 

system and its suitability for use in the verification of rendezvous and 

capture sensors and actuators, as well as in the validation of prediction 
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models for capture dynamics. This involved experiments using PID 

trajectory control with the chaser and target ABVs. The chaser vehicle 

autonomously approached the target ABV that was commanded to hold a 

relatively stationary position, with the gripper of the chaser ABV actuated 

to interact with the grasping features located on the front face of the target 

ABV. 

11.1. Conclusion of the work achieved  

Overall the hardware-in-the-loop testbed has been shown to be able to 

achieve formation flight, where the ABVs can be adapted for the task 

required. The hardware-in-the-loop testbed verified that successful 

rendezvous and capture between a designated chaser and target vehicle on 

the ABT was possible. With both vehicles directly controlled and operated 

from a remote computer.  

It was demonstrated in section 10.5, run 1 Figure 257, that under command 

the target vehicle was able to hold position with oscillation measured 

between ±5 𝑐𝑚 in the x-direction with ±4 𝑐𝑚 in the y-direction. The target 

vehicle position oscillation can be attributed to the controller and gains 

used, latency from message sent with delay of hardware actuation, condition 

of testing such as on the air-bearing table surface, and Optitrack camera 

sensor system. Run 2 demonstrated that the vehicle was able to line up and 

get within range to allow for capture, however during this run the gripper 
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tool took too long to close ., with Run 3 showing the complete sequence of 

rendezvous and capture of the target system by the chaser ABV. The work 

done also demonstrated the ability of the grasping tool to be able to function, 

receive command and operate in real time, in conjunction with the vehicle 

working. 

11.2. Improvement on work accomplished 

From the experimental test runs, it was observed that the CGTs were not 

able to provide consistent thrust at all times which led to inconsistent 

trajectory motion for both the chaser and target vehicles. The inconsistent 

trajectory motion had a much more dramatic effect with the chaser 

performance as compared to that of the target vehicle. This is because the 

chaser was commanded to move to enable rendezvous and capture, whilst 

the target was commanded to hold position. Possible factors that could have 

affected the experiment runs: the dynamic mass change from the 

consumption of on-board compressed nitrogen gas during operation, Each 

ABV’s mass distribution was not exactly symmetrical that could lead to 

tendency of each ABV favoring motion in one particular direction over 

another. The performance of the CGTs were demonstrated in the translation 

experiments in section 7.2.3, where the calculated average CGT force 

values in each respective direction were shown to be different. In addition, 

section 4.2 the leveling of the air-bearing table was shown to be not exactly 

level, with a non-uniform warping of the entire ABT by at most ±0.5 ° . 
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The gripper system on the vehicle was shown to be operational and allow 

for capture, this was presented in section 10.5.3, however based on testing 

and experiments performed, 12 seconds were required to actuate the gripper 

closed and open. The gripper actuation time was considered to be too long, 

and a minor improvement would be to decrease the actuation delay time and 

cause the gripper to actuate faster.  

11.3. Major Contributions  

The major contributions include: 

 The creation of a modified sliding mode controller with the 

Clohessy-Wiltshire equations of motion, was done in order to 

simulate theoretical rendezvous and docking of a chaser spacecraft 

with a non-cooperative, rotating and stationary target spacecraft. 

The results were presented in a conference paper [32]. The solution 

of this work done was used as the initial conditions of the hardware-

in-the loop experiments. 

 The design and build of two ABVs with compressed nitrogen cold-

gas propulsion and modular reaction wheels. With the preliminary 

experimental characterization of the vehicle performance, as well as 

utilization of the vehicle base during testing with robotic tentacle 

limb. The design and initial calibration of the ABVs was presented 

in two conference papers [33] [35].  
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 The experimental verification of the performance of the capture 

gripper with different target geometries and surface characteristics 

was calculated and presented in a conference paper [34]. 

 The derivation of the equations of motion of the ABVs, including 

friction and gravity effects. With the experimental characterization 

of the tilt and flatness of the air-bearing table as well as the Optitrack 

camera sensor system. 

 The development, calibration, and testing of a modular experimental 

hardware in-the-loop system for final approach and capture. The 

testbed can be used and easily adapted for applications related to 

spacecraft formation flight, the study of contact dynamics, and 

maneuver dynamics. 

  End-to-end verification of the functionality and performance of the 

ABVs and a PID based trajectory controller in linearized final 

approach and capture scenarios. 

11.4. Future Work Recommendations 

The implementation and integration of reaction wheels into each vehicle is 

the next step forward in providing better navigation control. A reaction 

wheel would allow for independent control to the heading as well as yaw 

rate [𝜙, �̇�] of the ABVs. As compared to the current configuration that is 

using the pneumatic solenoids for both translation and rotation control. This 
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would have the added benefit of reducing the amount of compressed 

nitrogen consumed during each experimental run. Each 50-second 

experimental run that was highlighted in chapter 10 consumed 800-1000 psi 

of compressed nitrogen gas. Both ABVs have two air tanks on-board that 

are initially pressurized to 2000-2200 psi, after four runs a refill of 

compressed Nitrogen was required. An area of improvement would be the 

development and implementation of a better grasping gripper mechanism 

that can fit within the vehicle’s frame. The current grasping gripper design, 

while able to grasp the target vehicle as demonstrated in chapter 10.2 could 

use a design iterations to allow for more methods of capture. Examples 

include the implementation and testing of a gripper that can change its 

configuration based on the type of surface that it needs to interact with, 

whilst providing good contact surface area for the force sensors. 

One of the key areas of improvement of this hardware-in-the-loop vehicle 

is the implementation of on-board navigation system with cameras and 

sensors such as using the Kinect V2 vision camera system for state 

estimation and distance proximity. This would allow the vehicle to forgo 

the use of only the Optitrack camera system for navigation purposes thereby 

creating a better analog for an autonomous space vehicle. Whereby the 

ground truth data could be equated to the Optitrack Camera system and the 

on-board sensors have to consolidate with what the ABV senses as its 

surroundings.  
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Appendix 

A: Contact Dynamics Physics Engines 

Different types of physics engines that exist and list if they are open source, 

commercial, and free to use. 

Table 27: Open Source & Commercial Physics Engines 

 Dynamechs http://dynamechs.sourceforge.net/  

Dynamo http://home.iae.nl/users/starcat/dynamo  

Fast CCD collision  library http://graphics.ewha.ac.kr/fast 

Physsim http://physsim.sourceforge.net/  

Solid 3.5 collision library http://www.dtecta.com/  

Springhead http://springhead.info/index.en.php  

Table 28: Open Source Physics Engines 

Jiglib http://www.rowlhouse.co.uk/jiglib  

Aero http://www.aero-simulation.de/  

Physics Engine http://www.thephysicsengine.com/  

OpenMASK http://www.irisa.fr/siames/OpenMASK  

Pulsk http://www.ngaloppo.org/courses/comp259/pulsk  

  

http://dynamechs.sourceforge.net/
http://home.iae.nl/users/starcat/dynamo
http://graphics.ewha.ac.kr/fast
http://physsim.sourceforge.net/
http://www.dtecta.com/
http://springhead.info/index.en.php
http://www.rowlhouse.co.uk/jiglib
http://www.aero-simulation.de/
http://www.thephysicsengine.com/
http://www.irisa.fr/siames/OpenMASK
http://www.ngaloppo.org/courses/comp259/pulsk
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Table 29: Closed Source & Free for Commercial use Physics Engines 

Newton http://www.physicsengine.com/  

Chrono: Engine 

physics library 

http://www.deltaknowledge.com/chronoengine  

Fastcar http://www.oxforddynamics.co.uk/  

Table 30: Closed Source & Commercial Physics Engines 

Havok http://www.havok.com/  

Ageia/Nobodex http://www.ageia.com/  

Table 31: Multi-physics commercial packages 

ANSYS http://www.ansys.com/  

Maya: Autodesk http://www.autodesk.com/products/maya/overv

iew  

COMSOL: 

Multi-physics 

http://www.comsol.com/comsol-multiphysics  

Lightwave https://www.lightwave3d.com/overview/  

Matlab | 

Simulink 

http://www.mathworks.com/products/simulink/

index-b.html  

Blender http://www.blender.org/  

 

  

http://www.physicsengine.com/
http://www.deltaknowledge.com/chronoengine
http://www.oxforddynamics.co.uk/
http://www.havok.com/
http://www.ageia.com/
http://www.ansys.com/
http://www.autodesk.com/products/maya/overview
http://www.autodesk.com/products/maya/overview
http://www.comsol.com/comsol-multiphysics
https://www.lightwave3d.com/overview/
http://www.mathworks.com/products/simulink/index-b.html
http://www.mathworks.com/products/simulink/index-b.html
http://www.blender.org/
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B: Simulation Models and Control Code 

The functional/critical code developed for the Chaser and Target vehicle’s 

operation will be more useful if accessible through an online repository. 

Perhaps if you are reading this in the future you can reach out to me and I 

can provide the operational code: 

 

Figure 285: Communication Network on ABV 

Figure 285 is an illustration of the overall communication network between 

the remote PC control station and ABVs. With Figure 286 being a flow 

diagram of on-board PC messages that are sent and received. 
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Figure 286: Flow Diagram of On-Board messages sent and received. 

An overall flow diagram of the Matlab|Simulink Code is presented in Figure 

287. With screen capture of the Model shown in Figure 288. 

 

Figure 287: Matlab|Simulink Flow Diagram  
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Figure 288: Matlab|Simulink Block diagram 

  



365 

 

C: Major Parts and Components 

List of primary parts and components: Batteries, computer, solenoids, 

power converters, sensors, arduinos, shields, motors, nozzles for the ABVs 

are presented in this section. With Flow diagrams in Figure 289, Figure 290, 

Figure 291 an itemized list of components presented in table 33 – 40. 

 

Figure 289: Flow Diagram of Major Components  
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Figure 290: Wiring Diagram of Gripper 

 

Figure 291: Wiring Diagram of CGT Thrusters 
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Table 32: Body Frame Parts 

Part Name Part Description Source 

5537T101 

20 mm  Solid Style -  T Slot Wd 8 mm 

Aluminum Single Profile Extrusion - 6' 

M
cM

a
ster C

a
rr

 

5537T64 

Adjustable Connector, M4 Thread Size for 20 

mm High Aluminum T-slotted Framing extrusion 

5537T75 

Spring Loaded Ball Fastener, M5 Thread Size for 

Aluminum T-Slotted Framing Extrusion 

89155k27 

oversized Multipurpose 6061 Aluminum  

1/4" Thick, 18" x 18" 

91292A125 

M5 x Pitch 0.8 Stainless Steel Socket Head Caps 

Pack of 100 

18-8 Stainless steel, 12 mm length 

90685A041 

Type 18-8 Stainless Steel Hex Nut M5x0.8 

Thread Size, 8 mm Wide, 4 mm High 

Pack of 100 

93475A240 

Type 18-8 Stainless Steel Flat Washer M5 Screw 

Size, 5.3mm ID,  10.0mm OD 

Pack of 100 
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Table 33: Air Bearing Pads Sub Assembly 

Part Name Part Description Source 

S105001 

Newway Air bearing 50 mm Diameter. 

Mounting Details for 50mm Flat Round Air 

Bearing with Round End Ball Mounting Screw 

N
ew

w
a
y

 a
irb

ea
rin

g
s 

S8013B17 

13mm Diameter / M10 x 0.50 x 54 mm lg 

Ball Mounting Screw - Round End 

S8013H04 

M10 x 0.50 I.D. / M16 x 2 O.D 

Nut Housing Assembly 

S8013S01 

13mm  

Ball Retainer 
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Table 34: Cold Gas Thrusters 

Part Name Part Description 
Source 

EH2012 -1-C203 
E & EH Series Solenoid Valve Gems 

Sensors 

MSC PART # : 

04355319 

Made in USA - # 10-32 National 

Coarse, Aluminum Threaded Rod 3' 

M
scd

irec
t 

MSC PART#: 

04152435 

Tapered End Mill - Made in USA - 1.5 

degree taper angle per side, 3/32" time 

diameter, 3/4" length of cut, high speed 

steel 3 flute tapered square end mill 

MSC PART#: 

81440745 

Made in USA - 2° Taper Angle per Side, 

1/16" Tip Diam, 1/2" Length of Cut, 

High Speed Steel 3 Flute Tapered 

Square End Mill 

92196A267 

18-8 Stainless Steel Socket Head Cap 

Screw 10-32 Thread, 3/8" Length 

Pack  of 100 
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Table 35: Pressurized Air Tubing 

Part Name Part Description Source 

5392K11 

Low Pressure Polypropylene Semi-Clear Tubing 

1/8" ID, 1/4" OD 50 ft length, rated up to 250 PSI 

M
cM

a
ster C

a
rr

 

9685T3 

Flexible High Pressure Nylon Tubing  

Semi-Clear  0.15" ID, 1/4" OD 10 ft 

5233K52 

Materkleer PVC Clear Tubing 

1/8" ID, 1/4"OD 50 ft 

Soft, Very Flexible 60 PSI rating 

 

Table 36: Air Regulator Sub Assembly 

Part Name Part Description Source 

PR7N4-

HP-AV 

Single Stage Piston Regulator 

B
esw

ick
 

MCB-14-

303-V 

10-32 Thread to 1/4" O.D. Tubing, Straight 

Compression, 303 Stainless Steel 

MT-1010-

303-V 

10-32 Thread to 10-32 Threads adapter,  

MPFAE-

1014-303-

V 

Female Pipe Thread to 10-32 Male Thread 

Adapter, 303 Stainless Steel 
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Table 37: Manifold Sub Systems 

Part Name Part Description Source 

4839K802 

Manifold for Initial Pressure intake 

Type 303 Stainless Steel, 3 outlets on One 

Side 3/8 Pipe Size Inlet 

M
cM

a
ster C

a
rr

 

4464K332 

Type 304 Stainless Steel Threaded Pipe 

Fitting 

1/4 Pipe Size, Hex Head Plug 3000 PSI 

8239K15 

Quick-Assembly Satinless Steel tube fitting  

Straight Adapter for 1/4" Tube x 1/4 NPT 

male 

93657A063 

Nylon Unthreaded Spacer 

8mm OD, 20 mm Length, for M5 Screw Size 

69851 
3/8" to 1/8" Female NPT Brass Bushing 

fastenal 

- 
Ninja Remote Coil W/ Push to Connect (PTC) 

ansgear 
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Table 38: Electronic Components 

Description Source 

HyperX FURY 16 GB (2 x 8GB) 288 Pin DDR4 SDRAM 

DDR4 2133 (PC4 17000) 

N
ew

eg
g

 

MSI B150I GAMING PRO AC LGA 1151 Intel B150 Mini 

ITX Intel Motherboard 

Intel Core i5-6500 6M Skylake Quad-Core 3.2 Ghz LGA 1151  

SAMSUNG 850 EVO M.2 250 GB SATA III SSD 

1FT Cat5e Blue Ethernet Network Patch Cable RJ45 Lan Wire  

JIUWU AD905A SATA III 3 to M.2 (NGFF) SSD 7+5 pin 

Connector Converter Adapter Card 

A
m

a
zo

n
 

Inateck SSD / SATA III Hard Drive Connection Cables 

power switch uxcell 2 Pcs 20.5" Long Power Button Switch 

Arduino Uno R3 (Atmega328 - Assembled) 

A
d

a
fru

it 

Adafruit Motor/Stepper/Servo Shield for Arduino v2 Kit - v2.3 

Shield Stacking Headers for Arduino (R3 Compatible) 

Ethernet Shield for Arduino - W5500 Chipset 

Single Tact Miniature Force Sensor 100N 
SingleTact 
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Table 39: Reaction Wheel 

Part Name Part Description Source 

BLY17MD 

BLY17MD1S-24V-4000 

NEMA 17 
Anaheim 

Automation 

9008k14 

Multi-purpose 6061 Aluminum 

Rectangular Bar 

1" x 1" x 12 " 

M
c M

a
ster C

a
rr

 

8927K13 

Multi-Purpose 4140/4142 Alloy Steel  

1" Dia * 6 " Length 

8960K14 

Multi-Purpose 4140/4142 Alloy Steel  

4" Diameter x 2 " Length 

93650A135 
Moisture-Resistant Cushioning Washer 

5U490 

NTN R4ZZC3, Shield Bearing 

TypePrecision: Class 036000 RPMStatic 

Load 605 NDynamic Load 1490 NID: 

0.2500 "Width: 0.2812 "OD: 0.6250 " 

Grainger 
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Table 40: Power / Battery Systems 

Part 

Number 
Part Description Source 

2897 
2.1 mm to 2.5 mm DC barrel Plug 

adafruit 

369 

Male DC power Adapter - 2.1 mm plug to 

screw terminal block 

picoPSU-

160-XT 

picoPSU-160-XT, 160w output, 12v input 

DC-DC Power Supply 

Mini-Box 

  

DCDC - USB 200 , Intelligent DC-DC 

Converter with USB interface 

U3V50F24 

#2569 

Pololu 24V Step-Up Voltage Regulator 

U3V50F24 
pololu 

  

Multistar High Capacity 4S 16000mAh 

Multi-Rotor Lipo Pack 

Hobby-King   

Turnigy Lipo Battery Voltage Tester 2-8s 

and Low Voltage Buzzer Alarm 

372000026-

0 

Heavy Duty Switch Harnes with XT60 

Plug/Socket and Built in Charging Socket 

  

Tenergy High Precision RC Watt Meter & 

Power Analyzer with Backlight LCD 
Amazon 
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D: Communication packets 

A description of the Communication packets is provided in chapter 3.  

Shown here is an illustration of the communication packets that were sent 

to and from the ABVs to the remote control computer respectively. 

ABV CGT Command Sent 

An example of a packet sent to control the CGTs on each respective vehicle, 

𝑆1 through 𝑆8 represent each CGT and the H variables are filler variables. 

 

Figure 292: Command Message Sent and Received 

Gripper Command Sent 

The G variable could either be 1,2, or 3. Where each variable represents 

Close, Open, and off respectively. The other H variables are filler. 
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On-Board Accelerometer and Gripper Force Sensor 

The Accelerometer and force sensors readings were packaged in a very 

similar fashion. H is defined as a filler variable, n was defined as the sign 

variable, where 1 is positive and 2 as negative. The accelerometer data 

packet had acceleration in the X,Y, and Z direction respective, with the 

force sensor data packet representing the three force readings measured 

respectively. 
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E: Technical Drawings 

Cold Gas Thruster Nozzles: 
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Example extrusion Cut Definition  
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Reaction Wheel Drawings: 
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CNC MILL With IGS CAD file. 

 


