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Boeing has pursued autonomous rendezvous and capture concepts and software tools since the 
late 1980's, with accelerated interest and funding beginning in early 2000.  Company efforts 
have focused on Guidance, Navigation, and Control (GN&C) algorithms, software, sensors, 
simulations, and operations, through multiple sources of government and company funding.  
This new Autonomous Rendezvous and Capture (AR&C) technology builds upon software, 
sensors, and lessons learned from Shuttle/Mir and Shuttle/International Space Station (ISS) 
docking missions.  The first orbital test of the end-to-end AR&C package is scheduled for late 
2006 during the Orbital Express flight demonstration, funded by the Defense Advanced 
Research Projects Agency (DARPA). This paper examines design and application of the 
rendezvous guidance and navigation flight software.  The onboard code processes data from 
multiple sensors and executes nominal and contingency trajectories planned by the flight design 
team.  The guidance system sequences through translation and pointing modes during 
rendezvous, proximity operations, and capture of the target vehicle.  To satisfy requirements 
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for autonomous operation, the software reacts to critical failures by directing the spacecraft to 
a fuel-efficient stationkeep location, while awaiting further instruction from the ground. 

I.  Introduction 

The autonomous rendezvous guidance and navigation system designed for the Orbital Express flight 

demonstration has a unique history that revolves around Boeing internal research and development of 
advanced techniques for rendezvous, proximity and capture operations, and relative navigation. The 
simulation used as the development test bed for this new technology, the Boeing Spacecraft Trajectory 
Analysis and Mission Planning Simulation (BSTAMPS), was built upon the STAMPS software used for Space 
Shuttle orbit analysis. STAMPS is qualified at the Software Engineering Institute (SEI) Level 5 and accepted 
by the National Aeronautics and Space Administration (NASA) as a validated engineering tool for mission 
planning and analysis.  Many years of extensive testing, verification, and validation serve as a solid 
background for this one-of-a-kind space simulation environment. Many of these new technologies were 
developed in support of the Defense Advanced Research Project Agency (DARPA) and Marshall Space Flight 
Center (MSFC) Orbital Express (OE) Advanced Technology Demonstration (ATD). This program is led by 
Phantom Works of The Boeing Company.  
 
The BSTAMPS+ desktop simulation is comprised of BSTAMPS and other real-time support programs, 
including a Boeing proprietary program, SimWorks.  BSTAMPS+ is used to develop, implement, test, 
analyze, and improve newly-conceived technologies destined for use onboard the Autonomous Space 
Transport Robotic Operations (ASTRO) spacecraft. ASTRO is the chaser vehicle used in the OE ATD and 
the Next Generation Serviceable Satellite (NEXTSat) is its counterpart target vehicle which acts 
independently of ASTRO. Under the OE ATD, ASTRO will perform a series of increasingly-complex 
scenarios involving autonomous rendezvous, proximity operations, and capture of the NEXTSat vehicle.  The 
autonomous Guidance, Navigation, and Flight Control (GN&C) flight software package on ASTRO is also 
compiled into BSTAMPS and being used to help establish vehicle design constraints based on total fuel usage 
for all mission scenarios. BSTAMPS will be used for mission planning, real time mission analysis, and ground 
monitoring of the OE demonstration. 
 
The autonomous GN&C flight software package is crucial to the success of the OE ATD project and will help 
establish the capability to safely and autonomously rendezvous with, capture, refuel, reconfigure, and repair 
operational satellites. OE is intended to provide future, cost-effective, smaller satellites with greater 
capabilities and longer life spans than those in use today. It also permits crewed space vehicles to safely 
rendezvous with, and capture target space vehicles, undock, back away, and deorbit nominally without 
intervention of trained astronauts. These new technologies can be applied to ISS cargo resupply vehicles, the 
Crew Exploration Vehicle (CEV), CEV logistics modules, Earth departure stages, low-earth orbit and 
geosynchronous satellite repair, and an uncrewed Shuttle-derived vehicle. 
  

II.  AR&C Design 
 
To begin the design and development of the autonomous GN&C we first assessed the budding space vehicle 
servicing industry. We then developed a Concept of Operations (CONOPS) that led to mission requirements 
proposed for GN&C flight software. The flight envelope began in proximity operations and expanded to 
near-field and far-field rendezvous. We define far-field rendezvous operations as occurring when maneuver 
targeting is performed on the ground, which generally occurs at distances beyond relative navigation sensor 
range.  For small, NEXTSat-class target vehicles, this range is no closer than 200 km.  In the Boeing concept, 
near-field rendezvous is executed autonomously and ends when the chaser flies in proximity operations (prox 
ops) in orbital formation with the target vehicle – meaning the two orbits have nearly equal semi-major axes. 
Since flight control is dependent upon vehicle design, early guidance algorithms were designed by assuming 
perfect flight control. And since navigation is dependent upon navigation sensor selection and design, early 
preliminary guidance development was designed assuming perfect navigation. This development method 
eliminated the “who’s fault?” dilemma that appears during preliminary design of a GN&C system.  
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Based upon a selected trajectory and expanded requirements for guidance, an existing sensor suite was 
selected for the navigation system. As the history of human and robotic exploration has shown, none of the 
goals for autonomous rendezvous could be met without solving the navigation problem. Inertial navigation in 
low earth orbit is assisted with a Global Positioning System/Inertial Navigation System (GPS/INS). The OE 
relative navigation system uses a sensor suite consisting of a Light Intensification Detection and Ranging 
(LIDAR) system, Laser Range Finder (LRF), and cameras.  Sensor suites used for inertial and relative 
navigation were analyzed and simulation models were developed and integrated into BSTAMPS. Relative 
navigation software was designed and prototyped in parallel and later integrated with guidance software. The 
integrated guidance and navigation software was then integrated with a vehicle-dependent flight control 
system.  
 
Flight software requirements were divided into the following categories: 

·  Translation Guidance. Sends commands to flight control to change the velocity of the vehicle’s body 
relative to the selected frame of reference.  

 
·  Pointing Guidance. Sends commands to flight control to change the orientation of the vehicle’s body 

relative to a selected frame of reference.  
 

·  Inertial Navigation. Supplies information to guidance to establish the best estimate of the chaser 
vehicle’s state in the inertial frame of reference. Vehicle states consist of a time stamp, position, 
velocity, attitude, attitude rate, and mass relative to a defined coordinate system. The inertial state of 
the chaser originates from data obtained through a software interface with an onboard GPS/INS. 
Once it meets acceptability criteria, the state is propagated internally to the current time. If the 
onboard GPS/INS or sensor suite is unavailable or outputting bad data, ground personnel have the 
option to uplink ground-based inertial state vectors for the target and chaser based on measurements 
from ground-based radar.   

 
·  Relative Navigation. Provides guidance with the best estimate of the vehicle’s state and attitude 

relative to the target vehicle.  When no sensor data is available for the target, the relative state is 
derived by differencing the best estimates of the inertial states of both vehicles, as shown in Figure 1.  
When the target vehicle can be tracked by sensors onboard the chaser, the target vehicle relative 
state is derived from the available sensor measurements.   

 

Relative State derived 
from two inertial 

vectors 
 

Earth 
 

Sun 
 

Target Inertial State 
computed from propagated 
ground radar measurements 

 
Chaser Inertial State 
computed from SIGI 

measurements 
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Figure 1 – Simple Method of Computing Relative State (Ground Radar) 
 

 
·  Flight Control. Executes the translation and pointing commands from guidance.   

 
Although significant details are out of the scope of this paper and are of a proprietary nature, the complexity 
of autonomous rendezvous and proximity operations requires software to handle guidance and navigation 
mode sequencing, abort modes, sensor degradation, fault detection, and redundancy. 
 
For far-field, near-field autonomous rendezvous, and proximity operations that utilize autonomous guidance, 
pointing, and navigation, we developed the following modes of operations: 

·  Far-field  rendezvous. Generally beyond 200 km ranges. The goal is to safely and efficiently adjust the 
chaser’s orbit from the ground to penetrate the near-field rendezvous regime where near field 
navigation sensors can begin to track the target vehicle. 

o Translation guidance modes: Height Adjustment, Circularization , Coelliptic, Phasing, Plane 
Change, External Delta-V (EXDV). 

o Pointing guidance modes: LVLH, Stellar Inertial , Solar Inertial, Free Drift. 
o Navigation modes: Sensor data from a variety of sources such as: SIGI and Star Tracker. 

 
·  Near-field autonomous rendezvous. Generally less than 200 km range, but outside proximity 

operations range. The goal is to safely and efficiently penetrate the proximity operations regime 
using onboard sensors and without ground assistance. Proximity operations regime utilizes 
additional close-range sensors to aid in tracking the target vehicle. 

o Translation guidance modes: Height Adjustment, Circularization , Coelliptic, Phasing, Rater 
Guidance, Lambert Targeting, EXDV. 

o Pointing guidance modes: Stellar Inertial, Solar Inertial, LVLH , Target Track, Thrust 
Align, Free Drift. 

o Navigation modes: Near field utilizing sensor data from a variety of sources such as:  
Narrow Field-of-View (NFOV) camera, SIGI, and star tracker. 

 
·  Autonomous proximity operations. Chaser vehicle flying in formation with the target vehicle. The 

goal is to safely and efficiently approach the target vehicle to within a few centimeters (surface-to-
surface) and remain stationary there until the capture mechanism captures and docks to the target 
vehicle. Once captured, the docked system can be maneuvered to virtually any desired orientation or 
position relative to yet another spacecraft. 

o Guidance modes: Lambert Targeting, Corridor Approach , Stationkeeping. 
o Pointing modes: Stellar Inertial, Solar Inertial, LVLH , Target Track, Target Align, Thrust 

Align, Free Drift. 
o Navigation modes: Sensor data from a variety of sources such as star tracker, WFOV IR 

Camera, Wide Field-of-View (WFOV) camera, Laser Range Finder, and SIGI. 
 

·  Contingency operations. 
o Proximity Abort. A contingency guidance mode that slowly backs away when in extremely 

close proximity to the target vehicle and then switches to a more abrupt method of backing 
away if the vehicle does not respond fast enough within a given time. After backing out to a 
safe distance, the chaser vehicle is positioned between two imaginary points in the target 
vehicle’s orbit plane and at a safe distance in front of or behind the target vehicle.  

o Target Search. Target Search is automatically activated once it has been determined that 
target vehicle acquisition was lost.  In this mode, the vehicle is commanded to complete a 
series of target search pointing movements in an attempt to reacquire the target vehicle.   

 
Current efforts are under way to handle autonomous operations from even greater distances for programs 
other than satellite repair and servicing.  New exploration initiatives have guided us into areas involving 
autonomous 3-body orbit transfer from earth to moon and earth to Lagrange Point L1.  
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III.  AR&C Application 
 
Boeing AR&C technologies were developed and tested with the high fidelity spacecraft simulation program, 
BSTAMPS+. The AR&C package is applied to multiple Boeing Programs, past and present, customized to 
program-specific objectives and requirements. The AR&C concepts under past and present government 
programs (most to least recent): 

·  Exploration 
·  HRV/HDV – Hubble Robotic/De-Orbit Vehicle 
·  OE – Orbital Express 
·  OSP – Orbital Space Plane 
·  SLI – Space Launch Initiative 
·  AAS – Assured Access to Station 
·  STV – Space Transfer Vehicle 
·  HTV – H-II Transfer Vehicle 
·  MSP – Military Space Plane 
·  X-33 
·  MSRP – Mars Sample Return Program 
·  SSS – Satellite Servicing System 
·  FTS – Flight Telerobotic Servicer 
·  OTI – Operations Technology Initiative 
·  MTFF – Man-Tended Free-Flyer 
·  OMV – Orbital Maneuvering Vehicle 

 
Below is a description of the current space simulation environment modeling capabilities of BSTAMPS that 
were utilized during AR&C development activities for OE. 
 

·  BSTAMPS 
o Exo-atmospheric drag w/solar flux 
o gravitational constant 
o gravity perturbations from gravity gradient torques , zonal harmonics, tesseral harmonics 
o gravity perturbations from the sun and moon 
o gravity degradations as the spacecraft departs earth orbit 
o propulsion, 
o jet plume impingement 
o sensors 
o mass properties, Center of Gravity (CGs), Moment of Inertia (MOIs) 
o propellant slosh 
o reaction wheel and torque rod forces 
o thermal forces 
o structural bending and flexing 
o J2000 earth ephemeris 
o star catalog 
o ground stations 

 
The primary limitation of the use of the simulation on future missions involves the effort required to update 
environment models such as gravity and high altitude atmosphere models for other planets or moons.  The 
modular nature of the simulation makes this a straightforward task, as long as significant data is available to 
create high-fidelity models. 
 
AR&C capabilities are currently being applied on the OE ATD project which is scheduled for flight in late 
2006. There are high expectations for the success of the demonstration which will prove the concepts of 
AR&C in a real-world scenario.  
 
The following list contains future space vehicles that can be easily accommodated to accept the application of 
these new AR&C technologies: 
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·  An automated cargo-only re-supply vehicle for ISS operations. The application of AR&C can be 
utilized for an unmanned space vehicle to ferry cargo to and from the space station similar to the 
current capabilities of Russia’s Progress Module. It can also fill the gap between the last Shuttle 
flight and the first CEV flight to the space station. It is cheaper and safer than using the crew of the 
Space Shuttle to ferry cargo.  

·  The CEV. 
·  Lunar Logistics Modules for the CEV could be stowed at ISS docking ports and assembled as a CEV 

translunar stack. The ISS is being considered for use as a transportation node. 
·  An automated logistics spacecraft for docking to the CEV on its way to the moon or beyond earth 

orbit. 
·  Low-earth orbit satellite Telerobotic repair and servicing. This includes commercial, military, and 

scientific satellites. 
·  Geo-synchronous satellite Telerobotic repair and servicing. This includes commercial, military, and 

scientific satellites. 
·  Unmanned Space Shuttle feasibility. 
·  A Crew Return Vehicle in case of an emergency on the ISS requiring an immediate return to earth. 
·  Satellite Disposal. 
·  Hubble Space Telescope (HST) deorbit 
·  Satellite Orbit Transfer, once captured and docked, 
·  Orbit boost, 
·  Orbit de-boost, 
·  Orbit plane change. 
·  Advanced missions involving: 
·  unmanned space vehicles retrieving and disposing of radioactive material from abandoned space 

vehicles, 
·  satellite-to-satellite inspection, 
·  Formation flying. 
·  Lunar missions – autonomous rendezvous and docking of manned and unmanned vehicles. 
·  Interplanetary robotic missions involving requirements for autonomous rendezvous and proximity 

operations such as transition mode operations from planet-to-planet transfer vehicles to planet-orbit-
to-surface vehicles. 

·  Interplanetary orbiting satellite rendezvous mission analysis located at other planets. 
·  Jupiter Icy Moon Orbiter (JIMO) applications to aut onomously transfer from one orbit to another. 

 

IV.  Conclusion 
 
Autonomous rendezvous guidance and navigation for Orbital Express and beyond incorporates new concepts 
impacting future space travel for unmanned and manned spacecraft. After accomplishing improvements in 
self-contained space navigation technologies, the application of autonomous guidance technologies allow 
experienced designers to accomplish the rendezvous and capture mission autonomously in a high-fidelity 
simulation environment. These new technologies are planned to be fully demonstrated in a real space 
environment under the OE ATD project. The accomplishment of a fully autonomous rendezvous and capture 
in a real space environment will validate these new technologies for potential use on other programs that 
perform beyond the scope of the OE ATD.  
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Appendix – Acronyms 
 
Acronym/Abrev Description 
AIAA American Institute of Aeronautics and Astronautics 
AR&C Autonomous Rendezvous and Capture 
ASTRO Autonomous Space Transport Robotic Operations 
AVO Advanced Vehicle Operations 
BGF14 Bond, Gottlieb, Fraietta Perturbation Method 14 
BSTAMPS Boeing Spacecraft Trajectory Analysis and Mission Planning Simulation 
BSTAMPS+ Boeing Spacecraft Trajectory Analysis and Mission Planning Simulation Plus 
CEV Crew Exploration Vehicle 
CG Center Of Gravity 
CONOPS Concept Of Operations 
DARPA Defense Advanced Research Project Agency 
EXDV External Delta Velocity 
GN&C Guidance, Navigation, and Control 
GPS Global Positioning System 
HST Hubble Space Telescope 
Iload Initialization Load 
INS Inertial Navigation Sensor 
IR Infrared 
ISS International Space Station 
J2000 Julian Date 2000 
JIMO Jupiter Icy Moons Orbiter 
JSC Johnson Space Center 
km Kilometer(s) 
LIDAR Light Intensification Detection and Ranging 
LVLH Local Vertical Local Horizontal 
MC Mail Code 
NASA National Aeronautics and Space Administration 
NEXTSat Next Generation Serviceable Satellite 
NFOV Narrow Field-of-View 
OE Orbital Express 
OE ATD Orbital Express Advanced Technology Demonstration 
SEI Software Engineering Institute 
SIGI Space Integrated GPS/INS 
STAMPS Spacecraft Trajectory Analysis and Mission Planning Simulation 
Ver Version 
VisCam Visible Camera 
WFOV Wide Field-of-View 
 

Appendix – Definitions 
 
Name Definition 
BGF14 A 14 orbital element method of numerical integration of the equations of motion that 

quickly and accurately predicts that state of a space vehicle out to an extended period of 
time. 

Capture The act of the chaser space vehicle capturing the free drifting and non-cooperative target 
space vehicle using an automated grapple device at an extremely close range prior to the 
docking operation. 

Chaser space 
vehicle 

The space vehicle assigned to autonomously rendezvous with and capture an uncooperative 
target space vehicle for space servicing purposes. 
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Name Definition 
Circularization 
maneuver 

A planned sequence of optimized maneuvers that affects the in-plane orbital elements of 
the select satellite’s orbit such that orbit circularization occurs at the completion. 

Coelliptic 
maneuver 

A guidance algorithm that generates equal separation distances between ASTRO and 
NEXTSat at apogee and perigee, and aligns lines-of-apsides. 

Corridor 
Approach 

A guidance algorithm that constrains the chaser space vehicle reference point’s position 
inside an imaginary shaped cone while traversing an approach or separation vector within 
velocity limits relative to the target space vehicle’s LVLH or body coordinate system. 

Corridor cone An imaginary geometric shape fixed to a coordinate system comprising of an orientation, a 
vertex, and a cone soft boundary defined by a cone half angle and an infinite height 
emanating from the vertex. The corridor cone appearing on a ground system display 
utilizes a user-defined height. Several cone types exist such as a single cone, a multi-layered 
set of intersecting cones, and a funnel shaped cone. 

Covariance A matrix describing the estimated position and velocity error of the estimated state of the 
space vehicle relative to the select frame of reference. 

Docking 
operation 

The operation of the chaser space vehicle becoming rigidly mated to the free drifting and 
non-cooperative target space vehicle after the target space vehicle is captured. 

Ephemeris A predicted navigation state of a space vehicle consisting of time, position, velocity, 
attitude, attitude rate, and navigation error covariance information relative to the select 
frame of reference. 

EXDV Ground-computed external delta velocity in the chaser space vehicle’s LVLH coordinate 
frame. 

Far-field 
rendezvous 

Early phase of rendezvous during which orbit adjust calculations for the chaser are 
performed on the ground and uplinked for execution.  Far-field rendezvous applies when 
the chaser is at ranges generally beyond approximately 200 km. 
 

Free Drift Chaser free rotation by inhibiting rotat ional control. 
GPS A receiver that converts transponder data into state information. 
Gravity 
perturbation 

A minute change or disturbance of the local gravity field located at the object of interest 
due to additional gravity influences from the southern anomaly, the sun and moon and or 
other planets. 

Gravity 
degradation 

A diminishing gravity effect on the local gravity field as the object of interest travels 
farther and farther from the primary gravity source . 

Height 
adjustment 
maneuver 

A planned maneuver that affects the in-plane orbital elements of the select satellite’s orbit. 

J2000 An inertial coordinate system based on the Julian Date 2000 Planetary Ephemeris 
Database. 

Lambert 
targeting 

The Gooding’s Lambert guidance and targeting algorithm that computes the in-plane or 
out-of-plane maneuvers required to optimally and accurately achieve a timed LVLH 
endpoint position relative to the target space vehicle during near field and proximity 
operations. 

LVLH 
(pointing) 

A pointing algorithm that either aligns a body vector with a corresponding target vector 
expressed in LVLH coordinates, or specifies yaw, pitch, and roll Euler angles that define 
vehicle body orientation in LVLH coordinates. 

LVLH 
coordinate 
system 

Originating at the vehicle’s CG, the X-LVLH axis aligns with the Vbar, Z-LVLH axis 
aligns with the +Rbar, Y-LVLH axis completes the right-handed coordinate system. 

Mission 
objective 

An element of a defined set of mission goals leading to the successful demonstration of the 
chaser space vehicle’s autonomous rendezvous capabilities. 

Near-field 
rendezvous 

Latter phase of rendezvous during which maneuver targeting is performed onboard the 
chaser vehicle.  Near-field rendezvous applies when the chaser is at ranges generally less 
than approximately 200 km, but outside proximity operations range.  During near-field 
rendezvous, the target is within onboard sensor fields-of-view and the chaser can maneuver 
without ground assistance. 

Phasing A guidance algorithm that adjusts the phase angle by targeting a point downrange of the 
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Name Definition 
maneuver target space vehicle. 
Proximity 
operations 

Mission phase during which a chaser and target vehicle operate in orbital formation.  
Orbital formation exists when 1) vehicles are relatively close to each other, 2) major axes of 
both orbits are of equal length, and 3) orbits are near co-planar.  Proximity operations can 
occur during periods of standoff, stationkeep, flyaround, approach, and separation. 
 

Range The distance between the target and chaser space vehicle’s Center of Gravity (CG). 
Range rate Distance traveled per unit of time between the interface points of the target space vehicle 

and the chaser space vehicle. 
Rater guidance A new guidance algorithm designed to achieve an aimpoint position with zero radial 

velocity while in the near field flight regime. 
 

R-bar A pointing vector from the vehicle’s CG to the center of the earth. 
Scenario A planned series of maneuvers designed to complete a desired set of mission objectives. 
Solar flux A component of an exo-atmospheric density dispersion. 
Star tracker An optical device used to determine the space vehicle’s attitude relative to an inertial frame 

of reference. 
Stationkeep A guidance algorithm that constrains the chaser space vehicle’s position and velocity inside 

a 3-dimensional rectangle, cylinder, or truncated cone relative to target LVLH or body 
coordinates. 

Stationkeeping 
object 

An imaginary geometric shape fixed to a coordinate system comprising of an orientation, a 
centroid. 

Solar inertial A pointing algorithm that either ali gns a body vector with a corresponding target vector 
expressed in solar inertial coordinates, or specifies a set of yaw, pitch, and roll Euler angles 
that define vehicle body orientation in solar inertial coordinates. 

Stellar inertial A pointing algorithm that either a ligns a body vector with a corresponding target vector 
expressed in J2000 coordinates, or specifies yaw, pitch, and roll Euler angles that define 
vehicle body orientation in J2000 coordinates. 

Target align A pointing algorithm that aligns the chaser X-, Y-, and Z-axes with corresponding target 
axes 

Target search A pointing algorithm that computes a series of offsets about the target track vector in a 
pattern that assists sensor acquisition 

Target space 
vehicle 

The space vehicle identified to be captured by the chaser space vehicle while in an 
uncooperative mode for space servicing purposes. 

Target track A pointing algorithm that computes a vector stemming from a chaser point (e.g., vehicle 
sensor) pointing forward at a target point, and maintains a specified clock angle about that 
vector (e.g., sun beta angle). 

Thrust axis A pointing algorithm that points the chaser along the computed thrust vector to permit 
fuel-efficient jet selection (e.g., aft jets) during large translation maneuvers. 

V-bar A pointing vector from the vehicle’s CG to a vector. 
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