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Due to the cost and time disadvantages of satellite replacement, on-orbit servicing 

of disabled or outdated satellite has become a priority of the space robotics community.  

This thesis begins with an overview of past, present, and future spacecraft robotic 

servicers including a discussion on the evolution of the developments in various enabling 

technologies such as vision systems, guidance navigation and control, collision 

avoidance, grappling and docking mechanisms, and others.  This overview is followed by 

a discussion of the Clohessy-Wiltshire (CW) equation that governs the linearized relative 

motion between two spacecraft (a robotic servicer and a target satellite in this case).  The 

effects of the orbital perturbations not included in the CW model are also discussed. 

The Demonstration of Autonomous Rendezvous Technology (DART) mission by 

Orbital Sciences Corporation with sponsorship from NASA is utilized in this thesis as the 

mission profile to be investigated.  The thesis investigation focuses on the proximity 

operations phase of the DART mission, which includes V-Bar and R-Bar approaches and 
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circumnavigation maneuvers of the MUltiple paths, Beyond-Line-of-sight 

COMmunications (MUBLCOM) satellite by the DART spacecraft.  The CW 

methodology is used to develop and analyze these maneuvers that are then simulated in a 

fully nonlinear model available in Satellite Tool Kit (STK) simulation environment.  

These CW results are compared with the two-point boundary value (2PBV) solution 

available from STK’s Astrogator module. 

Three different close-proximity operations scenarios are simulated in STK.  First, 

the CW approximation is used perform single two-impulse transfer maneuvers.  Second, 

to improve the accuracy of the CW approximation, each maneuver is performed using 

multiple two-impulse transfers.  Third, the maneuvers are performed using finite 

thrusting.  In comparing the first two scenarios with the Astrogator’s solution, the CW 

based approximations resulted in significant relative position errors in both the V-Bar and 

R-Bar maneuvers due to the neglected orbital perturbation.  In addition to positional 

errors, fuel consumed during the performance of the mission scenarios were also 

computed.  For scenarios 1 and 2, two cases regarding the propulsion systems were 

considered: in Case 1 the propulsion system was switched at 21 km behind MUBLCOM 

(as specified in the DART mission profile) and in Case 2 the switch was performed at 3 

km behind MUBLCOM on the V-Bar axis.  The fuel consumption analysis indicated that 

the DART spacecraft only had sufficient fuel to perform scenario one using the 

propulsion switch scheme of Case 2. 

The result of this thesis indicates that precise autonomous proximity operations 

based on the linearized CW model are not feasible and further analysis of close-proximity 

operations of an autonomous robotic servicer is needed. 
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CHAPTER 1 
INTRODUCTION AND BACKGROUND 

Over the years on-orbit servicing of the disabled or outdated spacecraft became a 

priority aspect of space robotics community.  Due to the cost and time disadvantage of 

replacing an entire satellite, repairing it or extending its life on orbit became favorable.  

The research focus of the servicing missions was aimed at accomplishing the same 

overall goal – maintenance, repair, or retrieval of existing and future satellites.  

Numerous technological barriers needed to be overcome before autonomous robotic 

servicing could become a feasible operation.  An autonomous robotic servicer had to be 

capable of rendezvousing with and engaging in the docking, repair, refueling, or de-

orbiting of the target satellite.  These maneuvers required significant developments in the 

various technologies such as vision systems, guidance navigation and control, collision 

avoidance, grappling and docking mechanisms, and others. This chapter provides a 

background on the evolution of these areas over the years. 

As early as 1960 the question of rendezvous became important due to the interest 

and desire to build large space structures, building and assembly of which were to be 

performed in space. It was envisioned for multiple satellites to join together in space to 

carry out the mission as one large structure (1).  That was when Clohessy and Wiltshire 

[1] (CW) presented their work, closed-form solution to the rendezvous problem, which is 

in widespread use to this date.  They investigated a guidance system that would enable 

the rendezvous of the satellites in circular orbit.  The focus of this thesis is on the use of 

CW equations; therefore the subject will be addressed in detail in Chapter 3.  Four years 
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later Edelbaum [2] presented an analytical solution to optimum low-thrust power-limited 

trajectories in inverse-square force field, considering rendezvous of spacecraft that 

completed transfer between elliptical orbits. 

In addition to traditional rendezvous, evasive maneuvers, where the target 

spacecraft would detect the pursuing spacecraft and try to avoid it, were of interest.  The 

study of the evasive maneuvers gave an insight into the solution to the obstacle avoidance 

problem, which was an important aspect of successful rendezvous mission.  In 1984 

Jensen [3], using the principle of proportional guidance, gave insight into the kinematics 

and requirements, such as required propulsion force and amount of fuel needed, of 

evasive rendezvous maneuvers.  Cochran and Lahr [4] followed with investigation of the 

guidance problem of intercepting a target using the proportional navigation. 

The space robotics community was focused on developing free-flying autonomous 

space robots that could assist in retrieving a disabled satellite, if not performing the entire 

mission.  In 1992 Hewgill [5] presented the means for continuously estimating the motion 

of a freely rotating object to be used for the grasping tasks of the EVA Retriever, a flying 

autonomous space robot.  Since the rescue missions were performed mainly using the 

Shuttle, Fitz-Coy and Chatterjee [6] investigated stability during capture when the rescue 

vehicle is much smaller than the disabled vehicle.  Additionally, the stability of force-free 

spinning satellite with deployable flexible appendages was investigated by Mierovitch [7] 

in 1974.  Twenty years later Fitz-Coy and Fullerton [8] focused on the effects of the 

deployment/retraction of the appendages on the stability of the system (tumbling satellite 

and appendages), meaning that the detumbling of the satellite could be accomplished by 
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passive stabilization through energy dissipation, achieved by deploying flexible 

appendages.  

Guidance and navigation technologies were also being developed to ensure safe 

path for the servicing robot to the satellite, whether it was avoiding the obstacles on the 

path to the disabled vehicle or maneuvering around the satellite appendages for a desired 

grasp.  In 1994 Yuan and Hsu [9] presented a new guidance scheme for the final stage of 

the rendezvous maneuver using augmented proportional navigation by applying the 

commanded acceleration “in the direction with a bias angle to the normal direction of line 

of sight (LOS)” (9, p. 410).  A year later Fitz-Coy and Liu [10] extended on the work of 

Yuan and Hsu [9] by applying the augmented proportional navigation for rendezvous and 

docking to translating and rotating rigid bodies instead of point-masses (as was done in 

1994).  The point-mass approach was found to lead to the possibility of contact between 

the vehicles before the maneuver was complete, and that could have potentially 

influenced the overall mission in an unfavorable way.  In 2002 Jacobsen et al. [11] 

investigated the danger of possible collision of the servicer robot with uncontrolled 

spinning satellite, proposing a numerical optimization method for planning the safest 

kinematic trajectory for the approach phase of the capture to accomplish grasp and 

stabilization of the satellite.  The guidance and navigation algorithms developed in 

Rendezvous and Proximity Operations Program (RPOP) for the proximity operations of 

the Shuttle Orbiter were presented by Clark et al. [12] in 2003.  Receiving raw sensor 

data from a variety of different navigation measurement sources, RPOP simultaneously 

displayed relative navigation and guidance trajectory information from each navigation 

source both digitally and graphically.  The addition of these algorithms to RPOP during 
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the manually piloted proximity operations improved “trajectory control, reduce propellant 

usage, and reduce piloting variability” (12, p. 3).  At the same time Carpenter and 

Jackson [13] developed an optimization tool to be used with traditional CW equations, 

providing ability for planning high-accuracy rendezvous maneuvers in the presence of 

disturbing forces.  While CW equations developed in 1960 were “useful for calculating 

either the relative position of two space vehicles as a function of time or the relative 

velocity to achieve a desired position” (13, p. 2), the required simplifying assumptions 

lead to a possibility of errors occurring in actual use.  Carpenter and Jackson [13] used 

the CW equations as initial estimate for the Genetic Algorithm (GA) to solve Rendezvous 

Optimization Problem. 

Advancements were also made in the docking and grasping phases of the 

rendezvous maneuver, implementing the use of vision-based systems.  The dynamic 

machine vision, specifically object tracking and visual servoing, was investigated by 

Nicewarner and Kelley [14] in 1992.  He presented a multi-layered vision-guided system 

for grasping maneuver, which resolved “the conflict between rigorous image processing 

needs and rapid vision updates to the robot” (14, p. 9).  A year later Ho and McClamroch 

[15] proposed “a completely automatic spacecraft docking system using a computer 

vision system and a docking control system” (15, p. 281). 

In late 1990s emerging interest in the area of microdynamics was found.  

Microdynamics of the deployed structure is “the dynamic response of the structure under 

forces for which resulting strain is of order microns per meter of size or less” (16, p. 

2890).  The microdynamics of the deployable space structures was becoming a beneficial 

emerging technology, complete understanding of which was important to the ongoing 
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progress.  In 1997 Warren and Peterson [16] presented “an experimental characterization 

of microdynamics of a prototype deployed reflector structure” (16, p. 2890), suggesting 

that the microdynamics could be stabilized to nanometers of precision through the 

application of transient loads after the deployment of the structure.  Levine [17] in 1999, 

using the flight experiment IPEX-II performed during the Space Shuttle STS-85 mission, 

investigated microdynamic behavior of joint-dominate structure on-orbit, concerned with 

the existence of transient impulses from undergoing rapid thermal variations or 

instabilities due to internal strain energy release mechanisms.  Tung et al. [18] focusing 

his efforts in the microdynamics of the redundant flexible multibody systems, presented 

an innovative approach in the solution of tracking problem where a mechanical system is 

constrained to move along a given path. 

Noor and Venneri [19] published an article in 1994 issue of Aerospace America 

giving a perspective on future space systems, describing the restructure of the U.S. space 

program due to economic constraints.  The focus was placed on building smaller, 

cheaper, and faster spacecraft oppose to large, expensive, and complex.  The small 

spacecraft was to be designed with the idea of complementing and/or replacing the large 

complex spacecrafts.  Five mission categories for small spacecraft have been identified 

by NASA: astrophysics, space physics, Earth observing, commercial communications, 

and planetary.  The spacecraft to be developed was going to be used as Earth-to-orbit 

(ETO) launchers and space transfer vehicle (STV).  The vehicle was to be made fully 

returnable, reusable, robust, and safer and more reliable than the existing one.  Many 

technologies had yet to be developed and brought to a level of reliable and safe 

application.  Due to the new focus on building smaller and cheaper satellites the need for 
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servicing the spacecraft phased out because now it was supposedly again possible to 

replace a disabled satellite without incurring a significant financial loss.  However, the 

idea of servicing spacecraft resurfaced.  Numerous studies were conducted, trying to 

demonstrate that servicing a disable satellite was economically efficient in comparison to 

declaring the vehicle a total loss.  In 1993 Levin et al. [20] conducted a study on 

feasibility of introducing a salvage/repair of civil, defense, and commercial satellites 

program.  “The analysis was based on historical failure data as well as conservative 

estimate of the future potential for servicing missions” (20, p. 1).  However, the results 

showed that it was not sufficient to support standalone salvage operation, especially 

without the interest of the government.  Sullivan and Akin in 2001 [21] constructed three 

databases for all civilian, military, commercial, and NGO spacecraft launched from 1957 

through 2000 in order to provide a survey of serviceable spacecraft failures.  Considering 

four servicer types, inspection only, reboost only, basic dexterous, and complex 

dexterous, it was found more cost efficient to service the satellite than declare it a total 

loss.  A year later Horowitz et al. [22] investigated Advanced Satellite Maintenance 

(ASM) potential to be cost effective and viable method for improving satellite operations 

with the example of NewsSat.  ASM missions either focused on preventing satellite 

failure by performing scheduled servicing tasks such as component replacement or on 

satellite recovery after failure.  ASM was found to “extend satellite life and maintain the 

revenue earning capabilities of the satellite” (22, p. 124). 

Different servicing vehicles were being designed, whether to serve as a single robot 

or a part of a fleet.  Several systems reached their hardware state and either had a flight 

test demonstration or currently awaiting one.  In 2001 Ledebuhr et al. [23] presented 
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MicroSats technology development, including “…critical capabilities and technologies 

necessary for proximity-operations and formation-flying of micro-satellites” (23, p. 5-

2493).  The missions in mind for MicroSats included “rendezvous, inspection, proximity-

operations (formation flying), docking, and robotic servicing functions (refueling, 

repowering, or repairing)” (23, p. 5-2493).  Geftke et al. [24] described the Ranger 

Telerobotic Shuttle Experiment (Ranger TSX) development.  Ranger [24-27] “could 

potentially service attached experiments and, with a free-flying base, stand alone 

satellites” (24, p. 1), using both Shuttle and ground-based control stations.  Wagenknecht 

et al. [28] in 2003 provided “an overview of the Mini AERCam vehicle design and a 

detailed description of the GN&C system design, development, and testing” (28, p. 1).  

The vehicle was an improvement design of the AERCam SPRINT [28, 29], a visual 

inspection robot.  “The vehicle was designed for either remotely piloted operations or 

supervised autonomous operations including automatic stationkeeping and point-to-point 

maneuvering” (30, p. 1).  A year later Fredrickson et al. [30] followed with presentation 

of the docking systems technology, developed for the Mini AERCAm free-flyer, to 

provide automatic deployment and retrieval.  The docking system technology consisted 

of two primary elements: magnetic docking, for aligning and capturing the vehicle, and 

vehicle retention, for supporting the vehicle during heavy loading conditions, which 

occur during launch and landing.  The same year Hays et al. [31] described the 

evolvement process of “a simple, low-cost, lightweight flexible-cable docking 

mechanism that allows for autonomous capture and docking of one spacecraft with 

another” (31, p. 1).  The newest version of the docking mechanism, ASDS-II, was 
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“intended to provide a passively-maintained, rigid interface between two docking 

spacecraft . . .” (31, p. 7).   

Some of the recently developed systems were still in the conceptual stage of their 

development, however, others had already completed the simulation phase.  In 2001 

Matsumoto et al. [32, 33] presented the system concept and design of Hyper Orbital 

Servicing Vehicle (HOSV), which could be used for a variety of servicing missions due 

to the system’s reconfigurability.  At the same time Akin [25] described the technologies 

developed by UMD SSL for on-orbit servicers, concluding with proposal of development 

of Miniature Orbital Dexterous Servicing System (MODSS), a Responsive Access, Small 

Cargo, Affordable Launch (RASCAL)-class free-flying robotic servicing system.  The 

project was steered towards producing a low cost, ultra-lightweight system with variety 

of servicing applications and was based on the technologies developed for the Ranger 

TSX [24-27].  Zimpher [34] in 2003 described the development of an Autonomous 

Mission Manager (AMM) that accommodated highly autonomous mission planning, 

execution, and monitoring of the servicing on-orbit missions.  In 2004 Bosse et al. [35] 

described SUMO, Spacecraft for the Universal Modification of Orbits, a technology risk 

reduction program “to demonstrate the integration of machine vision, robotics, 

mechanisms, and autonomous control algorithms to accomplish autonomous rendezvous 

and grapple of a variety of interfaces traceable to future spacecraft servicing operations” 

(35, p. 1).  Also, Rogers et al. [36] presented SCOUT program, which involves the 

development of the high-capability, flexible, modular spacecraft architecture, enabling 

multi-mission compatibility, high payload mass and power fractions, long shelf-life, rapid 

call-up for launch, rapid initialization on orbit, and manufacturability (quantity).  “One of 
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the goals of SCOUT program is to develop a modular microsatellite architecture that is 

compatible with virtually every launch vehicle (LV) in the world inventory” (36, p. 2). 

The space robotics community, embarking on the endeavor of development and 

advancement set forth by necessity for the autonomous robotic servicers, is still faced 

with many technical challenges.  Major areas, including “Avionics, Sensors, & 

Actuators”, “Strategic Alliance & Cooperation”, “Risk Mitigation”, “Mechanisms & 

Interconnects”, “Rendezvous & Capture”, “Spacecraft Dynamics & Controls”, and 

“Machine Vision”, require significant breakthrough in order to realize the feasibility of 

autonomous servicing robots. 

 

 



CHAPTER 2 
SPACE ROBOTIC SERVICERS: PAST, PRESENT, & FUTURE 

[Mankind is drawn to the heavens for the same reason we were once drawn into 
unknown lands and across the open sea. We choose to explore space because 
doing so improves our lives, and lifts our national spirit. So let us continue the 
journey. (37, p. 1)] 

                                                              President George W. Bush, January 14, 2004  

President Bush [37] announced a New Vision for Space Exploration Program on 

January 14, 2004.  He delegated new goals for the National Aeronautics and Space 

Administration (NASA), stating that it was “time for America to take the next steps” (37, 

p. 1).  President Bush [37] outlined specific milestones for the country to achieve, 

ranging from returning to the Moon to venturing out to Mars.  To achieve the goals set 

forth, the new space vision encompassed robotics as a key factor to successful progress as 

implied by the statement “Robotic missions will serve as trailblazers - the advanced 

guard to the unknown” (37, p. 1).  Series of robotic missions to the Moon were planned to 

make the necessary preparations for human presence.  Robotic explorations of Mars were 

to be continued to prepare for future human expeditions.  The new mandate emphasized 

the importance of robotic exploration across solar system to search for resources and life 

and to understand history of universe. 

2.1 State-of-the-Art 

Even before robotics officially was a part of President’s space mandate, 

technological advancements in that area were ongoing.  In 1994 Lavery [38] published an 

article in Aerospace America surveying the developments of space robotics community 

and predicting its future.  The goal of space robotics community was to create “fully 

10 
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autonomous, self-contained robotic systems with considerable on-board intelligence” (38, 

p. 32).  However, due to the lack of the technology to develop such systems, the space 

robotics community had to adopt a new approach, focusing its efforts on advancing 

teleoperator technology that can be operated from the ground.  The space vehicles were 

divided into three main categories, in which developments were to be pursued: 

extravehicular robotic (EVR) servicers, science payload servicers, and planetary surface 

rovers.  In order to realize the set goals significant developments in many technologies, 

including “enhanced collision detection and avoidance, advanced local proximity 

sensing, task-level control workstations, improved command and control architectures, 

reduced mass and volume, worksite recognition and representation, improved robotic 

dexterity, advanced supervisory control, and improved overall system robustness” (38, p. 

37), were required.   

Over the years many countries, including United States (US), Canada, Russia, 

Japan, and several European countries, were competing and working together to 

accomplish the desired results.  US developed Ranger [24-27] Satellite Servicing Vehicle 

concept in early 1990’s.  Ranger [24-27], a dual-arm, free-flying telerobotic flight 

experiment, shown in Fig. (2-1), was designed to “conduct a simulated satellite servicing 

exercise to characterize the operational capabilities of free-flying robotic system” (38, p. 

35). 
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Figure 2-1.  Ranger Telerobotic Flight Experiment [27]. 

Canada contributed the Shuttle Remote Manipulator System (SRMS) [39], also 

know as Canadarm, and the Space Station Remote Manipulator System (SSRMS) [40, 

41], known as Canadarm 2.  Both were manipulators designed to maneuver and place 

large loads. Also Canada developed the Special Purpose Dexterous Manipulator (SPDM) 

[40, 42-44], know as Canada Hand, which was dual-arm robotic system designed to 

attach to the SSRMS [40, 41].  SSRMS [40, 41], its platform the Mobile Base System 

(MBS) [40], and SPDM [40, 42-44] would compose the Mobile Servicing System 

(MBS), shown in Fig. (2-2) for the International Space Station (ISS).   

 
 

Figure 2-2.  MDRobotics – Mobile Servicing System (MBS) [42]. 
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The European Space Agency (ESA) and Rosaviakosmos (RAKA), the Russian 

Space Agency, were cooperatively developing the European Robotic Arm (ERA) [45-

47], designed to assemble and service the Russian segment of the ISS.  Fig. (2-3) shows 

ERA. 

Similarly, Japan was developing a Japanese Experiment Module Remote 

Manipulator System (JEMRMS) [48] for assistance with experiments conducted on and 

maintenance of the Japanese segment of the ISS.  The system is shown in Fig. (2-4).   

 
 

Figure 2-3.  European Robotic Arm (ERA) [45]. 

 
 
Figure 2-4.  Japanese Experiment Module Remote Manipulator System (JEMRMS) [48]. 
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Also, Japan planned “to conduct a free-flying robotic servicing experiment” (38, p. 

35), Engineering Test Satellite (ETS) VII [49, 50], “to verify automated rendezvous and 

docking technologies” (38, p. 35), shown in Fig. (2-5). 

 
 

Figure 2-5. Engineering Test Satellite (ETS) VII [50]. 

In almost a decade later, NASA Exploration Team (NEXT) [51] commissioned a 

report to provide a survey of the existing and future state-of-the-art robotic capabilities 

based on the functionalities pertaining to two mission types: planetary surface exploration 

and in-space operations.  This work is restricted to the robotics for the in-space 

operations. In-space operations functionalities consisted of assembly, inspection, 

maintenance, and human Extra Vehicular Activity (EVA) assistance.  For in-space 

assembly, the existing in-space robots were found to be limited to SRMS [39] and 

SSRMS [40, 41], which were used to move large objects and were controlled through 

teleoperation.  The SPDM [40, 42-44], capable of delicate maintenance and servicing 

through teleoperation, was scheduled to launch in 2005.   

Langley’s Automated Structural Assembly Robot testbed [52] and Carnegie Mellon 

University’s (CMU) Skyworker [53-55], a prototype Assembly, Inspection, and 

Maintenance (AIM) robot, shown in Fig. (2-6) and (2-7) respectively, were able to 

autonomously assemble fixed structures.  
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The ROTEX [56] robot, shown in Fig. (2-8), developed by Germany, flew in April 

1993 as part of STS-55 to demonstrate capture and assembly, performed through 

teleoperation and some autonomy, as well as connecting components.   

 
 

Figure 2-6.  Langley’s Automated Structural Assembly Robot [52].  A) Robot Arm with 
End-Effector, B) Close-Up of End-Effector. 

 

Figure 2-7.  CMU – Skyworker [54].  A) Demonstration Prototype, B) Model. 

 
 

Figure 2-8.  German Robot ROTEX [56]. 
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The Robonaut [57] was designed by Robot Systems Technology Branch at NASA's 

Johnson Space Center (JSC) in a collaborative effort with DARPA.  The Robonaut [57] is 

an anthropomorphic robotic system with the functionalities capable to assist or replace an 

astronaut during EVA.  As a ground demonstration test bed, Robonaut [57] performed 

successful assembly tasks and is shown in Fig. (2-9).  Also, Ranger [24-27] conducted 

assembly, maintenance, and human EVA assistance in a neutral buoyancy facility of the 

University of Maryland (UMD).   

The Beam Assembly Teleoperator (BAT) [25, 26] built by UMD was able to 

“perform space construction tasks and also to repair satellites, service space hardware, 

and work in cooperation with astronauts” during it’s flight on STS-61 B (26, p. 1).  BAT 

is shown in Fig. 2-10. 

 
 

Figure 2-9.  NASA – Robonaut [57]. 

 

Figure 2-10.  University of Maryland – Beam Assembly Teleoperator (BAT) [26]. 
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In 1997, ETS-VII [49, 50] performed rendezvous and docking maneuvers followed 

by assembly of small structures.  After running into initial problem of contacting the 

satellite, the teleoperated mission was successful in verifying the basic level technologies, 

but did not include all the scheduled experiments. 

For in-space inspection there were no operating robots in space.  A German 

inspection robot experiment Inspektor [58], designed for in-space operations of Russian 

Space Station MIR, failed while in flight.  AERCam SPRINT [28, 29] teleoperated free-

flyer, built by NASA Johnson Space Center (JSC) and successfully flight tested during 

STS-87, performed maneuvers and observation such as video imaging of Orbiter and ISS 

to evaluate the efficiency of the free-flyer.  AERCam Integrated Ground Demonstration 

(IGD) [27, 28] was built and tested on the airbearing table, capable of “autonomously 

scanning a mock-up of a spacecraft.”  AERCam Engineering for Complex Systems 

(ECS) [27], geared towards advancing autonomy, was under development.  Fig. (2-11) 

shows two generations of AERCam. 

 
 

Figure 2-11.  NASA AERCam [29].  A) AERCam SPRINT, B) Mini AERCam. 

UMD Space Systems Laboratory (SSL) developed the Supplemental Camera and 

Maneuvering Platform (SCAMP) [26, 27], neutral buoyancy flying camera robot 
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designed for assistance with viewing during EVA, shown in Fig. (2-12).  The first and 

second generations of the camera were tested in the Neutral Buoyancy Research Facility 

(NBRF), while the third generation is still in the conceptual stage of the development. 

 
 

Figure 2-12.  University of Maryland – SCAMP [27]. 

In-space maintenance included replacement of the components, which was 

demonstrated in space by ROTEX [56], ETS-VII [49, 50], and BAT [25, 26] robots and 

on the ground by Ranger [24-27].  Ranger [24-27] and Robonaut [57] have also worked 

on the ability to access obstructed components.   

In-space human EVA assistance was provided only by SRMS [7] and SSRMS [40, 

41].  Robonaut [57] and Ranger [24-27] were the ground test beds that demonstrated the 

capability of assisting the astronauts with “handing over tools, holding objects, and 

shining lights” through teleoperation.  Later, Robonaut [57] was able to hand tools 

autonomously.   

It was desired for the robots to perform assigned tasks like a human, and this was 

predicted “to be fully realized only under teleoperation” (51, p. 10).  The outcome of the 

report suggested that fully autonomous robots would require significant technological 

developments and continuous monitoring from the ground.  However, “only a sustained 

engineering effort focused on developing methodologies and gaining experience in the 
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role of robots in space exploration” (51, p. 11-12) was required to achieve the necessary 

future robotic capabilities.  

The robotic missions capable of caring out tasks previously described were 

becoming more necessary.  Composing a large monolithic satellite out of smaller ones 

was expensive because the spacecraft was designed to carry out multiple missions, 

therefore having complex structure to support those missions.  Such satellites were meant 

to stay in space for prolonged time, so it was advantageous to send a repair mission, if for 

any reason the satellite became disabled.  The capability and difficulty associated with 

capturing a satellite that had some angular motion, whether it was initially stable or not, 

was realized.  In late 70s Kaplan and Nadkarni [59] investigated several possibilities that 

could be used for “passivating” the satellite to assist in safe capture.   

The capturing missions were usually conducted by astronauts through EVA, which 

was extremely dangerous.  This was demonstrated when the Shuttle crew of flight STS-

49 was tasked with capturing and reboosting satellite International Telecommunications 

Satellite Consortium (INTELSAT) VI [60, 61] satellite that was stranded in the incorrect 

orbit due to failure of the Titan rocket to put the satellite into the correct orbit.  Numerous 

captures of the satellite were attempted, resulting in the longest spacewalks ever 

performed.  The problems that arose during EVA were “poor visibility of the Earth’s dark 

side, insufficient positioning of the end of the robot arm in the attempt to even come near 

the satellite, and unexpected susceptibility of the satellite to wobbling” (61, p. 1).  After 

several failures it was decided to perform a three-man space walk. Three astronauts 

assembled a bridge that was the centerpiece of the Assembly of Space Station by EVA 

Methods (ASEM) experiment, providing a platform for a triangular formation of the three 
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astronauts.  Standing 120 degrees apart, they “grabbed the rim of the satellite to slow and 

eventually stop its rotation” (61, p. 1).  This mission was proved to be difficult, putting 

the astronauts’ lives in great danger.   

Another example was several servicing missions performed by the astronauts on 

the Hubble Space Telescope (HST) [62].  The first servicing mission was conducted in 

1993 by the crew of STS-61 to install new equipment and correct the imperfection in the 

HST’s primary mirror.  The STS-82 performed the second servicing mission in 1997, 

replacing the old instruments with updated equipment that improved the functionality of 

the HST.  In 1999, STS-103 performed part A of the third servicing mission by replacing 

failed gyroscopes and making several additions.  Part B of the third mission and the 

fourth mission have been cancelled as of March 2004 due to risk concerns in the light of 

the recent shuttle Columbia tragedy.  According to the President Bush’s [37] space 

mandate, all further shuttle missions, hoped to resume in 2005, would focus on finishing 

the ISS.  HST successful functionality was dependable on the regular servicing missions.  

Suggestions [63] have been made to put forth a robotic servicing mission sometime by 

2009 to save the HST.  A group of scientists and engineers at NASA Goddard Space 

Flight Center (GSFC) is considering submitted proposals for a possible mission.  NASA 

JSC’s Robonaut [57] and UMD’s Ranger [24-27] are two of the technologies under the 

consideration. 

Several autonomous robotic services were and are under development due to the 

increasing demand.  Orbital Sciences Corporation received sponsorship from NASA in 

2001 to design, built, and test the Demonstration of Autonomous Rendezvous 

Technology (DART) [64, 65], shown in Fig. (2-13). 
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Figure 2-13.  Orbital Sciences – DART [64]. 

DART [64, 65], initially scheduled for flight in the fall 2004, was to be the first to 

locate and rendezvous with a satellite completely autonomously.  Previously, astronauts 

had to control the vehicle via teleoperation in order to accomplish any rendezvous and 

servicing operations.  After several delays DART [64, 65] was successfully launched on 

April 15, 2005 using an Orbital Sciences Pegasus Launch Vehicle and was scheduled to 

rendezvous and perform close proximity operations, ”including station keeping, docking 

axis approach, circumnavigation, and a collision avoidance maneuver” (64, p. 1), via 

Advanced Video Guidance Sensor (AVGS).  As reported by Spaceflight Now [66], 

DART suffered from problems with its guidance system from the start and, coming to 

approximately within 300 m to the target satellite, ran out of fuel, causing the autopilot to 

initiate the retirement segment of the mission.  It was later reported by Space News [67] 

that DART has actually advanced further then originally thought, running into the target 

satellite and then maneuvering into the retirement orbit.  NASA dubbed the mission to be 

partially successful and formed a board to investigate the mishap.  This particular mission 

is the focus of this thesis and therefore will be discussed in detail in Chapter 4.   
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Experimental Small Satellite-10 (XSS-10) [68, 69] developed by the U.S. Air Force 

to evaluate future applications of micro-satellite technologies such as rendezvous, 

inspection, docking, and close-proximity maneuvering around orbiting satellites.  

Launched on January 29, 2003, the space robotics mission was pronounced a success.  

The flight experiment verified semiautonomous on-orbit rendezvous and inspection 

capabilities.  “The XSS-10 was the first demonstration of an autonomous inspection of 

another resident space object using a highly maneuverable micro-satellite.  The flight 

experiment validated the design and operations of the micro-satellite's autonomous 

operations algorithms, the integrated optical camera, and the star sensor design.  The 

XSS-10 program team also verified the critical station keeping, maneuvering control, and 

logic guidance and control software necessary for autonomous navigation.  The ground 

control capability, innovatively developed for XSS-10, enabled a small team to 

successfully interpret the real-time data and control the spacecraft during its short 

mission” [69]. 

Experimental Small Satellite-11 (XSS-11) [70, 71] managed by the U. S. Air Force 

Research Laboratory program and build by Lockheed Martin Co. is another mission that 

was successfully launched on April 11, 2005.  XSS-11 [70, 71], shown in Fig. (2-15), is 

 
 

Figure 2-14.  XSS-10 [69]. 
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going to test the autonomous technologies needed for the inspection and repair of the 

disabled satellites, such as approach and rendezvous maneuvers to several non-

operational US satellites.  XSS-11 will also “demonstrate technologies for military space 

surveillance” (71, p. 1). The mission is scheduled to last approximately a year, with the 

rendezvous stage set to begin approximately six weeks after launch.  Additional details of 

the XSS-11 mission are not available in the public domain. 

Another on-going space robotics project is TEChnology SAtellite for 

demonstration and verification of Space systems (TECSAS) [72, 73] by the European 

Aeronautic Defense and Space Company (EADS), Babakin Space Center, and DLR-RM.  

The mission consists of launching target and chaser satellites, shown in Fig. (2-16), the 

former equipped with a robotic arm and a docking mechanism, to verify robot’s 

capabilities for rendezvous and close-proximity operations on-orbit. 

 

Figure 2-15.  XSS-11 [70]. 
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Figure 2-16.  TECSAS [73].  A) Chaser Satellite, B) Chaser Capturing Target. 

Also, the Phantom Works division of Boeing was selected to compete second phase 

of the Orbital Express [74, 75] project.  Phase II consists of “finalize the design, develop 

and fabricate a prototype servicing satellite, the Autonomous Space Transport Robotic 

Operations satellite (ASTRO), and a surrogate serviceable satellite, NextSat, and conduct 

an on-orbit demonstration to validate the technical feasibility and mission utility of 

autonomous, robotic on-orbit satellite servicing” (74, p. 1).  Fig. (2-17) shows artist’s 

rendering of the mission.  It is also a goal to develop a standard upgradeable vehicle that 

would be able to be used for a variety of satellite servicing missions.  The mission is set 

to launch in September of 2006. 

 
 

Figure 2-17.  Orbital Express - ASTRO [75]. 
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Another space robotics project is Spacecraft for the Universal Modification of 

Orbits (SUMO) [35], sponsored by the Defense Advanced Research Projects Agency 

(DARPA) and implemented by the Naval Center for Space Technology.  The servicing 

spacecraft, shown in Fig. (2-18), is going to demonstrate “the integration of machine 

vision, robotics, mechanisms, and autonomous control algorithms to accomplish 

autonomous rendezvous and grapple of a variety of interfaces traceable to future 

spacecraft servicing operations” (35, p. 1).  A demonstration of the prototype is set for 

December, 2005, while the launch of the SUMO spacecraft is set to occur sometime in 

2008. 

 
 

Figure 2-18.  SUMO Servicing Spacecraft [35]. 

To this day a variety of systems have been developed, yet most of the recent 

progress is either conceptual or awaiting a flight demonstration, with the exception of the 

DART mission, which was partially successful.  So it is time for the space robotics 

community to “continue the journey” (37, p. 1).  

2.2 Scope of the Thesis 

This thesis will use the DART project as a framework and will focus on the 

investigation of the close-proximity operations phase of the mission.  The Satellite Tool 

 



26 

Kit (STK v.6.2.) software developed by the Analytical Graphics Inc. will be used for the 

visualization of the mission in the space environment.  The close-proximity operation 

phase will be simulated using CW relative motion equations for the spacecraft in circular 

orbit.  Chapter 3 will present the analytical background of the linear orbit mechanics, and 

Chapter 4 will describe the DART mission in detail.  Different scenarios will be 

composed in the STK environment to observe the behavior of the DART spacecraft 

subjected to the full force model. Specific maneuvers will be examined for their accuracy 

in the relative position with respect to a target vehicle and for the amount of fuel and 

velocity used.  The simulation and the results of this effort will be discussed in Chapter 5.  

Chapter 6 will give conclusions and recommendations for future work in this area. 

 

 

 

 



CHAPTER 3 
LINEARIZED ORBIT MECHANICS AND PROXIMITY OPERATIONS 

This chapter discusses relative motion of two spacecrafts, orbiting in close-

proximity of each other.  The equations governing the motion of the robotic servicer with 

respect to the target satellite are presented for the close-proximity maneuvers.  General 

overview of the perturbation and their effects on the motion of the spacecraft is given. 

The author follows reference [76] for the formulation of this chapter. 

3.1 Two-body Problem 

Equation of motions (EOM) for the target satellite and the robotic servicer are 

defined using the two-body EOM, therefore it will be discussed first.  The derivation of 

the two-body EOM starts with two fundamental laws, Newton’s second law of motion and 

Newton’s law of universal gravitation. 

• Newton’s second law of motion states that “the rate of change of momentum is 
proportional to the force impressed and is in the same direction as that force” (77, 
p. 2).  

 

  ( )d mvF
dt

= =∑ ma  (3.1) 

 
where  are constant mass, velocity vector, and acceleration vector of a body, 
respectively, that is subjected to the sum of the forces acting on it.  

, ,m v a

 
• Newton’s law of universal gravitation states “any two bodies attract one another 

with a force proportional to the product of their masses and inversely proportional 
to the square of the distance between them” (77, p. 4). 
 

  2g
GMm rF

r r
⎛ ⎞= − ⎜ ⎟
⎝ ⎠

 (3.2) 
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where gF is the force acting on mass due to massm M , m and M are the masses of 

two bodies, is the vector fromr M to m , and is the 
universal gravitational constant. 

8 26.670 10 /G 2dyne cm gm− ⋅x=

 
In order to derive the two-body EOM the following assumption are necessary: 

1. M m . 
2. According to the Newtonian mechanics, the coordinate system is inertial 

(unaccelerating and nonrotating).   
3. The bodies are spherically homogeneous (symmetric and with uniform 

density), which allows treating each body as a point mass located at its 
geometric center. 

4. The only forces acting on the system are gravitational forces, which act 
along the line joining the centers of the two bodies. 

 
The system of two bodies is presented in Fig. (3-1).  Let be an inertial 

coordinate system. Let

ˆ ˆ ˆXYZ

ˆˆ ˆIJK be a coordinate system displaced from , but not rotating 

or accelerating with respect to .  The position vectors of bodies

ˆ ˆ ˆXYZ

ˆ ˆ ˆXYZ M and with respect 

to the origin of the reference frame are

m

ˆ ˆ ˆXYZ Mr and mr , respectively.  Therefore, the vector 

from M to is defined in equation (3.3). m

  m Mr r r= −  (3.3) 
 
Applying equations (3.1) and (3.2) with respect to ,  ˆ ˆ ˆXYZ

  2m m
GMm r GMmr r r

r r r
= − → = − 3  (3.4.1) 

 

  2M M
GMm r Gm

3Mr r
r r r

= → = r  (3.4.2) 

 
Equation (3.3) is differentiated to obtain equation (3.5).  Because is an inertial 

reference frame, the derivative of the equation (3.3) is found without differentiating the 

axes of the coordinate system. 

ˆ ˆ ˆXYZ

  m Mr r r= −  (3.5) 
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Equations (3.4.1) and (3.4.2) are grouped using equation (3.5). 

  ( )
3

G M m
r

r
+

= − r  (3.6) 

 
Due to earlier assumption of M m , a gravitational parameter is defined as GMμ = , 

and equation (3.6) takes the form of equation (3.7). 

  3r
r

rμ
= −  (3.7) 

 
Equation (3.7) is the relative two-body EOM (second-order, nonlinear, vector, differential 

equation). 

 
 

Figure 3-1.  Geometry of Relative Motion of Two Bodies [76]. 

3.2 Relative Motion 

This section develops the governing equations for the relative motion of two 

spacecraft in the nearly circular orbits.  The relative position and velocity solutions are 

also found. 
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3.2.1 Clohessy-Wiltshire Equations for Nearly Circular Orbits 

Figure (3-2) shows the geometry of the target satellite and servicer spacecraft, 

which will be used to derive the EOM.  The target satellite motion is the primary motion, 

while the motion of the servicer spacecraft is analyzed with respect to the target satellite.  

The satellite coordinate system, ˆˆ ˆ ˆˆ ˆ( )RSW xyz , is used as the reference frame for the 

derivation. 

 
 

Figure 3-2.  Coordinate System for Relative Motion. 

The axis points from the center of the Earth towards the target satellite along the 

radial vector.  The radial positions and displacements along the axis are collinear with 

the position vector.  The axis points in the direction of the velocity vector for the 

circular orbits and is perpendicular to the axis.  The along-track positions and 

displacements are along the axis and are normal to the position vector.  The axis 

points in the direction normal to the orbital plane. 

R̂

R̂

Ŝ

R̂

Ŝ Ŵ

The two-body relative motion equation (3.7) can be used to define the motion of 

the target satellite.  The motion of the servicer spacecraft is defined also using equation 

(3.7) with the addition of the force vector pertF , which accounts for the disturbing effects 

such as applied thrust to move relative to the target satellite, atmospheric drag, third-body 
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and oblateness of the earth effects, and solar radiation.  These are described in section 3.4 

of this chapter. 

  3tgt tgt
tgt

r
r

rμ
= −  (3.8) 

 

  3serv serv pert
serv

r r
r

Fμ
= − +  (3.9) 

 
Referencing the geometry of Fig. (3-2), the relative position vector of the servicer 

with respect to the target is found.  Equation (3.10) is then differentiated twice, as was 

demonstrated in section (3.1). 

  rel serv tgtr r r= −  (3.10) 
 
  rel serv tgtr r r= −  (3.11) 
 
Equations (3.8) and (3.9) are substituted into equation (3.11) to yield, 

  3
tgtserv

rel pert 3
serv tgt

rrr F
r r

μμ
= − + +  (3.12) 

 
Additional manipulations are required in order to use equation (3.12).  Equation 

(3.10) is rearranged as to solve for the position vector of the servicer, 

  serv tgt relr r r= +  (3.13)  
 
Equation (3.13) is divided by 3

servr .  The denominator of the right-hand side (RHS) of the 

equation (3.14) is rewritten using ( )1/ 22 22serv tgt rel tgt tgt rel relr r r r r r r= + = + ⋅ + . 

  
( )

33 3
2 2 22

tgt rel tgt relserv

serv serv
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r r r rr
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 (3.14)  

 
Assumption of is made, and term is factored out, 2

rel tgtr r 2 2
tgtr
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 (3.15) 

 
Using the binomial expansion of the equation (3.16), equation (3.15) can be rewritten as 

shown in equation (3.17). 

  ( ) ( ) 21 31 1 ...
2! 2

n n n x
x nx with n

−
+ = + + + = −  (3.16) 

 

  3 3 2

231 ...
2

tgt rel tgt relserv

serv tgt tgt

r r r rr
r r r

⎧ ⎫⎛ ⎞+ ⋅⎪ ⎪= − ⎜ ⎟ +⎨ ⎬⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭
 (3.17) 

 
Equation (3.17) is substituted into the equation (3.12) to yield, 

  3 2

231 ...
2

tgt rel tgt rel tgt
rel pert

tgt tgt tgt

r r r r r
r F

r r 3r
μ

μ
⎛ ⎞⎧ ⎫⎛ ⎞+ ⋅⎪ ⎪⎜= − − + + +⎜ ⎟⎨ ⎬⎜ ⎟⎜ ⎪ ⎪⎝ ⎠⎩ ⎭⎝ ⎠

⎟
⎟

 (3.18) 

 
Equation (3.18) is expanded, keeping only first-order terms. 

  3 2 2

3 2 23
2 2
tgt tgt rel tgt relrel

rel rel pert
tgt tgt tgt

r r r r rrr r
r r r
μ ⎧ ⎫⎛ ⎞ ⎛ ⎞⋅ ⋅⎪ ⎪= − − − +⎜ ⎟ ⎜ ⎟⎨ ⎬⎜ ⎟ ⎜ ⎟⎪ ⎪⎝ ⎠ ⎝ ⎠⎩ ⎭

F  (3.19) 

 

An assumption, 2
tgt rel

tgt

r r
r

⎛ ⎞⋅
⎜⎜
⎝ ⎠

⎟⎟ is small, is made based on the assumption of two satellites 

being sufficiently close to each other, and the term involving this quantity is dropped 

from equation (3.19), 

  3 2

3 2
2
tgt tgt rel

rel rel pert
tgt tgt

r r r
r r

r r
μ ⎧ ⎫⎛ ⎞⋅⎪= − − +⎜ ⎟⎨ ⎜ ⎟⎪ ⎪⎝ ⎠⎩ ⎭

F⎪
⎬  (3.20) 
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It can be noticed that ˆ tgt

tgt

r
R

r
= is a unit vector in the direction of the position vector of the 

target satellite, and tgt
rel

tgt

r
r

r
is the x - component, therefore equation (3.21) is the inertial 

acceleration of the servicer with respect to the target reference frame. 

  { }3
ˆ3rel rel pert

tgt

r r xR
r

Fμ
= − − +  (3.21) 

 
The target satellite reference frame, ˆˆ ˆRSW , rotates with the motion of the spacecraft in 

orbit and changes with time, so further analysis of equation (3.21) is necessary.  The 

term is with respect to the inertial frame, so it needs to be written with respect 

to

relr

ˆˆ ˆRSW frame. 

Using equation (3.22), equation (3.21) can be rewritten as shown in equation (3.23). 

  ( )/ / / /2I R R I R R I R I R R I Ra a r r rω ω ω ω= + × + × × + ×  (3.22) 
 
where is acceleration with respect to rotating reference frame, the term is the 

tangential acceleration (accounts for change in the angular rate of rotating reference 

frame), the

Ra ( /R I Rrω × )

)(( )/ /R I R I Rrω ω× × term is the centripetal acceleration (accounts for the rate of 

change of the tangential velocity), the ( )/2 R I Rrω × term is the Coriolis acceleration 

(demonstrates apparent acceleration the observer sees when observing spacecraft’s 

motion from the rotation). 

  ( )2
R Irel rel R rel R rel R R relr r r r rω ω ω ω= − × − × − × ×  (3.23) 
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where 3
tgtr
μω = is the mean motion of the target satellite and ( )R relrω × term is zero 

because the orbit are circular. 

The remaining cross products are evaluated taking the ( ), ,x y z to be the components of 

the in the target satellite’s reference frame. relr

  ( ) ( )

2 2

ˆˆ ˆ
ˆˆ0 0

ˆˆ ˆ
ˆˆ0 0

ˆˆ ˆ
ˆˆ0 0

0

R rel

R R rel

R S W
r yR xS

x y z

R S W
r

x y z

R S W
xR yS

y x

ω ω ω ω

ω ω ω ω ω ω ω

ω ω ω
ω ω

× = = − +

× × = × = × − +

= = − −
−

yR xS  (3.24) 

 
Substitute equations (3.23) and (3.24) into equation (3.21), 

  
{ } ( )

{ }

2 2
3

2 2 2

ˆ ˆˆ ˆ ˆ3 2

ˆ ˆˆ ˆ ˆ ˆ ˆ3 2 2

R

R

rel rel pert
tgt

rel pert

r r xR F yR xS xR yS
r

r xR yS zW xR F yR xS xR yŜ

μ ω ω ω ω

ω ω ω

= − − + − − + + +

= − + + − + + − + +ω ω
 (3.25) 

 
Equation (3.25) is written in the component form to give the CW equations of relative 

motion for the nearly circular orbits. 

   (3.26) 

2

2

2 3
2

x

y

z

x y x f
y x f near circular orbits

z z f

ω ω
ω

ω

⎫− − =
⎪

+ = −⎬
⎪

+ = ⎭
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3.2.2 Position and Velocity Solutions for Nearly Circular Orbits 

Because the application of the solution will be to the maneuvers employing 

impulsive thrust, an assumption of 0pertF =  is made.  This doesn’t apply to the cases in 

which a continuous thrusting is desired.   

The approach of Laplace operators will be used in order to solve for 

the x component of the position.  The x equation in (3.26) is differentiated, 

  
2

2

3 2
3 2

x x y
x x y

ω ω

ω ω

= +

= +
 (3.27) 

 
The equation in (3.26) is now substituted into equation (3.27), y

  2 2 23 4x x x x xω ω ω 0= − → + =  (3.28) 
 
The Laplace transform of equation (3.28) is taken, 

  { } { }2 3 2 2( ) ( ) 0o o o ox x s X s s x sx x sX s xω ω⎡ ⎤+ = − − − + − =⎣ ⎦L  (3.29) 
 
Equation (3.29) is expanded and like terms are grouped, 

  ( ) ( )
3 2 2 2

2 2 2 2

( ) ( ) 0

( )
o o o o

o o o

s X s s x sx x sX s x

sX s s s x sx x

ω ω

ω ω

− − − + − =

+ = + + +
 (3.30) 

 
Equation (3.30) is now solved for , ( )X s

  ( ) ( )2 2 2 2( ) o o ox x xX s
s s s sω ω

= + +
+ +

 (3.31) 

 
The last term in equation (3.31) is expanded using partial fractions, 

  ( ) 22 2

1
2

A Bs C
s ss s ωω

+
= +

++
 (3.32) 

 
Coefficient ( , , )A B C are found as follows, 
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( )

( ) ( )

22 2

0

2 2
22 2

1 1

1 1 , 0

s

s j

s j

A s
s s

jBs C s B C
s sω

ω

ωω

ω
ω ωω

=

=

=

= =
+

+ = + = − → = − =
+

 (3.33) 

 
Substitute equation (3.32) into equation (3.31) with coefficients from equation (3.33), 

  ( ) ( )22 2 2 2 2( ) o o o ox x x xX s
s ss sωω ω ω

= + + −
+ +

 (3.34) 

 
The inverse Laplace transform is applied to equation (3.34), 

  2 2( ) sin( ) cos( )o o o
o

x x xx t x t tω ω
ω ω ω

= + + −  (3.35) 

 
The x equation in (3.26) is substituted into (3.35), 

  
2 2

2 2

3 2 3 2( ) sin( ) cos( )o o o o o
o

x y x x yx t x t tω ω ω ωω ω
ω ω ω
+ +

= + + −  (3.36) 

 
It is then simplified, 

  2 2( ) 4 sin( ) 3 cos( )o o o
o o

y x yx t x t x tω ω
ω ω ω

⎛ ⎞= + + − +⎜ ⎟
⎝ ⎠

 (3.37) 

 
Equation (3.37) is differentiated to find the x component of the velocity, taking into the 

account that the initial conditions are constant. 

  ( )( ) cos( ) 3 2 sin( )o o ox t x t x y tω ω= + + ω  (3.38) 
 

In order to find the component of the position and velocity, the equation in 

(3.26) is integrated with respect to time.  First, the equation (3.38) is substituted into 

the equation in (3.26), 

y y

y

  
( )
( )

2 cos( ) 3 2 sin( )

2 cos( ) 2 3 2 sin(
o o o

o o o )

y x t x y t

y x t x y

ω ω ω ω

tω ω ω ω ω

= − + +⎡ ⎤⎣ ⎦
= − − +

 (3.39) 
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Integrate equation (3.39) twice, 

  
sin( ) 2(3 2 )cos( )

2 4cos( ) 6 sin( )

o o o

o o
o

y x t x y t C
x xy t x t Ct D

ω ω ω

ω ω
ω ω

= − + + +

⎛ ⎞= + + +⎜ ⎟
⎝ ⎠

+
 (3.40) 

 
The constants of integration are found by setting 0t = in equation (3.40), 

  
6 4 6 3
2 2

o o o o

o o
o o

y x y C C x
x xy D D y

oyω ω

ω ω

= + + → = − −

= + → = − +
 (3.41) 

 
Substituting the coefficients yields the component of the position to be, y

  ( )2 4( ) cos( ) 6 sin( ) 6 3o o
o o o

x yy t t x t x y t yω ω ω
ω ω

⎛ ⎞= + + − + −⎜ ⎟
⎝ ⎠

2 o
o

x
ω

+

o o

 (3.42) 

 
and the component of the velocity to be, y

  sin( ) (6 4 )cos( ) 6 3o o oy x t x y t x yω ω ω ω= − + + − −  (3.43) 
 

The approach of Laplace operators will be used in order to solve for 

the z component of the position. The Laplace transform of the z equation in (3.26) is 

taken, 

   (3.44) 2 2 2( ) ( ) 0o oz z s Z s sz z Z sω⎡ ⎤+ = − − + =⎣ ⎦L ω
 
Equation (3.44) is solved for ( )Z s , 

  ( ) ( )2 2 2 2( ) osz zZ s
s s

o

ω ω
= +

+ +
 (3.45) 

 
The inverse Laplace transform is applied to equation (3.45), 

  ( ) cos( ) sin( )o
o

zz t z t tω ω
ω

= +  (3.46) 

 
Equation (3.46) is differentiated to find the z component of the velocity, taking into the 

account that the initial conditions are constant. 
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  ( ) sin( ) cos( )o oz t z t z tω ω ω= − +  (3.47) 
 

The position and velocity solution to the CW equations for nearly circular orbits are 

written in the matrix form, 
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( )
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( ) ( ) ( )
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4 3c( ) 0 0
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ω
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⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥−
⎢ ⎥
⎢ ⎥
⎢ ⎥
⎣ ⎦

⎡ ⎤ ⎡
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−⎢ ⎥ ⎢⎣ ⎦ ⎣
= =

⎤
⎥
⎥
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(3.48) 

 
3.3 Close-Proximity Operations 

This section develops the analysis for the impulsive rendezvous using the linear 

CW relative motion equations derived in the previous section.  Three approaches of the 

target satellite by the servicer spacecraft, including R-Bar, V-Bar, and circumnavigation 

maneuvers (for definition refer to section 3.3.2), are described. 

3.3.1 Linear Two-impulse Rendezvous 

In order to calculate the change in velocity, VΔ , required for the two-impulse CW 

transfer, the state transition matrix ( )tΦ in equation (3.48) is evaluated, and then equation 

(3.48) is solved for the appropriate state.  The ˆˆ ˆxyz is the frame used to derive equation 
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(3.48) as referenced to Fig. (3-2).  The servicer spacecraft maneuvers with respect 

to ˆˆ ˆxyz frame.  The subscript specifying relative position (and velocity) is dropped because 

only the relative motion is discussed from here on. 

The relative position and velocity vectors are given by, 

  ( ) ( ) (0) ( ) (0)r t M t r N t r
= =

= +  (3.49) 

 
  ( ) ( ) (0) ( ) (0)r t S t r T t r

==
= +  (3.50) 

 
where and are six scalar constants that define the initial state of the orbit. (0)r (0)r

The final state for the rendezvous is at the origin of the ˆˆ ˆxyz frame, 

making .  The initial relative velocity( ) 0f fr r t= = or
+ needed for the successful 

rendezvous is found from equation (3.49), 

  1( ) ( )o fr N t M t+ −

==
= − f or  (3.51) 

 
The first impulse of the CW transfer instantaneously changes the initial relative velocity 

prior to impulse to the initial relative velocity after the impulseor
−

or
+ .  The velocity 

required for the first impulse is 

  o o ov r r+ −Δ = −  (3.52) 
 
The final relative velocity upon successful rendezvous is found from equation (3.50), 

  ( ) ( )f or S t r T t ro
− +

==
= +  (3.53) 

 
The second impulse of the CW transfer, acting as a stop maneuver, instantaneously 

changes the final relative velocity prior to impulse fr − to the final relative velocity after 

the impulse fr + .  The velocity required for the second impulse is 

  f fv r −Δ = −  (3.54) 
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The presented equations provide the closed form expressions necessary to perform 

rendezvous.  The first change in velocity positions the servicer spacecraft onto the path 

that will lead towards the target satellite.  The second velocity change cancels the 

velocity of the servicer upon arrival at the origin of ˆˆ ˆxyz frame, completing the transfer. 

The scheme for the linear two-impulse rendezvous described here will be used as a basis 

for the simulation presented in the Chapter 5. 

3.3.2 Different Approaches of the Target Satellite 

This section discusses three common maneuvers performed to approach or move 

away from a target satellite: V-Bar (V ) - Approach, R-Bar ( R )- Approach, and 

circumnavigation. 

 
 

Figure 3-3.  V-Bar - Approach Maneuver. 

The ˆˆ ˆxyz frame (or CW frame) is shown in Fig. (3-3).  The servicer spacecraft is 

located directly behind, as in Fig. (3-3), or in front of the target satellite along the axis, 

which is in the direction of the velocity vector.  Therefore, approaching or receding along 

this direction is known as the V-Bar - Approach.  As can be seen from Fig. (3-3), a 

number of small CW impulsive maneuvers is used to represent the motion of the servicer 

spacecraft directly along the V-Bar. 

ŷ

 



41 

 
 

Figure 3-4.  R-Bar - Approach Maneuver. 

Fig. (3-4) shows the servicer vehicle located directly below the target satellite 

along x̂ axis, which is in the direction of the radius vector.  Therefore, approaching or 

receding along this direction is known as the R-Bar - Approach.  Similarly, the motion 

directly along the R-Bar direction is represented with multiple CW impulsive transfers. 

The circumnavigation maneuver, shown in Fig. (3-5), allows the servicer spacecraft 

to fly around the target satellite.  V-Bar - Approach, R-Bar - Approach, and 

circumnavigation maneuvers are performed in the orbit plane; they can, for example, 

correspond to an inspection, docking, or collision avoidance phases of a specific mission.  
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In all the figures a single arc represents a two-impulse CW transfer.  The demonstrated 

maneuvers are used for the simulations presented in Chapter 5. 

 
 

Figure 3-5.  Circumnavigation Maneuver. 

3.4 Perturbations 

“A satellite in earth orbit experiences small but significant perturbations (accelerations) 

due to the lack of spherical symmetry of the earth, the attraction of the moon and sun for 

the satellite, and, if the satellite is in low orbit, due to atmospheric drag” (78, p. 155).  

The equations developed in the preceding sections relied on the assumptions of the two-

body problem and did not account for the disturbances affecting the orbit of the 

spacecraft.  The force model used in the simulations presented in Chapter 5 implements 

the following disturbances: atmospheric drag, gravitational effects due to oblateness of 

the Earth, third body effects, solar radiation, and thrust.  Therefore, a general description 

for each will be presented in this section.  In depth discussion of all the perturbations and 

their effects can be found in [76]. 
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3.4.1 General Effect of Perturbations 

Disturbances on orbital motion cause secular and periodic changes in orbital 

elements, as shown in Fig. (3-6).  Secular changes grow linearly with time; making the 

errors in these changes grow unbounded.  This is demonstrated in the Fig. (3-6) with a 

straight line.  Periodic changes are separated into the short-periodic and long-periodic 

effects.  Short-periodic changes tend to repeat in equal to or less time than the satellite’s 

orbital period.  Long-periodic changes repeat themselves after significantly longer time 

than the orbital period, usually one or two orders of magnitude longer.  These effects are 

also shown in Fig. (3-6).   

 
 

Figure 3-6.  General Effect of Perturbations on Orbital Elements [76]. 

The orbital elements ( , , , , ,a e i ω νΩ ), described in Appendix A, are defined as fast 

and slow variables.  Fast variables significantly change during an orbital period, even if 

the perturbations are not present.  True, mean, and eccentric anomalies are examples of 

the fast variables.  The short-periodic changes occur when the causative perturbation 

effect has a fast variable present.  Slow variables have slight changes during an orbital 

period, and these changes are due to the presence of disturbances.  Semimajor axis, 

eccentricity, inclination, node, argument of perigee are some of the examples of the slow 

variables. 
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3.4.2 Atmospheric Drag Effects 

Drag is a nonconservative force that acts in the direction opposite to the motion of 

the satellite.  Equation (3.55) provides the expression for the atmospheric drag presented 

as acceleration, 

  21
2

D
drag

C A rr
m r

ρ= − r  (3.55) 

 
whereρ is the atmospheric density, DC is the coefficient of drag, A is exposed cross-

sectional area of the spacecraft, m is the mass of the spacecraft, and is the magnitude of 

the velocity of the spacecraft. 

r

The atmospheric drag has the effect of attenuating the orbit and causing a satellite 

to reenter the atmosphere and crash into the Earth.  This is demonstrated in Fig. (3-7). 

 
 

Figure 3-7.  Effects of Atmospheric Drag [76].  A) Lowering of the Orbit, B) Orbital 
Properties Under the Effect of Drag. 

Fig. (3-7A) shows the decreasing effect of drag on size and shape of the orbit, hence, 

change in semi-major axis and eccentricity.  Fig. (3-7B) demonstrates the variation in the 

orbital elements over the lifetime of a satellite. 

The effects of atmospheric drag are summarized below, 

• Secular changes caused in semi-major axis, eccentricity, and inclination. 

• Periodic changes caused in all the orbital elements. 
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The simulations in Chapter 5 employ the Jacchia-Roberts [76] atmospheric density 

model, which is a high fidelity, but computationally expensive, time-varying model. This 

model is similar to Jacchia 1971, but uses analytical methods to improve on the 

performance.  Jacchia 1971 model computes atmospheric density based on the 

composition of the atmosphere, which depends on the satellite’s altitude as well as a 

divisional and seasonal variation.  It has valid range of 100km-2500km [79]. 

3.4.3 Oblateness of the Earth Effects 

The Earth is not a perfect sphere, as it is often assumed, making the center of 

gravity (CG) not coincident with the center of mass (CM).  The effects of the oblateness 

of the Earth are most prominent for low Earth orbits (LEO).  The averaging effects of the 

Earth’s spin result in a gravitational potential of the satellite with respect to the Earth as 

expressed in equation (3.56) [80]. 

  (
2

1
k

e
k k

k

RU J P
R R
μ ∞

=

)cos
⎡ ⎤⎛ ⎞= − Φ⎢ ⎥⎜ ⎟

⎝ ⎠⎢ ⎥⎣ ⎦
∑  (3.56) 

 
where R is the distance from the center of the Earth to the spacecraft, eR is the equatorial 

radius of the Earth, is the Legendre polynomial function of the kth order, is the 

colatitude, and represents zonal harmonics ( is the first zonal harmonic with the most 

dominant effects). 

kP Φ

kJ 2J

The two primary effects, regression of the line of nodes and rotation of the line of 

apsides, are secular changes.  Nodal regression is a rotation of the plane of the orbit about 

the axis of rotation of the Earth at a rate that depends on inclination and altitude.  The 

torque formed is about the line of nodes, and it pulls the orbital plane towards the 

equator.  The perturbation is observed through a change in the angular momentum vector, 
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which signifies the orbital precession.  Fig. (3-8) demonstrates the nodal regression.  The 

nodes move westward for direct orbits and eastward for retrograde orbits. 

 
 

Figure 3-8.  Nodal Regression [76]. 

The rotation of the line of apsides is the second major effect and is applicable only 

to eccentric orbits.  This perturbation will cause the major axis of an elliptical path to 

rotate in the direction of the satellite’s motion if or and opposite of the 

direction of motion for .  The rate of rotation depends on inclination and 

altitude.  Fig. (3-9) demonstrates the apsidal regression. 

63.4i < 116.6i >

63.4 116.6i< <
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Figure 3-9.  Apsidal Regression [76]. 

The discussion of periodic effects of zonal harmonics can be found in [76].  The 

effects of oblateness of the Earth are summarized below, 

• Secular changes in the node and perigee are the primary effect. 

• Even zonal harmonics cause secular perturbations in , , MωΩ ;  have 

no secular effects. 

, ,a e i

• For orbits with orbital plane remains fixed, indicating no secular and 

periodic changes in

90i =

,iΩ . 

• The magnitude of perturbations due to the oblateness of the Earth increases 

when the eccentricity of the orbit is increased and decreases when the semi-

major axis of the orbit is increased. 

The simulations in Chapter 5 employ the Joint Gravity Model version 2 (JGM2) 

developed by NASA/GSFC Space Geodesy Branch, the University of Texas Center for 

Space Research, and CNES.  It describes the gravity field of the Earth of the degree and 

order 21 (maximum 70) [79] using equation (3.56). 
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3.4.4 Third-Body Effects 

The effects of third body, Sun or Moon, should be considered, especially for the 

satellites in orbits with high altitude.  Gravitational attraction of a third body causes the 

perturbations, so it is similar to the orbital changes caused by the oblateness of the Earth.  

Fig. (3-10) demonstrates the phenomenon arising from the third body effects.  The 

trajectories of the satellite and sun’s (for example) orbits are shown as elliptical rings in 

the Fig. (3-10).  The gravitational attraction between the rings generates a rotation of the 

satellite ring toward the ecliptic solar ring about the intersection line of the rings.  A 

gyroscopic precession about the axis normal to the ecliptic ring plane is a result of a 

torque on the satellite ring.  The Moon will have a similar influence, causing the 

regression about the axis normal to the orbital plane of the Moon.  The effect of both the 

Sun and the Moon is a regression of the orbital plane about a mean pole (between the 

Earth’s and ecliptic poles). 

 
 

Figure 3-10.  Third-Body Effects [76]. 
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The third body, the Sun or Moon, effects are summarized below, 

• Semi-major axis does not have any secular or long-periodic changes. 

• Secular perturbations occur in the node and perigee.  Since the Moon is 

closer to the Earth than the Sun, the lunar effects are more pronounced. 

• Long-periodic changes occur in , , ,e i ωΩ . 

• The changes in perigee height induced by the Sun and the Moon have the 

effect of increasing or decreasing the lifetime of the satellite for orbits 

affected by the atmospheric drag perturbations. 

The force model in simulations of Chapter 5 takes into account the third body 

effect of the Sun and the Moon.  

3.4.5 Solar Radiation Effects 

Solar radiation is a nonconservative force, which effects are more pronounced for 

orbits with higher altitudes.  Equation (3.57) provides the expression for the acceleration 

due to solar pressure, 

  
2

1 ˆsolrad r S
AU

A Kr C
m c R

ϕ ⎛ ⎞
= − ⎜ ⎟

⎝ ⎠
r  (3.57) 

 
where is the coefficient of reflectivity,rC A is area of the spacecraft, m is the mass of the 

spacecraft, is percentage of the sun (as seen from the spacecraft),K ϕ is solar flux at 1 

AU, is the speed of light,c AUR is the distance from the spacecraft to the sun in AU, 

and is the unit position vector of the sun as seen from the spacecraft [Ŝr 79]. 

The solar radiation effects are summarized below, 

• Radiation pressure causes periodic changes in all the orbital elements with 

more pronounced effects for higher altitude orbits. 
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• Changes in perigee height can have a significant effect on the lifetime of the 

satellite. 

• Solar radiation effects are more significant for satellites with low mass and 

large surface area. 

The force model in simulations of Chapter 5 takes into account the effects of solar 

radiation. 

3.4.6 Thrust 

The perturbations to the orbit by the acceleration due to thrust is a planned change.  

Equation (3.58) provides the expression, 

  ( ) ,thrust
thrust thrust sp

c

F tr F
m d

= =
dmI

t
 (3.58) 

 

where spI is specific impulse of the fuel, dm
dt

is the motor’s mass flow rate, and is the 

current mass of the spacecraft. 

cm

Impulsive thrust maneuvers are implemented in the simulations of Chapter 5. 

 

 

 



CHAPTER 4 
DEMONSTRATION OF AUTONOMOUS RENDEZVOUS TECHNOLOGY (DART) 

MISSION OVERVIEW 

The DART, successfully launched on April 15, 2005, was design as the first robotic 

servicer to verify the capabilities of autonomous rendezvous with and maneuvering in 

close proximity of another spacecraft, the Multiple Paths, Beyond-Line-of-Sight 

Communications (MUBLCOM) satellite.  This chapter gives a description of the DART 

and MUBLCOM vehicles and an overview of the entire mission, particularly focusing on 

the proximity operations phase. 

4.1 DART Spacecraft 

  The DART spacecraft was built by Orbital Sciences Co.  The servicer has a total 

mass of 363kg, length of 6ft, and diameter of 3ft. 

 
 

Figure 4-1.  DART Spacecraft Configuration [65]. 
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The DART vehicle, as shown in Fig. (4-1), is composed of two main parts.  The 

front is the Advanced Video Guidance Sensor (AVGS) bus, and the aft is the Hydrazine 

Auxiliary Propulsion System (HAPS).  The specific components of the AVGS bus and 

HAPS can be seen in Fig. (4-2). 

 
 

Figure 4-2.  DART Spacecraft Component Configuration [65]. 

Three propulsion systems are used for the control of the DART vehicle.  The HAPS 

system has three hydrazine thrusters, which are used for all the maneuvers preceding the 

close-proximity phase of the mission, as well as to control pitch and yaw of the DART 

vehicle, and a set of six cold-gas nitrogen thrusters, which are used “to provide three-axis 

attitude control during orbital drifts and roll control during HAPS burns” (65, p. 9).  The 

DART vehicle is also equipped with a set of 16 cold-gas nitrogen thrusters, which are 

used during the close-proximity operation phase for the translation and attitude control.  
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This thesis doesn’t focus on the attitude control; however, the characteristics of all the 

propulsion systems used are given in Table (4-1) for completeness. 

Table 4-1.  DART Vehicle Propulsion Systems Characteristics. 
Propulsion System Thrust (N) Specific Impulse (sec) Fuel Mass (kg) 

HAPS Three Hydrazine 
Thrusters 

222 236 56.88 

HAPS set of 6 cold-gas 
nitrogen thrusters 

111 NS 5.77 

16 cold-gas nitrogen 
thrusters 

3.6 60 22.68 

 
The HAPS three hydrazine thrusters, shown in Fig. (4-3B), are located in the back 

of the HAPS section of the DART vehicle with the thrust direction aligned with the  

axis.  

BodyX

 
 

Figure 4-3.  DART Vehicle Thrusters.  A) Ortho View, B) Back View. 

Table (4-2) identifies the locations of the 16 cold-gas nitrogen thrusters on the 

DART vehicle, also shown in Fig. (4-3).  FWD and AFT represent the location of the 

forward and aft thrusters, respectively.  90/270 specifies the location of the thruster with 

respect to the circumference of the face. 

Table 4-2.  Location of the 16 Cold-Gas Nitrogen Thrusters. 
Thruster # Thruster Exhaust Direction Thruster Location 

1 45 Deg. +X/+Y FWD 90 
2 +Y FWD 90 
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3 -Z FWD 90 
4 +Z FWD 90 
5 45 Deg. +X/-Y FWD 270 
6 -Y FWD 270 
7 -Z FWD 270 
8 +Z FWD 270 
9 -X AFT 90 
10 +Y AFT 90 
11 -Z AFT 90 
12 +Z AFT 90 
13 -X AFT 270 
14 -Y AFT 270 
15 -Z AFT 270 
16 +Z AFT 270 

 
4.2 MUBLCOM Spacecraft 

The MUBLCOM, shown in Fig. (4-4), is the target satellite, which will be 

approached by the DART spacecraft.  MUBLCOM retroreflectors were designed 

specifically for this mission’s application. 

 
 

Figure 4-4.  MUBLCOM Satellite Configuration [65]. 
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Figure (4-5) presents the characteristics of the MUBLCOM orbit.  This data was 

accessed from the satellite database of the STK software, which contains Two-Line 

Element (TLE) files, regularly updated by the U.S. Strategic Command 

(USSTRATCOM).  TLE sets contain orbital data for any satellite, and Fig. (4-6) shows 

the format of TLE.  TLE information was used to define the initial state of the 

MUBLCOM satellite in Astrogator module of STK.  The simulations in STK and their 

set up will be discussed in Chapter 5. 

 
 

Figure 4-5. MUBLCOM Orbit. 

 
 

Figure 4-6.  Two-Line Elements [81]. 
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4.3 Mission 

4.3.1 Launch and Rendezvous Phase 

As previously mentioned, the DART spacecraft was successfully launched from 

Vandenberg Air Force Base (AFB) in Lompoc, California into Phasing Orbit 1, as shown 

in Fig. (4-7) as point A.   

 
 

Figure 4-7.  DART Rendezvous Phase [65]. 

Phasing Orbit 1 is a circular parking orbit, matching the inclination and Right 

Ascension of the Ascending Node (RAAN) of the MUBLCOM’s orbit.  The DART 

spacecraft then performs a Hohmann orbit transfer, a fuel and velocity efficient transfer 

between two coplanar circular orbits, to reach Phasing Orbit 2, indicated as point C in 

Fig. (4-7).  At this point, the DART spacecraft will be approximately 40 km behind and 

7.5 km below the MUBLCOM satellite.  After allowing the DART vehicle to drift to 

approximately 21 km behind MUBLCOM (point D in Fig. (4-7)), the final CW transfer is 

performed, positioning the DART spacecraft into MUBLCOM’s orbit, 3 km behind 
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relative to the satellite.  This is indicated as point E in Fig. (4-7).  These maneuvers are 

accomplished using the three hydrazine thrusters of the HAPS propulsion system. 

4.3.2 Close-Proximity Operations Phase 

The close-proximity operations start with a CW transfer from –3 km to –1 km 

relative to the MUBLCOM satellite.  This and the rest of the maneuvers in this phase are 

shown in Fig. (4-8).   From –1km point the DART spacecraft performs forced maneuvers 

to move along V-Bar and R-Bar directions, with the exception of the transfer to R-Bar 

axis and circumnavigation maneuvers, which are accomplished with CW transfers.  Most 

of the close-proximity maneuvers are to be performed twice as can be seen from Fig. (4-

8).  DART performs several docking axis approaches from –15 m to –5 m, as to simulate 

the docking maneuver.  However, in this thesis the DART spacecraft will perform those 

approaches along V-Bar axis without transferring to the vehicle’s docking axis.  The 

maneuvers in this phase are accomplished using a set of 16 cold-gas nitrogen thrusters. 

The close-proximity operations phase is the focus of this thesis, therefore the simulation 

described in Chapter 5 are restricted to the maneuvers shown in Fig. (4-8).  The timeline 

for these maneuvers is given in Table (4-3), which is based on (65, p.23 Fig. 10).  After 

completing the proximity operations phase, the DART spacecraft initiates a retirement 

burn that is to place the vehicle into a parking orbit. 

Even though the general profile of the DART mission is followed, this thesis does 

not precisely reflect the real mission, and the changes and/or simplifications made are 

noted where applicable.  Reference [65] presents the details of the entire mission for the 

interested reader. 
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Figure 4-8.  DART Proximity Operations [65]. 

Table 4-3.  Close-Proximity Operations Timeline 
Maneuver Duration (sec)
Station-keep at -3km V-Bar 300 
CW transfer to -1km 4576 
Station-keep at -1km V-Bar 300 
Forced motion to -200m V-Bar 3094 
Station-keep at –200m V-Bar 300 
Forced motion to -15m V-Bar 826 
Station-keep at -15m V-Bar 5400 
Forced motion to -5m (1) V-Bar 131 
Station-keep at -5m V-Bar 600 
Forced motion to -15m (1) V-Bar 134 
Station-keep at -15m V-Bar 300 
Forced motion to -5m (2) V-Bar 132 
Station-keep at -5m V-Bar 300 
Forced motion to -15m (2) V-Bar 135 
Station-keep at -15m V-Bar 300 
Forced motion to -100m V-Bar 473 
Station-keep at -100m V-Bar 1800 
Forced motion to -200m V-Bar 498 
Station-keep at -200m V-Bar 300 
Depart to lose AVGS tracking (-350m) V-Bar 589 
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Return to -200m V-Bar 546 
Station-keep at -200m V-Bar 1800 
CW transfer to R-Bar 1562 
Station-keep at 150m on R-Bar 1800 
Forced motion to 100m on R-Bar 248 
Station-keep at 100m on R-Bar 300 
Forced motion to 300m on R-Bar 585 
Station-keep at 300m on R-Bar 300 
CW transfer circumnavigation to -1km 4561 
Station-keep at -1km on V-Bar 3317 
Forced motion to –200m V-Bar 3094 
Station-keep at –200m V-Bar 300 
Depart to lose AVGS tracking (-350m) V-Bar 559 
Return to -200m V-Bar 528 
Station-keep at -200m V-Bar 300 
CW transfer to R-Bar 1565 
Station-keep at 150m on R-Bar 300 
Forced motion to 100m on R-Bar 255 
Station-keep at 100m on R-Bar 300 
Forced motion to 300m on R-Bar 658 
Station-keep at 300m on R-Bar 425 

  

 



CHAPTER 5 
SIMULATIONS USING SATELLITE TOOL KIT (STK) SOFTWARE BY 

ANALYTICAL GRAPHICS, INC. (AGI) 

5.1 Satellite Tool Kit (STK) 

STK is a commercial-off-the-shelf (COTS) analysis software for land, sea, air, and 

space.  STK has a capability to present results in both graphical and text formats in order 

to analyze and determine optimal solutions for space scenarios.  The software is used to 

support all phases of a satellite system’s life cycle, including: policy, concept, 

requirements, development, testing, deployment, and operations.  STK also calculates 

data and displays multiple 2-D maps to visualize various time-dependent information for 

satellites and other space-related objects.  STK is capable of generating orbit/trajectory 

ephemeris and providing acquisition times and sensor coverage analysis for any of the 

objects modeled in the STK environment.  STK/PRO, a collection of additional orbit 

propagators, attitude profiles, coordinate types and system, sensor types, in view 

constraints, and city, facility, and star databases, is available as add-on collection of 

modules (82). 

5.1.1 STK/Advanced Visualization Option Module 

STK/Advanced VO is a dynamic 3-D environment that visualizes complex mission 

and orbit geometries by displaying realistic 3-D views of space, airborne, and terrestrial 

assets; sensor projections; orbit trajectories; along with assorted visual cues and analysis 

aids (83). 

60 
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5.1.2 STK/Astrogator Module 

STK/Astrogator is an interactive tool used for orbit maneuvering and space mission 

planning (84).  Figure (5-1) displays STK’s graphical user interface (GUI) for the 

Astrogator. Mission control sequences (MCS), shown on the left hand side (LHS) of the 

figure, display the maneuvers performed during the mission.  The detailed information 

regarding each orbit maneuver is displayed in the right hand side (RHS) of the figure.  

Bulls-eye mark next to each maneuver segment in the MCS implies that the Astrogator 

targeter was used to obtain the values displayed on the RHS of Fig. (5-1). 

 
 

Figure 5-1.  Astrogator 

Figure (5-2) displays STK’s GUI for the Astrogator targeter for the maneuver from 

–3km to –1km along the V-Bar.  The control parameters are the values of for the 

impulsive thrusting needed to meet the requirements of the mission.  Targeting process is 

started with an initial guess at the values of control parameters.  The initial guesses 

VΔ
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for have to be reasonably near a valid solution in order for the targeter to successfully 

converge.  In this effort, the values for

VΔ

VΔ obtained from the CW algorithm were used as 

the initial guesses. 

Equality constraints represent the requirements of the mission.  In this case the 

DART spacecraft has to complete a maneuver for duration of 4576 seconds, traveling 

from –3km to –1km relative to MUBCLOM satellite.  At the end of this maneuver the 

DART spacecraft has to be located –1km in-track direction and not displaced in the 

cross-track and radial directions. 

 
 

Figure 5-2.  Astrogator Targeter. 
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The Astrogator targeter uses an iterative technique referred to as the differential 

corrector to solve, in this case, a system of four equations (equality constraints) and three 

unknowns (control parameters).  The process is outlined in equation (5.1) below.   

in track in track
x x

radial radial
y y

cross track cross track
z zd o

d o

r r
r r

r r
S r r

r r
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− −

− −
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                                                                (5.1) 

Assuming that the functions are linear, a sensitivity matrix, S , containing the partial 

derivatives calculated numerically by running the trajectory with perturbed control 

parameters is created. 
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                     (5.2) 

Linear solution is obtained by rearranging equation (5.1), 

1
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⎟⎥
⎟                                                              (5-3) 

The inverse of sensitivity matrix is found using Singular Value Decomposition (SVD). 

5.2 Simulation Scenarios 

The scenarios simulated in STK emulate the close proximity operations phase of 

the DART mission (refer to Fig. (4-7) in Chapter 4).  The simulated scenarios begin with 
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Phasing Orbit 2, shown as point C in Fig. (4-6), and close proximity operations begin 

when the DART spacecraft is positioned in MUBLCOM’s orbit, 3 km behind relative to 

the satellite (refer to point E in Fig. (4-6)).  Three different types of scenarios are 

investigated: 

1. The close-proximity operations are performed using a single two-impulse 

transfer for each maneuver in the phase. 

2. The close-proximity operations are performed using multiple two-impulse 

transfers in order to represent each maneuver of the phase as essentially 

“finite”.  This scenario more closely represents a motion strictly along V/R-

Bar directions. 

3. The close-proximity operations are attempted using finite thrusting along V-

Bar direction. 

A CW algorithm based on the developments in Chapter 3 was written in Matlab 

(refer to Appendix B) in order to compute the values for the change in velocity, VΔ , for 

the impulsive thrusting to be used in STK.  Scenarios 1 and 2 were performed in two 

categories: untargeted and Astrogator targeted maneuvers.  Untargeted category implies 

that the values for obtained from the CW algorithm were directly used to implement 

an impulse.  The Astrogator targeted category implies that the values for obtained 

from the CW algorithm were used as initial values, and the final values for were 

found by the Astrogator targeter (described in section 5.1.2) via numerical integration 

using an eighth order Runge-Kutta-Verner integrator with ninth order error control 

(RKV8th9th).  The purpose of considering both categories is to observe the discrepancies 

VΔ

VΔ

VΔ
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in the relative position values that result due to infeasibility of linearized CW model for 

precise autonomous proximity operations. 

5.2.1 Scenario 1 

In this scenario the close-proximity operations are performed using a single two-

impulse transfer for each maneuver in the phase.  This is demonstrated in Fig. (5-3).  

Figure (5-3A) displays the mission profile of the DART spacecraft for the close-

proximity operations phase (as described in Chapter 4).  Figure (5-3B) displays the STK 

simulated scenario of the close-proximity operations phase. The trajectory of 

MUBLCOM’s orbit is shown.  The inbound maneuvers and the outbound maneuvers of 

the DART spacecraft along the V-Bar and R-Bar directions with respect to the 

MUBLCOM satellite are shown.  The circumnavigation maneuver that takes the DART 

spacecraft from R-Bar to V-Bar axis is also displayed. 

As per the DART mission profile, station-keeping segments occur between each 

maneuver.  During each station-keeping maneuver, the DART spacecraft’s relative 

position is expected to stay constant with respect to MUBLCOM satellite.  However, 

because the CW method is not exact, the DART spacecraft reaches the desired position 

slightly above or below the V-Bar axis.  The radial offset from the V-Bar axis has a radial 

rate associated with it.  A threshold based on DART’s relative radial rate is defined, and, 

when exceeded, a station-keeping burn in the radial direction is triggered to correct the 

orbit.  Figure (5-4) demonstrates the STK set up GUI for the station-keeping maneuver.  

The stopping condition defines the terms under which the maneuver is ended.  Station-

keeping maneuvers stop when a required duration is reached.  The “UserSelect” 

condition triggers the radial orbit correction burn, when the radial rate exceeds a specified 

value.  Two conditions are specified; triggering the correct one depends on the location of 
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the DART spacecraft (below or above the V-Bar). The value of the threshold depends on 

the duration and the distance of a specific transfer, which dictates the magnitude of the 

velocity that spacecraft will have in excess of what is required to keep constant with 

respect to the satellite.  

 
 

Figure 5-3.  Scenario 1 – Targeted Close-proximity Operations (Starting at –3km Point). 
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Figure 5-4.  Station-keeping Set-up

The station-keeping maneuver to stay on the V-Bar axis is shown in Fig. (5-5A).  

The DART spacecraft arrives at a specified location (respective of the maneuver at hand) 

on the V-Bar axis.  Then it performs a station-keeping maneuver for a required duration.  

The DART spacecraft performs radial burns in order to force itself to stay on the V-Bar 

axis.  Upon completion of the station-keeping maneuver, DART initiates the proceeding 

maneuver by placing itself onto the departure trajectory.  Similar type of tolerance is set 

up for the station-keeping maneuvers to stay on the R-Bar axis, where the spacecraft will 

move in the radial (R-Bar) direction for the duration of the maneuver, as shown in Fig. 

(5-5B).  This will keep the vehicle from moving too much in the V-Bar direction, 

therefore positioning DART directly below (or above) the MUBLCOM satellite. 
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Figure 5-5.  Station-keeping.  A) V-Bar, B) R-Bar. 

Figure (5-6) shows the DART spacecraft in the 5m vicinity of the MUBLCOM 

satellite, which is the closest point of approach in the mission profile.  DART’s and 

MUBLCOM’s  local coordinate axis, VN , are displayed at their respective locations.  

In the VN (Velocity - Normal - Co-normal) coordinate frame: the

C

C X  axis is along the 

velocity vector (V - In-Track), theY axis is along the orbit normal (Y R - Cross-

Track), and the

V= ×

Z axis completes the orthogonal triad ( Z X Y= × - Radial).  The CW 

algorithm developed in this thesis (refer to Appendix B) takes into account the relative 

orientation between CW frame described in Chapter 3 and the VN frame used in STK 

simulations.  Velocity vectors for both vehicles are shown (red for MUBLCOM, and light 

blue for DART) in the positive V-Bar direction.  Because MUBLCOM satellite’s motion 

is the primary motion, the motion of the DART spacecraft is analyzed with respect to the 

MUBLCOM’s VNC frame. 

C
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Figure 5-6.  DART at –5m Relative to MUBLCOM (Point of Closest Approach). 

The two categories of untargeted and Astrogator targeted maneuvers were 

performed in order to investigate and quantify the errors in the relative position that occur 

due to the orbital perturbations that are neglected in the untargeted computations.  

Due to the accumulation of errors that would occur for multiple CW-based (i.e., 

untargeted) maneuvers the entire mission profile of the close-proximity operation phase 

will not be analyzed, but several V/R-Bar maneuvers in the phase will be investigated. 

VΔ

5.2.1.1 V-Bar maneuvers 

Figure (5-7) displays the maneuvers that are considered for the DART spacecraft 

transferring relative to the MUBLCOM satellite.  The DART spacecraft’s trajectory starts 

at the -3km, point A, and includes four maneuvers, each represented by a single two-

impulse transfer, positioning DART 5m behind the MUBLCOM satellite, point B.  

Station-keeping, similar to Fig. (5-5A), is performed between each maneuver for a 

specified duration.   
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Figure 5-7.  V-Bar Maneuvers. 

Table (5-1) displays the component values in the MUBLCOM satellite’s 

frame for the initial impulsive burn to start each maneuver.  At the beginning and 

the end of each transfer the DART spacecraft is assumed to be in the same orbit as 

MUBLCOM satellite, making the relative initial and final velocities to be zero.  

Therefore, the final impulsive burn is implemented to seize any relative motion between 

the vehicles.  These values are shown in Table (5-2) and were obtained similarly to the 

values in Table (5-1).  

VNC

Table 5-1.  Initial Impulse Values for V-Bar Maneuvers from –3km to –5m. 
Maneuver VΔ Targeted (km/s) VΔ Untargeted (km/s) % Error 

-3km to –1km -0.00009700879
-0.00000020840
-0.00017547925

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00009670000
0.00000000000
-0.00017637279

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.3183
100

.5092

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-1km to –200m -0.00000556245
0.00000000000
-0.00019624144

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00000528616
0.00000000000
-0.00019712353

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
4.9671

0
.4495

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-200m to –15m 0.00017429195
-0.00000014229
-0.00016198627

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00017619398
0.00000000000
-0.00016317508

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
1.0913

100
.7339

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-15m to –5m 0.00008131069
0.00000000000
-0.00000985996

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00007585655
0.00000000000
-0.00001045073

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
6.7078

0
5.9916

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
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Table 5-2.  Final Impulse Values for V-Bar Maneuvers from –3km to –5m. 
Maneuver VΔ Targeted (km/s) VΔ Untargeted (km/s) % Error 

-3km to –1km 0.00009728156
0.00000004957
-0.00017266999

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00009670000
0.00000000000
-0.00017637279

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.5978
100

2.1444

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-1km to –200m 0.00000558119 
-0.00000029427
-0.00019687285

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00000528616
0.00000000000
-0.00019712353

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
5.2861

100
.1217

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-200m to –15m -0.00017520527
0.00000026803
-0.00016236643

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00017619398
0.00000000000
-0.00016317508

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.5643
100

.4980

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-15m to –5m -0.00008059413
0.00000001479
-0.00001238031

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00007585655
0.00000000000
-0.00001045073

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
5.8783

100
15.5859

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

 
Figure (5-8) displays STK Astrogator’s GUI set up for the maneuver from -3km to 

-1km and helps to understand how the values in Table (5-1) for the untargeted category 

were obtained.  An impulsive maneuver (named Go to -1km) is inserted into the MCS on 

the LHS with defining characteristics on the RHS of Fig. (5-8).  Maneuver direction, 

thrust axes, propulsion system, and values of thrust vector for each direction are specified 

as shown.  The values for the impulsive maneuver were obtained from the CW 

algorithm and are displayed in Table (5-1) under untargeted category.  The propagate 

segment is inserted into the MCS to identify the duration during which the DART 

spacecraft will be traveling to the -1km destination.  The motion is ceased upon arrival at 

the specified location via the second impulse (named Stop at -1km), which is set up 

similar to the first impulse and whose values are shown in Table (5-2) in the untargeted 

category.  The station-keeping maneuver is then inserted into the MCS, and it keeps the 

DART spacecraft stationary with respect to the MUBCLOM satellite, as was described 

earlier in this section. 

VΔ
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Figure 5-8.  STK Untargeted Maneuver Set-Up. 

Figure (5-9) displays STK Astrogator’s GUI set up for the maneuver from -3km to 

-1km and helps to understand how the values in Table (5-1) for the Astrogator targeted 

category were obtained.  Targeted sequence (marked with bulls-eye) is inserted into the 

MCS on the LHS of Fig. (5-9).  An impulsive maneuver (named V-Bar) is then inserted 

into the targeted sequence, defining characteristics of which are set up on the RHS of Fig. 

(5-9).  Maneuver direction, thrust axes, propulsion system, and values of thrust vector for 

each direction are specified as shown.  The bulls-eye symbol with a check mark indicates 

that the desired values for the initial impulse will be targeted via the Astrogator 

targeter (discussed in section 5.1.2).  The Astrogator targeter needs an initial guess for the 

values, which was obtained from the CW algorithm.  The values displayed in Table 

(5-1) are obtained by the Astrogator targeter as was described in section 5.1.2.   

VΔ

VΔ
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Figure 5-9.  STK Astrogator Targeted Maneuver Set-Up.  

The propagate segment is inserted into the targeted sequence to notify when the DART 

spacecraft will reach V-Bar axis.  At which point, the motion is ceased upon arrival at the 

specified location via the second impulse (TargetStop), which is set up similar to the first 

impulse and whose values are shown in Table (5-2) in the Astrogator targeted category.  

The station-keeping maneuver is then inserted into the MCS, and it keeps the DART 

spacecraft stationary with respect to the MUBCLOM satellite, as was described earlier in 

this section.  

Tables (5-1, 5-2) also display the percent error in the components between the 

untargeted and Astrogator targeted categories for each impulse.  Untargeted category 

does not consider an out-of-plane motion, so the percent error displayed in the Tables (5-

1, 5-2) is in some cases 100%, even though the Astrogator targeter makes very small out-
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of-plane corrections.  This is due to the assumption of the spherically homogeneous Earth 

in the case of the untargeted category, whereas the Astrogator targeted category takes in 

account oblateness of the Earth effects.  The error in impulses for the in-plane motion 

depends on the accuracy of the relative position, which sometimes can be improved by 

the station-keeping maneuvers in between each transfer (described below).  For that 

reason the error in impulses for the in-plane motion has an oscillatory behavior, however, 

overall it is increasing. 

The error in the relative position after each transfer, shown in Fig. (5-7), is 

analyzed next.  Figures (5-10) through (5-13) show DART’s arrival at the specified point 

relative to MUBLCOM on the V-Bar for untargeted (A) and Astrogator targeted (B) 

categories.  It can be observed from the numerical data on each figure that the error 

increases with each successive figure.  The error can sometimes be reduced due to the 

effect of the station-keeping.  This can be seen between Figs. (5-12) and (5-13). 

 



75 

 
 

Figure 5-10.  Transfer to –1km V-Bar.  A) Untargeted, B) Targeted. 
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Figure 5-11.  Transfer to –200m V-Bar.  A) Untargeted, B) Targeted. 

The numerical data in Fig. (5-12A) displays the achieved untargeted relative position of 

DART from –200m to –15m transfer.  Then DART spacecraft performs a station-keeping 

maneuver (red trajectory in Fig. (5-12A)), which brings it closer to V-Bar, therefore 

correcting the existed error in radial direction.  This reduces the amount of error added on 

to the next transfer from –15m to –5m, shown in Fig. (5-13).   
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Figure 5-12.  Transfer to –15m V-Bar.  A) Untargeted, B) Targeted. 
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Figure 5-13.  Transfer to –5m V-Bar.  A) Untargeted, B) Targeted. 

Table (5-3) shows the values for the desired relative position and the values 

achieved in the two categories for each direction in the MUBLCOM satellite’s 

frame; percent error is also included.  The relative position values are obtained 

based on the two-impulse transfers used for each maneuver, and therefore related to the 

impulse values listed in Tables (5-1, 5-2).  The error in the relative position increases for 

all directions with each maneuver in the untargeted category.  The error in the radial and 

VNC
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cross-track positions for the targeted category is present due to the limitations of 

numerical integrator based on the tolerances defined for the Astrogator targeter. 

However, the order of magnitude for the error in the radial and cross-track positions for 

the untargeted category is always greater.  This error is present due the linear 

assumptions of the CW model and assumption of spherically homogeneous Earth.   

Table 5-3.  Relative Position. 
Maneuver Desired 

(km) 
Targeted 

(km) 
% Error Untargeted 

(km) 
% Error 

-3km to –1km 1
0
0

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.999612

.000000
.000001

−⎡ ⎤
⎢ ⎥
⎢ ⎥
−⎢ ⎥⎣ ⎦

 
.0388

0
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
1.003401
.001258
.000198

−⎡ ⎤
⎢ ⎥
⎢ ⎥
−⎢ ⎥⎣ ⎦

 
.3401
100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-1km to –200m .2
0
0

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.199656
.000940

.000193

−⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

 
.1720
100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.183754

.000027

.000387

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
8.1230

100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-200m to –15m .015
0
0

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.014809
.000332
.000000

−⎡ ⎤
⎢ ⎥−⎢ ⎥
−⎢ ⎥⎣ ⎦

 
1.2733

100
0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

.005382
.004494
.000386

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
64.1200

100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

-15m to –5m .005
0
0

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.005002
.000000
.000005

−⎡ ⎤
⎢ ⎥−⎢ ⎥
−⎢ ⎥⎣ ⎦

 
.0400

0
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.003144

.000870

.000457

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
37.1200

100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
Figure (5-14A) shows the relative position error for the duration of the maneuvers, 

shown in Fig. (5-7), along the V-Bar direction. Figure (5-14B) zooms in to show the error 

at the –5m point, which corresponds to the numerical difference seen from Fig. (5-13) 

and Table (5-3). 
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Figure 5-14.  Error in Relative Position – Untargeted/Targeted.  A) V-Bar Transfers for 

Maneuvers in Fig. (5-7), B) At –5m Point on the V-Bar. 

5.2.1.2 R-Bar maneuvers 

Figure (5-15) displays the maneuvers that are considered for the DART spacecraft 

transferring relative to the MUBLCOM satellite.  The DART spacecraft’s trajectory starts 

at the 100m, point A, and includes two maneuvers, each represented by a single two-

impulse transfer, positioning DART 300m below the MUBLCOM satellite, point B. 

 
 

Figure 5-15.  R-Bar Maneuvers. 
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At the beginning and the end of each transfer the DART spacecraft is positioned 

directly below the MUBLCOM satellite, making the relative initial and final in-track 

distance to be zero.  Even though the DART spacecraft is in a lower orbit than that of 

MUBLCOM, DART’s relative position must remain constant with respect to the satellite.  

This is enforced by the station-keeping maneuvers (refer to Fig. (5.5B)), preventing the 

spacecraft from moving ahead of the MUBLCOM satellite.  

Table (5-4) displays the component values in the MUBLCOM satellite’s 

frame for the initial impulsive burn to start each maneuver.  The final impulsive 

burn is implemented to seize the initial motion, stopping at the arrival point.  These 

values are shown in Table (5-5).  The numerical data in these tables is obtained similarly 

to the numerical data in Tables (5-1, 5-2), described earlier. 

VNC

Table 5-4.  Initial Values for R-Bar Maneuvers from 150m to 300m. VΔ
Maneuver VΔ Targeted (km/s) VΔ Untargeted (km/s) % Error 

150m to 100m 0.00005459135
-0.00000129335
0.00023411542

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00005688173
0.00000000000
0.00025088475

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
4.1955

100
7.1628

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

100m to 300m -0.00015994949
-0.00000000970
-0.00019664434

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00017359000
0.00000000000
-0.00015434256

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
8.5280

100
21.5118

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

 
Table 5-5.  Final Values for R-Bar Maneuvers from 150m to 300m. VΔ

Maneuver VΔ Targeted (km/s) VΔ Untargeted (km/s) % Error 
150m to 100m -0.00005070418

-0.00000107950
-0.00015060231

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00005688173
0.00000000000
-0.00025088475

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
12.1835

100
66.5876

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

100m to 300m 0.00025899710
-0.00000003061
0.00051574610

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00017359000
0.00000000000
0.00015434256

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
32.9761

100
70.0739

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
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Tables (5-4, 5-5) also display the percent error in the components between the 

untargeted and Astrogator targeted categories for each impulse.  Untargeted category 

does not consider an out-of-plane motion, so the percent error displayed in the Tables (5-

4, 5-5) is in some cases 100%, even though the Astrogator targeter makes very small out-

of-plane corrections.  This is due to the assumption of the spherically homogeneous Earth 

in the case of the untargeted category, whereas the Astrogator targeted category takes in 

account oblateness of the Earth effects.  The error in impulses for the in-plane motion 

depends on the accuracy of the relative position, which sometimes can be improved by 

the station-keeping maneuvers in between each transfer.  It is more difficult to maintain a 

constant relative position with respect to the MUBLCOM satellite while performing the 

station-keeping on the R-Bar, and the increase in the error can be noticed with time. 

The error in the relative position after each transfer is analyzed next.  Figures (5-

16) and (5-17) show DART’s arrival at the specified point relative to MUBLCOM on the 

R-Bar for untargeted (A) and Astrogator targeted (B) categories.  It can be observed from 

the numerical data on each figure that the error increases with each successive figure. 

Table (5-6) shows the values for the desired relative position and the values 

achieved in the two categories for each direction in the MUBLCOM satellite’s 

frame; percent error is also included.  The relative position values are obtained 

based on the two-impulse transfers used for each maneuver, and therefore related to the 

impulse values listed in Tables (5-4, 5-5).  The error in the relative position increases for 

all directions with each maneuver in the untargeted category.  The error in the in-track 

and cross-track positions for the targeted category is present due to the limitations of 

numerical integrator based on the tolerances defined for the Astrogator targeter. 

VNC
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However, the order of magnitude for the error in the in-track and cross-track positions for 

the untargeted category is always significantly greater.  This error is present due the 

linear assumptions of the CW model and assumption of spherically homogeneous Earth.  

 Table 5-6.  Relative Position. 
Maneuver Desired (km) Targeted (km) % Error Untargeted (km) % Error 

150m to 100m 0
.1
0

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

 
.000000
.100150
.000000

⎡ ⎤
⎢ ⎥−⎢ ⎥
−⎢ ⎥⎣ ⎦

 
0

.1500
0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

.000573

.095801
.000316

−⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

 
100

4.1990
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

100m to 300m 0
.3
0

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

 
.000003
.299838
.000000

−⎡ ⎤
⎢ ⎥−⎢ ⎥
−⎢ ⎥⎣ ⎦

 
100

.0540
0

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

.113922
.420756

.000324

⎡ ⎤
⎢ ⎥−⎢ ⎥
⎢ ⎥⎣ ⎦

 
100

40.2520
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
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Figure 5-16.  Transfer to 100m R-Bar.  A) Untargeted, B) Targeted. 
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Figure 5-17.  Transfer to 300m R-Bar.  A) Untargeted, B) Targeted. 

Figure (5-18A) shows the relative position error for the duration of the maneuvers 

along the R-Bar direction, shown in Fig. (5-15).  Figure (5-18B) zooms in to show the 

error at the 300m point, which corresponds to the numerical difference seen from Fig. (5-

17) and Table (5-6). 
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Figure 5-18.  Error in Relative Position – Untargeted/Targeted.  A) R-Bar Transfers for 
Maneuvers in Fig. (5-13), B) At 300m Point on the R-Bar. 

5.2.1.3 Fuel usage 

One of the capabilities of the Astrogator module in STK is to record the amount of 

fuel used for each burn executed.  The fuel usage is recorded for all the maneuvers in the 

close-proximity operations phase, as shown in Fig. (5-3B).  The two propulsion systems 

used for the proximity operations phase are the three hydrazine thrusters of the HAPS 

propulsion system and the 16 cold-gas nitrogen thrusters, as described in Chapter 4.  

According to reference [65], at the beginning of the proximity operations phase the 

DART spacecraft performs a switch of the propulsion systems, using the 16 cold-gas 

nitrogen thrusters to control the translation of the spacecraft during this phase of the 

mission.  However, it will be demonstrated that the first maneuver of the proximity 

operations, a two-impulse transfer from –21km to –3km, uses a significant amount of fuel 

and should be accomplished with the use of the three hydrazine thrusters of the HAPS 

propulsion system.  Therefore, this thesis also considers a switch of thruster systems at –

3km point in the mission to compare impact on the fuel usage.   
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The first case considers a switch when the DART spacecraft is approximately 21 

km behind the MUBLCOM satellite, which is the beginning of the proximity operations 

phase, as stated in Chapter 4.  The fuel usage in this case is displayed in Fig. (5-19B).  

The total amount of fuel used is 30.786 kg, which exceeds the designated amount of 

22.68 kg for 16 cold-gas nitrogen thrusters.  The fuel runs out during the first maneuver 

of the phase, a two-impulse transfer from –21km to –3km. This means the DART 

spacecraft cannot continue with the rest of the maneuvers using this propulsion system 

and places itself into a retirement phase of the mission.  According to the real mission 

[66, 67] the DART spacecraft ran out of fuel approximately 100m behind the 

MUBLCOM satellite. 

The second case considers a switch when the DART spacecraft is directly 3 km 

behind MUBLCOM satellite on the V-Bar, which is the beginning of the close proximity 

operations phase.  The fuel usage in this case is displayed in Fig. (5-19A).  The total 

amount of fuel used is 13.412 kg (6.2724 kg – three hydrazine thrusters and 7.1392 kg – 

16 cold-gas nitrogen thrusters), which does not exceeds the designated amount of 22.68 

kg for 16 cold-gas nitrogen thrusters.  Figure (5-19) clearly shows that the largest fuel 

drop is during the transfer from –21km to –3km point on the V-Bar, so it should be 

performed using the three hydrazine thrusters of the HAPS propulsion system. 
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Figure 5-19.  Fuel Usage for Maneuvers in Fig. (5-3B).  A) Thrusters Switch at –3km V-
Bar, B) Thrusters Switch at –21km V-Bar. 

5.2.2 Scenario 2 

In this scenario the close-proximity operations along the V-Bar are performed using 

multiple two-impulse transfers in order to represent each maneuver of the phase as 

essentially “finite”.  This scenario more closely represents a motion strictly along V/R-

Bar directions.  This is demonstrated in Fig. (5-20).  Figure (5-20A) displays the mission 

profile of the DART spacecraft for the close-proximity operations phase (as described in 

Chapter 4).  Figure (5-20B) displays the STK simulated scenario of the close-proximity 

operations phase. The trajectory of MUBLCOM’s orbit is displayed.  The inbound 

maneuvers and the outbound maneuvers of the DART spacecraft along the V-Bar and R-

Bar directions with respect to the MUBLCOM satellite are shown.  The circumnavigation 

maneuver that takes the DART spacecraft from R-Bar to V-Bar axis is also displayed.  As 

per the DART mission profile, the station-keeping segments (previously described in 

section 5.2.1) occur between each maneuver.  
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Figure 5-20.  Scenario 2 – Targeted Close-proximity Operations (Starting at –3km Point). 

Figure (5-21) more clearly demonstrates the “finite” V-Bar motion using multiple 

two-impulse transfers, both inbound and outbound.  Figure (5-22) shows the DART 

spacecraft’s multiple approaches of the MUBLCOM satellite with the closest point of 

approach (5m) in the mission. 
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Figure 5-21.  “Finite” Motion Along V-Bar (A Number of Small CW Transfers). 

 
 

Figure 5-22.  Multiple Approaches of MUBLCOM (-15m to –5m). 

Table (5-7) lists the timeline for the proximity operations phase of the mission.  

Note that the V-Bar and the R-Bar maneuvers are divided into multiple two-impulse 

transfers, and the duration for each transfer is included.  In this thesis, forced motion 

implies a finite thrusting maneuver directly along a specified direction.  Therefore, a 

reasonable approximation of finite thrusting maneuver is a number of multiple two-
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impulse transfers.  This is performed for all forced motion maneuvers listed in Table (5-

7). 

Table 5-7.  Close-Proximity Operations Timeline 
Maneuver Duration (sec) 
Station-keep at -3km V-Bar 300 
CW transfer to -1km 4576 
Station-keep at -1km V-Bar 300 
Forced motion to -200m V-Bar 3094/16 =193 
Station-keep at –200m V-Bar 300 
Forced motion to -15m V-Bar 826/5 = 165 
Station-keep at -15m V-Bar 5400 
Forced motion to -5m (1) V-Bar 131 
Station-keep at -5m V-Bar 600 
Forced motion to -15m (1) V-Bar 134 
Station-keep at -15m V-Bar 300 
Forced motion to -5m (2) V-Bar 132 
Station-keep at -5m V-Bar 300 
Forced motion to -15m (2) V-Bar 135 
Station-keep at -15m V-Bar 300 
Forced motion to -100m V-Bar 473/5 = 95 
Station-keep at -100m V-Bar 1800 
Forced motion to -200m V-Bar 498/5 = 100 
Station-keep at -200m V-Bar 300 
Depart to lose AVGS tracking (-350m) V-Bar 589/3 = 196 
Return to -200m V-Bar 546/3 = 182 
Station-keep at -200m V-Bar 1800 
CW transfer to R-Bar 1562 
Station-keep at 150m on R-Bar 1800 
Forced motion to 100m on R-Bar 248/4 = 62 
Station-keep at 100m on R-Bar 300 
Forced motion to 300m on R-Bar 585/10 = 59 
Station-keep at 300m on R-Bar 300 
CW transfer circumnavigation to -1km 4561 
Station-keep at -1km on V-Bar 3317 
Forced motion to –200m V-Bar 3094/16 = 193
Station-keep at –200m V-Bar 300 
Depart to lose AVGS tracking (-350m) V-Bar 559/3 = 186 
Return to -200m V-Bar 528/3 = 176 
Station-keep at -200m V-Bar 300 
CW transfer to R-Bar 1565 
Station-keep at 150m on R-Bar 300 
Forced motion to 100m on R-Bar 255/5 = 51 
Station-keep at 100m on R-Bar 300 
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Forced motion to 300m on R-Bar 658/10 = 66 
Station-keep at 300m on R-Bar 425 
 

The two categories of untargeted and Astrogator targeted maneuvers were 

performed in order to investigate and quantify the errors in the relative position that occur 

due to the orbital perturbations that are neglected in the untargeted computations.  

Due to the accumulation of errors that would occur for multiple CW-based (i.e., 

untargeted) maneuvers the entire mission profile of the close-proximity operation phase 

will not be analyzed, but one V-Bar maneuver consisting of multiple transfers will be 

investigated. 

VΔ

5.2.2.1 V-Bar maneuvers 

The V-Bar maneuver from -1km to -200m will be used for demonstration and is 

represented using 16 two-impulse transfers.  Figure (5-23) displays three of the transfers, 

from -1km to -850m, relative to the MUBLCOM satellite.  

 
 

 Figure 5-23.  V-Bar Maneuver – Multiple Two-Impulse Transfers. 

Table (5-8) displays the component values in the MUBLCOM satellite’s 

frame for the initial impulsive burn to start each transfer.  At the beginning and the 

end of each transfer the DART spacecraft is assumed to be in the same orbit as 

VNC
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MUBLCOM satellite, making the relative initial and final velocities to be zero.  

Therefore, the final impulsive burn is implemented to negate any relative motion between 

the vehicles.  These values are shown in Table (5-9).  The numerical data in these tables 

is obtained similarly to the numerical data in Tables (5-1, 5-2), described in scenario 1. 

Table 5-8.  Initial Values for V-Bar Maneuvers from –1km to -850m. VΔ
Maneuver VΔ Targeted (km/s) VΔ Untargeted (km/s) % Error 

-1km to -950m 0.00025490101
0.00000115820
.00005194577

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00025555452
0.00000000000
0.00005196699

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.2564
100

.0409

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-950m to -900m 0.00025592803
0.00000020678
-0.00005189765

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00025555452
0.00000000000
-0.00005196699

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.1459
100

.1336

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-900m to –850m 0.00025543110
0.00000013292
-0.00005173217

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
0.00025555452
0.00000000000
-0.00005196699

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.0483
100

.4539

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

 
Table 5-9.  Final Values for V-Bar Maneuvers from –1km to -850m. VΔ

Maneuver VΔ Targeted (km/s) VΔ Untargeted (km/s) % Error 
-1km to -950m -0.00025483049

-0.00000111354
-0.00006100773

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00025555452
0.00000000000
-0.00005196699

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.2841
100

14.8190

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-950m to -900m -0.00025582437
-0.00000015993
-0.00005228603

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00025555452
0.00000000000
-0.00005196699

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.1055
100

.6102

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-900m to –850m -0.00025533501
-0.00000007915
-0.00005223273

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
-0.00025555452
0.00000000000
-0.00005196699

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.0860
100

.5088

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

 
Tables (5-8, 5-9) also display the percent error in the components between the 

untargeted and Astrogator targeted categories for each impulse.  Untargeted category 

does not consider an out-of-plane motion, so the percent error displayed in the Tables (5-

8, 5-9) is in some cases 100%, even though the Astrogator targeter makes very small out-
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of-plane corrections.  This is due to the assumption of the spherically homogeneous Earth 

in the case of the untargeted category, whereas the Astrogator targeted category takes in 

account oblateness of the Earth effects. The error in impulses for the in-plane motion 

depends on the accuracy of the relative position, which sometimes can be improved by 

the station-keeping maneuvers in between each transfer.  However, there are no station-

keeping required between multiple two-impulse transfers, but only between each 

maneuver.  Therefore, there is nothing to correct the error in the radial direction impulse 

and it keeps increasing.  The error in the in-track impulse is decreasing because values 

based on CW algorithm are known to be fairly correct for transfers with smaller duration. 

The error in the relative position after each transfer is analyzed next.  Figures (5-

24) and (5-25) show DART’s arrival at the specified point relative to MUBLCOM on the 

V-Bar for untargeted (A) and Astrogator targeted (B) categories.  It can be observed from 

the numerical data on each figure that the error increases with each successive figure.  

The error could sometimes be reduced due to the effect of the station-keeping (scenario 

1), but there are no such segments here.   

Table (5-10) shows the values for the desired relative position and the values 

achieved in the two categories for each direction in the MUBLCOM satellite’s 

frame; percent error is also included.  The relative position values are obtained 

based on the two-impulse transfers used for each maneuver, and therefore related to the 

impulse values listed in Tables (5-8, 5-9).  The error in the relative position increases for 

all directions with each maneuver in the untargeted category.  The error in the radial and 

cross-track positions for the targeted category is present due to the limitations of 

numerical integrator based on the tolerances defined for the Astrogator targeter. 

VNC
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However, the order of magnitude for the error in the radial and cross-track positions for 

the untargeted category is always greater.  This error is present due the linear 

assumptions of the CW model and assumption of spherically homogeneous Earth. 

Table 5-10.  Relative Position. 
Maneuver Desired 

(km) 
Targeted (km) % Error Untargeted (km) % Error 

-1km to –950m .95
0
0

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.950054

.000000
.000002

−⎡ ⎤
⎢ ⎥
⎢ ⎥
−⎢ ⎥⎣ ⎦

 
.0057

0
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

.951264
.006600
.000224

−⎡ ⎤
⎢ ⎥
⎢ ⎥
−⎢ ⎥⎣ ⎦

 
.1331
100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 

-900m to –850m .85
0
0

−⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

 
.850061
.000000
.000003

−⎡ ⎤
⎢ ⎥−⎢ ⎥
−⎢ ⎥⎣ ⎦

 
.0072

0
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦

.863787
.021861
.000287

−⎡ ⎤
⎢ ⎥
⎢ ⎥
−⎢ ⎥⎣ ⎦

 
1.6220

100
100

⎡ ⎤
⎢ ⎥
⎢ ⎥
⎢ ⎥⎣ ⎦
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Figure 5-24.  Transfer to -950m V-Bar.  A) Untargeted, B) Targeted. 
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Figure 5-25.  Transfer to –850m V-Bar.  A) Untargeted, B) Targeted. 

  Figure (5-26A) shows the relative position error for the duration of the transfers 

along the V-Bar direction, shown in Fig. (5-23).  Figure (5-26B) zooms in to show the 

error at the –850m point, which corresponds to the numerical difference seen from Fig. 

(5-25) and Table (5-10).  The DART spacecraft performs station-keeping between each 

maneuver, which usually corrects the relative position error (as in scenario 1).  However, 
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there is no station-keeping between each two-impulse transfer composing a single 

maneuver, so the error is increasing, as observed in Fig. (5-26A). 

 
 

Figure 5-26.  Error in Relative Position – Untargeted/Targeted.  A) V-Bar Transfers for 
Maneuvers in Fig. (5-21), B) At -850m Point on the V-Bar. 

5.2.2.2 Fuel usage 

This scenario also considers a switch of thruster systems at two different points in 

the mission to compare impact on the fuel usage.  The first case considers a switch when 

DART spacecraft is approximately 21 km behind MUBLCOM satellite, which is the 

beginning of the proximity operations phase, as stated in Chapter 4.  The fuel usage in 

this case is displayed in Fig. (5-27B).  The total amount of fuel used is 53.4870 kg, which 

exceeds the designated amount of 22.68 kg for 16 cold-gas nitrogen thrusters.  The fuel 

runs out during the first maneuver of the phase, a two-impulse transfer from –21km to –

3km. This means the DART spacecraft cannot continue with the rest of the maneuvers 

using this propulsion system and places itself into a retirement phase of the mission.    

The second case considers a switch when DART spacecraft is directly 3 km behind 

MUBLCOM satellite on the V-Bar, which is the beginning of the close proximity 

operations phase.  The fuel usage in this case is displayed in Fig. (5-27A).  The total 
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amount of fuel used is 37.3420 kg (6.2724 kg – three hydrazine thrusters, 31.0696 kg – 

16 cold-gas nitrogen thrusters), which exceeds the designated amount of 22.68 kg for 16 

cold-gas nitrogen thrusters.  The fuel runs out during the maneuver from –1km to –200m 

(more specifically from –450m to –400m transfer) after circumnavigation. 

According to the real mission [66, 67] the DART spacecraft ran out of fuel 

approximately 100m behind the MUBLCOM satellite. 

 
 

Figure 5-27.  Fuel Usage for Maneuvers in Fig. (5-18).  A) Thrusters Switch at –3km V-
Bar, B) Thrusters Switch at     –21km V-Bar. 

5.2.3 Scenario 3 

In this scenario the close-proximity operations are attempted using finite thrusting 

along V-Bar direction.  This scenario represents forced motion strictly along V/R-Bar 

directions.  The finite thrusting maneuver depends on the efficiency with which the 

thruster can fire.  Three different cases are analyzed in order to gain a better 

understanding: 

• Finite thrusting with targeted thrust efficiency. 

• Finite thrusting with fixed thrust efficiency and targeted maneuver duration. 

• Finite thrusting with fixed thrust efficiency and targeted radial relative position. 
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5.2.3.1 Targeted thrust efficiency 

 In this case the thrust efficiency is set at initial value of .05 (or 5%) for the cold-

gas nitrogen thrusters.  This means that the thrusters at maximum produce 3.6N of thrust 

due to the specifications (refer to Chapter 4) and at minimum 0.18N of thrust due to 

limitations in firing precision.  The final value is obtained with the use of the Astrogator 

targeter, satisfying the specified duration and relative position constraints set forth by a 

maneuver. 

Figure (5-28) displays the STK Astrogator’s set up GUI for the maneuver –1km to 

–200m along the path on the V-Bar and helps to understand how the values in Table (5-

11) were obtained.  Targeted sequence (Target Intrack) is inserted into the MCS on the 

LHS of Fig. (5-28).  An impulsive maneuver in the in-track direction (named V-Bar 

Maneuver) is then inserted into the targeted sequence to get the DART spacecraft moving 

in the correct direction along V-Bar.  Targeted sequence (Target Zero Radial) is inserted 

into the targeted sequence “Target Intrack”.  A continuous finite burn in radial direction 

is then inserted into the targeted sequence “Target Zero Radial” to keep the spacecraft on 

the V-Bar.  The finite burn constantly nulls out the velocity that naturally resulted from 

the initial impulse.  The finite thrusting, using the propulsion systems specified on the 

RHS of Fig. (5-28), ceases when the duration for the maneuver is satisfied.  The bulls-eye 

symbol with a check mark next to the thrust efficiency (initially set to .05) indicates that 

the desired thrust efficiency value will be targeted via the Astrogator targeter (discussed 

in section 5.1.2).  The values displayed in Table (5-11) are obtained by the Astrogator 

targeter upon convergence.   
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Figure 5-28.  Astrogator Mission Sequence Control (MCS). 

Table (5-11) lists the values of the targeted thrust efficiency achieved for the 

maneuvers from –1km to –200m.  These values imply that the thrusters can fire with the 

precision of 1.34% or less, meaning the minimum thrust achieved would be 0.048N or 

less, which is unrealistic. 

Table 5-11.  Targeted Efficiency for Finite Thrusting V-Bar Maneuvers. 
Maneuver Fixed Duration (sec) Targeted Efficiency (%) 

-1km to –200m 3094 1.261522 
-200m to –15m 826 1.105794 
-15m to –5m (1) 131 .373203 
-5m to –15m (1) 134 .326344 
-15m to –5m (2) 132 .324918 
-5m to –15m (2) 135 .326344 
-15m to –100m 473 .875791 
-100m to –200m 498 .981818 
-200m to –350m 589 1.237266 
-350m to –200m  546 1.342349 

 
Figure (5-29) shows the DART spacecraft multiple approaches of the MUBLCOM 

satellite with the closest point of approach (5m) in the mission.  The displayed trajectory 
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was obtained based on the values listed in the Table (5-11) for the -15m to -5m and -5m 

to -15m maneuvers.  It can be seen that the resulted trajectory is not represented by the 

two-impulse “hops”, but an almost straight path along the V-Bar.  This a more accurate 

representation a forced motion, which implies a finite thrusting maneuver directly along a 

specified direction.   

 
 

Figure 5-29.  Multiple Approaches of MUBLCOM – Finite Thrusting (-15m to –5m). 

The targeter tries to compute the optimal solution of thrust efficiency based on the 

given constraints and initial conditions and does not know whether the computed answer 

is realistic or not.  In theory it would be possible to have a thruster continuously firing 

with a high precision for a long time, achieving the desired conditions and using very 

small amount of fuel.  However, in reality it is impossible to make a thruster, with 3.6N 

of thrust and to fire with such a precision.  The total amount of fuel used for 

the maneuvers in Table (5-11) is 8.4210 kg for 16 cold-gas nitrogen thrusters, as shown 

in Fig. (5-30).  The amount of fuel used for the same maneuvers in targeted scenario 2 is 

60secspI =
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18.6110 kg for 16 cold-gas nitrogen thrusters.  This demonstrates that if a thruster could 

fire with a high precision less fuel would be used. 

 
 

Figure 5-30.  Fuel Usage – Finite Thrusting for Maneuvers in Table (5-11). 

5.2.3.2 Fixed thrust efficiency – targeted maneuver duration 

This case is attempted for the first two maneuvers in the phase, from -1km to -

200m and from -200m to -15m along V-Bar direction.   In this case the thrust efficiency 

is set at a fixed value of .05 (or 5%) for the cold-gas nitrogen thrusters.  This means that 

the thrusters at maximum produce 3.6N of thrust due to the specifications (refer to 

Chapter 4) and at minimum 0.18N of thrust due to limitations in firing precision. The 

initial value for the duration is set to the desired value (refer to Table (4-3) in Chapter 4).  

The final value for the duration is obtained with the use of the Astrogator targeter, 

satisfying the specified thrust efficiency and relative position constraints set forth by a 

maneuver.   
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  Figure (5-31) displays the STK Astrogator’s set up GUI for the maneuver –1km to 

–200m along the path on the V-Bar and helps to understand how the values in Table (5-

12) were obtained.  Targeted sequence (Target Intrack) is inserted into the MCS on the 

LHS of Fig. (5-31).  An impulsive maneuver in the in-track direction (named V-Bar 

Maneuver) is then inserted into the targeted sequence to get the DART spacecraft moving 

in the correct direction along V-Bar.  Targeted sequence (Target Zero Radial) is inserted 

into the targeted sequence “Target Intrack”.  A continuous finite burn in radial direction 

is then inserted into the targeted sequence “Target Zero Radial” to keep the spacecraft on 

the V-Bar.  The finite burn constantly nulls out the velocity that naturally resulted from 

the initial impulse.  The finite thrusting, using the propulsion systems specified on the 

RHS of Fig. (5-31), ceases when the duration for the maneuver is satisfied.  The bulls-eye 

symbol with a check mark next to the duration (initially set to 3094 sec) indicates that the 

desired duration value will be targeted via the Astrogator targeter (discussed in section 

5.1.2).  The values displayed in Table (5-12) are obtained by the Astrogator targeter.  

Figures (5-32) and (5-33) show DART’s arrival at the specified point relative to 

MUBLCOM on the V-Bar for fixed thrust efficiency (A) and Astrogator targeted thrust 

efficiency (B) cases.  Figure (5-32A) shows the trajectory that the DART spacecraft has 

to follow in order to satisfy the relative position constraints and keep the thrust efficiency 

constant.  Duration of 3094 sec is required to complete this maneuver; however, the 

targeter converges approximately doubling the value, which is shown in Table (5-12) and 

Fig. (5-31). 
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Figure 5-31.  Astrogator Mission Sequence Control (MCS). 

Table 5-12.  Fixed Efficiency (5%) for Finite Thrusting V-Bar Maneuvers. 
Maneuver Targeted Duration (sec)

-1km to –200m 3094 6481.6339→  
-200m to –15m 826 14.8733→  

 
Figure (5-33A) shows the trajectory that the DART spacecraft has to follow in 

order to satisfy the relative position constraints and keep the thrust efficiency constant for 

the maneuver from –200m to –15m along the V-Bar.  The Astrogator targeter did not 

converge and could not find an optimal solution for the duration, and could only reach the 

value displayed in Table (5-12).  As can be see from Fig. (5-33A) the DART spacecraft 

attempts to stay on the V-Bar and move forward, however, can not accomplish this 

maneuver with the current value of the thrust efficiency.  Figures (5-32B) and (5-33B) 

show that the desired relative position was achieved while keeping the DART spacecraft 

on the V-Bar, however, with unrealistic thrust efficiency that was found by the 

Astrogator targeter. 
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Figure 5-32.  Finite Thrusting Transfer to –200m V-Bar.  A) Efficiency of 5% - Varied 
Duration, B) Targeted Efficiency – Fixed Duration. 
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Figure 5-33.  Finite Thrusting Transfer to –15m V-Bar.  A) Efficiency of 5% - Varied 
Duration, B) Targeted Efficiency – Fixed Duration. 

In this case the total amount of fuel used for the maneuvers in Table (5-12) is 

20.2760 kg for 16 cold-gas nitrogen thrusters, as shown in Fig. (5-34).  The amount of 

fuel used for the same maneuvers in targeted scenario 2 is 13.7330 kg for 16 cold-gas 

nitrogen thrusters.  This demonstrates that using a number of small two-impulse transfers 
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to represent motion directly along V-Bar is more fuel-efficient that using finite thrusting 

to accomplish the same. 

 
 

Figure 5-34.  Fuel Usage – Finite Thrusting for Maneuvers in Table (5-12). 

5.2.3.3 Fixed thrust efficiency – targeted radial position 

This case is attempted for the first two maneuvers in the phase, from -1km to -

200m and from -200m to -15m along V-Bar direction.   In this case the thrust efficiency 

is set at a fixed value of .05 (or 5%) for the cold-gas nitrogen thrusters.  This means that 

the thrusters at maximum produce 3.6N of thrust due to the specifications (refer to 

Chapter 4) and at minimum 0.18N of thrust due to limitations in firing precision.  The 

initial value for the radial position is set to the desired value of approximately zero 

(considering tolerance).  The final value is obtained with the use of the Astrogator 

targeter, satisfying the specified thrust efficiency and duration constraints set forth by a 

maneuver.   
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Figure (5-35) displays the STK Astrogator’s set up GUI for the maneuver –1km to 

–200m along the path on the V-Bar and helps to understand how the values in Table (5-

13) were obtained.  Targeted sequence (Target Intrack) is inserted into the MCS on the 

LHS of Fig. (5-35).  An impulsive maneuver in the in-track direction (named V-Bar 

Maneuver) is then inserted into the targeted sequence to get the DART spacecraft moving 

in the correct direction along V-Bar.  Targeted sequence (Target Zero Radial) is inserted 

into the targeted sequence “Target Intrack”.  A continuous finite burn in radial direction 

is then inserted into the targeted sequence “Target Zero Radial” to keep the spacecraft on 

the V-Bar.  The finite burn constantly nulls out the velocity that naturally resulted from 

the initial impulse.  The finite thrusting, using the propulsion systems specified on the 

RHS of Fig. (5-35), ceases when the radial offset for the maneuver is satisfied.  The 

bulls-eye symbol with a check mark next to the radial offset (initially set to 0.1 km) 

indicates that the allowable radial offset value will be targeted via the Astrogator targeter 

(discussed in section 5.1.2).  The values displayed in Table (5-13) are obtained by the 

Astrogator targeter.  
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Figure 5-35.  Astrogator Mission Sequence Control (MCS). 

Table 5-13.  Fixed Efficiency (5%) for Finite Thrusting V-Bar Maneuvers. 
Maneuver Targeted Radial Position

-1km to –200m .1 .521671→  
 

Figure (5-36) shows DART’s arrival at the specified point relative to MUBLCOM 

on the V-Bar for fixed thrust efficiency (A) and Astrogator targeted thrust efficiency (B).  

Figure (5-36A) shows the trajectory that the DART spacecraft has to follow in order to 

satisfy the relative position constraints and keep the thrust efficiency constant for the 

maneuver from –1km to –200m along the V-Bar.  The Astrogator targeter did not 

converge and could not find an optimal solution for the radial position, and could only 

reach the values displayed in Table (5-13).  This maneuver cannot be accomplished with 

the current value of the thrust efficiency.  Figure (5-36B) shows that the desired relative 

position was achieved while keeping the DART spacecraft on the V-Bar, however, with 

unrealistic thrust efficiency that was found by the Astrogator targeter. 
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Figure 5-36.  Finite Thrusting Transfer to –200m V-Bar.  A) Efficiency of 5% - Varied 
Radial Distance, B) Targeted Efficiency. 

Because the first maneuver attempted in this case, from -1km to -200m, did not 

converge, the second maneuver from -200m to -15m is not attempted. 

In this case the total amount of fuel used for the maneuvers in Table (5-13) is 

10.0730 kg for 16 cold-gas nitrogen thrusters.  The amount of fuel used for the same 
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maneuvers in targeted scenario 2 is 12.2040 kg for 16 cold-gas nitrogen thrusters, as 

shown in Fig (5-37).  This demonstrates that using a number of small impulsive CW 

transfers to represent motion directly along V-Bar is more fuel efficient that using finite 

thrusting to accomplish the same. 

 
 

Figure 5-37.  Fuel Usage – Finite Thrusting for Maneuvers in Table (5-13). 

5.3 Discussion of the Simulations Results 

5.3.1 Relative Position 

In the first scenario the close-proximity operations were performed using a single 

two-impulse transfer for each maneuver.  The results were given for the untargeted and 

Astrogator targeted categories.  For both V-Bar and R-Bar maneuvers, the error in the 

relative position increases for all directions with each maneuver in the untargeted 

category.  The error in the radial and cross-track positions for the targeted category is 

present due to the limitations of numerical integrator based on the tolerances defined for 

the Astrogator targeter.  However, performing station-keeping maneuvers between each 
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V-Bar transfer helped to reduce some of the error in the radial direction.  For the 

maneuvers along the R-bar the DART spacecraft was positioned directly below (on the 

R-Bar) the MUBLCOM satellite and maintain constant relative position with respect to 

the satellite.  This was enforced by the station-keeping maneuvers, preventing the 

spacecraft from moving ahead of the MUBLCOM satellite. These were not as successful 

at correcting the error as the V-Bar station-keeping maneuvers.  The order of magnitude 

for the error in the radial and cross-track positions for the untargeted category was always 

greater.  This error is present due the linear assumptions of the CW model and 

assumption of spherically homogeneous Earth.  The generated trajectory demonstrated 

that using a single two-impulse transfer to represent each maneuver is not a reasonable 

approximation of finite thrusting maneuver, and it does not correctly reflect a motion on 

the V/R-Bar. 

In the second scenario the close-proximity operations along the V-Bar are 

performed using multiple two-impulse transfers in order to represent each maneuver of 

the phase as essentially “finite”.  The results were given for the untargeted and Astrogator 

targeted categories.  For the maneuvers along the V-bar, the error in the relative position 

increases for all directions with each maneuver in the untargeted category.  The error in 

the radial and cross-track positions for the targeted category is present due to the 

limitations of numerical integrator based on the tolerances defined for the Astrogator 

targeter. However, the order of magnitude for the error in the radial and cross-track 

positions for the untargeted category is always greater.  This error is present due the 

linear assumptions of the CW model and assumption of spherically homogeneous Earth. 

The error could not be reduced because the station-keeping is performed between each 
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maneuver, not between each transfer.  The generated trajectory demonstrated that using a 

number of smaller multiple two-impulse transfers is a reasonable approximation of finite 

thrusting maneuver, and it reflect a motion on the V/R-Bar more accurate than the first 

scenario. 

In the third scenario the close-proximity operations are attempted using finite 

thrusting along V-Bar direction.  The results for the targeted thrust efficiency proved to 

be accurate in the sense of the values for the relative position and staying on the V-Bar.  

However, this case was theoretical because in reality the given thrusters would not be 

able to fire with the precision demanded by the Astrogator targeter in order to satisfy 

duration and position requirements of the maneuver.  The results for the fixed thrust 

efficiency and targeted duration were performed for two maneuvers.  For the maneuver 

from –1km to –200m the relative position results were accurate, however, the duration 

was doubled and the trajectory did not stay along the V-Bar.  The next maneuver never 

converged for the specified constraints.  The results for the fixed efficiency and targeted 

radial position were not accurate because the targeter could not find a solution for even 

the first maneuver.  The last two cases demonstrated that using realistic thrust efficiency 

with the finite burn would not lead to the desired results.  This scenario represents forced 

motion strictly along V/R-Bar directions. 

Out of the three scenarios, the third scenario with targeted thrust efficiency most 

accurately represented the motion along V/R-Bar, satisfying the duration and relative 

position requirements of the proximity operations phase of the mission.  However, it 

would not be able to be realized due to the propulsion system limitations. 
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5.3.2 Fuel Usage 

In addition to positional errors, fuel consumed during the performance of the 

mission scenarios were also computed.  For each scenario, two cases regarding the 

propulsion systems were considered: in Case 1 the propulsion system was switched at 21 

km behind MUBLCOM (as specified in the DART mission profile) and in Case 2 the 

switch was performed at 3 km behind MUBLCOM on the V-Bar axis.  

 In the first scenario the close-proximity operations were performed using a single 

two-impulse transfers for each maneuver.  The results for Case 1 proved to be fuel-

efficient not exceeding the designated fuel value for 16 cold-gas nitrogen thrusters.  In 

Case 2 the results showed that the assigned fuel amount for 16 cold-gas nitrogen thrusters 

was exceeded.  This means the DART spacecraft cannot continue with the rest of the 

maneuvers using this propulsion system and places itself into a retirement phase of the 

mission.  A significant amount of fuel is dedicated to the maneuver from –3km to –1km, 

so it should be performed using the three hydrazine thrusters of the HAPS propulsion 

system. 

In the second scenario the close-proximity operations along the V-Bar are 

performed using mutiple impulsive two-impulse transfers in order to represent each 

maneuver of the phase as essentially “finite”.  For both Case 1 and Case 2 the amount of 

fuel used exceeded the allotted value for 16 cold-gas nitrogen thrusters.  This means the 

DART spacecraft cannot continue with the rest of the maneuvers using this propulsion 

system and places itself into a retirement phase of the mission.  Case 2 used more fuel 

than Case 1 due to a significant amount of fuel dedicated to the maneuver from –3km to –

1km.  So it should be performed using the three hydrazine thrusters of the HAPS 

propulsion system.  The values of fuel usage also were greater than the values from 
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scenario 1, which was expected due a larger number of the impulsive burn performed in 

the scenario 2. 

In the third scenario the close-proximity operations are attempted using finite 

thrusting along V-Bar direction for first two maneuvers in the phase.  Only Case 1 (the 

propulsion system was switched at 21 km behind MUBLCOM) was investigated.  The 

results for the targeted thrust efficiency category showed less fuel consumption than the 

fuel usage for the same maneuvers in the second scenario.  If the thruster firing could be 

controlled to the precision demanded by the Astrogator targeter in order to satisfy 

duration and position requirements of the maneuver, a slow finite burn could be 

performed using significantly less fuel.  The results for the fixed thrust efficiency and 

targeted duration demonstrated more fuel consumption than the fuel usage for the same 

maneuvers in the second scenario.  This was expected because the correct thrust 

efficiency value was held.  The amount of fuel used just to perform the first two 

maneuvers of the close-proximity operations phase was so large that if the entire mission 

was to be performed, the DART spacecraft would exceed the allotted amount of fuel for 

16 cold-gas nitrogen thrusters.  The results for the fixed efficiency and targeted radial 

position showed a significant amount of fuel was used in the attempt to satisfy the 

requirements of the first maneuver.  It is predicted that in this case the amount of fuel 

used would also exceed the allowed value for 16 cold-gas nitrogen thrusters. 

Out of the three scenarios, the third scenario with targeted thrust efficiency used 

less fuel.  However, it would not be able to be realized due to the propulsion system 

limitations.  The fuel consumption analysis indicated that the DART spacecraft only had 

sufficient fuel to perform scenario one using the propulsion switch scheme of Case 2. 

 



CHAPTER 6 
CONCLUSION AND RECOMMENDATIONS 

6.1 Conclusions 

In this research, the close-proximity operations of an autonomous robotic on-orbit 

servicer are investigated using linearized orbital mechanics. 

First, a background on the evolution of the various technologies necessary for the 

maneuvers performed by an autonomous robotic servicer is given.  Those included, but 

were not limited to, vision systems, guidance navigation and control, collision avoidance, 

grappling and docking mechanisms.  

Chapter 2 gave an overview of past, present, and future of robotic servicers.  This 

chapter discussed numerous space robotic projects, the focus of which was to transition 

from teleoperated to fully autonomous missions. 

Chapter 3 discussed relative motion of two spacecrafts, orbiting in close-proximity 

of each other.  The equations governing the motion of the robotic servicer with respect to 

the target satellite were discussed and analyzed for the close-proximity maneuvers.  

General overview of the perturbation and their effects on the motion of the spacecraft was 

given. 

Chapter 4 narrowed the focus of this thesis to the DART mission by Orbital 

Sciences Corporation.  The investigation was focused on the proximity operations phase 

of the mission, where the DART spacecraft attempts V/R-Bar approaches and 

circumnavigation maneuvers of the MUBLCOM satellite, also built by Orbital Sciences 
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Corporation, to verify the capabilities of autonomous rendezvous with and maneuvering 

in close proximity of another spacecraft. 

Chapter 5 presents the simulations of the close proximity operations phase of the 

DART mission in STK environment.  Three different types of scenarios were 

investigated: 

1. The close-proximity operations are performed using a single two-impulse 

transfer for each maneuver in the phase. 

2. The close-proximity operations are performed using multiple two-impulse 

transfers in order to represent each maneuver of the phase as essentially 

“finite”.  This scenario more closely represents a motion strictly along 

V/R-Bar directions. 

3. The close-proximity operations are attempted using finite thrusting along 

V-Bar direction for first two maneuvers in the phase. 

Scenarios 1 and 2 were performed in two categories: untargeted and Astrogator targeted 

maneuvers with respect to the relative position error.  Scenario one and two were also 

separated into two cases in regards to switching the propulsion systems.  Three different 

cases were analyzed for the third scenario: 

• Finite thrusting with targeted thrust efficiency. 

• Finite thrusting with fixed thrust efficiency and targeted maneuver duration. 

• Finite thrusting with fixed thrust efficiency and targeted radial relative position. 

 Out of the three scenarios, the third scenario with targeted thrust efficiency most 

accurately represented the motion along V/R-Bar, satisfying the duration and relative 

position requirements of the proximity operations phase of the mission.   
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In addition to positional errors, fuel consumed during the performance of the 

mission scenarios were also computed.  For each scenario, two cases regarding the 

propulsion systems were considered: in Case 1 the propulsion system was switched at 21 

km behind MUBLCOM (as specified in the DART mission profile) and in Case 2 the 

switch was performed at 3 km behind MUBLCOM on the V-Bar axis.   

Out of the three scenarios, the third scenario with targeted thrust efficiency used 

less fuel.  However, it would not be able to be realized due to the propulsion system 

limitations.  For the finite maneuvers, the targeter was able to compute an optimal 

solution based on the given constraints and initial conditions; however, the computed 

answer was not realistic.  Only in theory it would be possible to have a thruster (with 

specific characteristics) continuously firing with a high precision for along time, 

achieving the desired conditions and using very small amount of fuel.  The fuel 

consumption analysis indicated that realistically the DART spacecraft only had sufficient 

fuel to perform scenario one using the propulsion switch scheme of Case 2. 

The results of this research clearly show that using CW methodology for the 

Guidance, Navigation, and Control (GNC) during rendezvous and close-proximity 

operations of a fully autonomous robotic servicer is not acceptable.  The simulation 

results demonstrated a significant error in the relative position both on the V-Bar and R-

Bar due to perturbation effects on the orbit.  However, it was acceptable to use CW 

algorithm to produce initial values for the two-impulse transfers.  An observation 

regarding the DART mission can be made.  A higher fidelity GNC methodology should 

be implemented in order for the fully autonomous mission to be successful.  The result of 

this thesis indicates that autonomous proximity operations are not currently feasible and 
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provides a foundation for further analysis of close-proximity operations of an 

autonomous robotic servicer. 

6.2 Recommendations 

The space robotics community, embarking on the endeavor of development and 

advancement set forth by necessity for the autonomous robotic servicers, is still faced 

with many technical challenges.  Major areas, including “Avionics, Sensors, & 

Actuators”, “Strategic Alliance & Cooperation”, “Risk Mitigation”, “Mechanisms & 

Interconnects”, “Rendezvous & Capture”, “Spacecraft Dynamics & Controls”, and 

“Machine Vision”, require significant breakthrough in order to realize the feasibility of 

autonomous servicing robots. 

 



APPENDIX A 
CLASSICAL ORBITAL ELEMENTS 

 
 

Figure A-1.  Classical Orbital Elements [76].  A) 2D view, B) 3D view. 

Semi-major Axis (a):  The semi-major axis defines the size of the orbit.  For a circular 

orbit the semi-major axis is the sum of the altitude and the radius of the Earth. 

Eccentricity (e):  The eccentricity defines the shape of the orbit. 

0
0 1

1
1

e circular orbit
e elliptical orbit

e parabolic orbit
e hyperbolic orbit

= →
> > →
= →
> →

 

Inclination ( i ):  The inclination defines the orientation of the orbital plane.  It is the 

angle between the normal of the equatorial plane and the normal of the orbital plane. 

Right Ascension of the Ascending Node (Ω ):  RAAN defines the orientation of the 

spacecraft.  It is the angle from the Vernal Equinox ( Î ) to the ascending node 

(spacecraft’s crossing of the equatorial plane going from south to north). 

121 



122 

Argument of Perigee (ω ):  The argument of perigee defines the orientation of the 

spacecraft.  It is the angle from the ascending node to the eccentricity vector.  It is 

undefined for circular orbits. 

True Anomaly (ν ):  The true anomaly defines the location of the spacecraft in the orbit.  

It is the angle from the eccentricity vector to the position of the satellite in orbit. 

 

 



APPENDIX B 
CLOHESSY-WILTSHIRE EQUATIONS OF MOTION ALGORITHM 

This appendix holds the code written in Matlab that calculates the change in 

velocity needed for an impulsive CW transfer, taking into account coordinate 

transformation between the vehicle’s local reference frames, CW reference frame and 

reference frame used in STK simulations. VNC

% May 5, 2004 
% Author: Svetlana A. Gladun 
% This program uses CW equations to calculate needed impulsive manuever to thrust 
DART closer and away relative to MUBLCOM. 
 
% Inputs 
x_o = -.1; % km - initial relative position along x-axis (DART wrt MUBLCOM) 
y_o = 0; % km - initial relative position along y-axis (DART wrt MUBLCOM) 
z_o = 0; %km - initial relative position along z-axis (DART wrt MUBLCOM) 
 
x = -.3; % km - final relative position along x-axis (DART wrt MUBLCOM) 
y = 0; % km - final relative position along x-axis (DART wrt MUBLCOM) 
z = 0; %  km - final relative position along z-axis (DART wrt MUBLCOM) 
 
x_o_dot = 0; % km/s - initial relative velocity along x-axis prior to impuslive burn 
(DART wrt MUBLCOM) 
y_o_dot = 0; % km/s - initial relative velocity along y-axis prior to impuslive burn 
(DART wrt MUBLCOM) 
z_o_dot = 0; % km/s - initial relative velocity along z-axis prior to impuslive burn 
(DART wrt MUBLCOM) 
t = 585; % sec - duration of the manuever (in this case also final time) 
 
% Given 
R = 7123.85; % km 
a = R; % (km) b/c circular orbit 
mu = 398600.5; % km^3/s^2 gravitational parameter 
w = sqrt(mu/(a^3)); % angular velocity of DART 
e = 0; % eccentricity of circular orbit 
 
% Define matrices from solution to CW equations (3D) 
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M = [4-3*cos(w*t) 0 0;6*sin(w*t)-6*w*t 1 0;0 0 cos(w*t)]; % coefficients of initial 
relative position for final relative position 
N = [(1/w)*sin(w*t) (2/w)*(1-cos(w*t)) 0;(2/w)*(cos(w*t)-1) (4/w)*sin(w*t)-3*t 0;0 0 
(1/w)*sin(w*t)]; % coefficients of initial relative velocity for final relative position 
S = [3*w*sin(w*t) 0 0;6*w*(cos(w*t)-1) 0 0;0 0 -w*sin(w*t)]; % coefficients of initial 
relative position for final relative velocity 
T = [cos(w*t) 2*sin(w*t) 0;-2*sin(w*t) 4*cos(w*t)-3 0;0 0 cos(w*t)]; % coefficients of 
initial relative velocity for final relative velocity 
 
% Calculate the initial relative velocity v_i 
v_i = -(N^(-1))*([x;y;z] - M*[x_o;y_o;z_o]) 
 
% Calculate delta_v for the maneuver 
delta_v_CW = v_i - [x_o_dot;y_o_dot;z_o_dot] 
 
% Change the frame from CW to DART's local frame VNC for STK 
TF =[cos(pi/2) sin(pi/2) 0;-sin(pi/2) cos(pi/2) 0;0 0 1]*[cos(pi/2) 0 -sin(pi/2);0 1 
0;sin(pi/2) 0 cos(pi/2)]; 
delta_v_VNC = TF*delta_v_CW 
 
% Calculate the final relative velocity v_f 
v_f = S*[x_o;y_o;z_o] + T*v_i 
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