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Abstract

Humanity’s destiny in space is intimately tied to highly automated mechanisms, and as
such, the ability for humans and machines to cooperate as an integrated team will determine
the success of ambitious space missions of the future.

Autonomous vehicles are only as capable as the information afforded to them by their
sensors, which has led to an ever increasing need for more advanced sensors. Technologies
related to the Global Positioning System (GPS) have matured to the point where they are
well suited for real-time control of autonomous vehicles both in space and terrestrially. This
dissertation reports research performed in the Stanford Aerospace Robotics Lab to create
and demonstrate new basic knowledge and techniques for using GPS to increase the sensing
capabilities of free-flying space robots, and more generally, to explore how this advanced
sensor can improve the capabilities of the human-robot team in space and on earth.

A comprehensive prototype system was built and demonstrated. The system consisted
of a microcosm simulation of the space environment, two prototype space vehicles, consum-
mate software systems, and an intuitive human-robot interface. The space environment was
emulated through a constellation of GPS pseudo-satellites (pseudolites) and an air-bearing
support system which provided the drag-free, zero-g characteristics of space in two dimen-
sions for the prototype space vehicles. Proof-of-concept demonstrations showed that GPS
sensing alone can be sufficient to perform precise intercept and capture of a free-floating tar-
get by an autonomous free-flying space robot. Other demonstrations showed how this type
of sensor could enable unprecedented capabilities in space such as performing distributed
science missions using several vehicles flying in formation.

The breakthrough of Differential Carrier Phase GPS technology, combined with the
novel, inexpensive local GPS pseudo-satellite transmitters, enabled the successful in-lab
demonstration of GPS-based control for precise robotic navigation. Since the experiments
were carried out indoors where GPS satellite signals could not be received, the constellation
of six GPS pseudolite transmitters was used exclusive of the NAVSTAR GPS satellites.
The indoor GPS environment created by the close-range pseudolite transmitters required
development of new algorithms for resolving vehicle positions and attitudes from the carrier
phase measurements.

By performing these proof-of-concept experiments, many new arenas for application of

GPS sensing have been conceived, ranging from the use of pseudolites for advanced space
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missions to indoor sensing of mobile manufacturing robots. In addition, new methods for
initializing and calibrating GPS sensors were developed, and future directions for increasing
the utility of this type of sensor were identified.
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Chapter 1

Introduction

This dissertation presents theoretical and experimental investigations into the use of the
Global Positioning System (GPS) as the sole feedback sensor for controlling the relative posi-
tions and attitudes of multiple space vehicles. A recent technique for extracting information
from the GPS signal, known as Differential Carrier Phase GPS, can achieve measurement
resolution down to the sub-centimeter level at bandwidths high enough for real-time auto-
matic control. A complete prototype system was devised and used as a platform to perform
proof-of-concept experiments. The culmination of these experiments was the precise inter-
cept and capture of a free-flying target by a prototype autonomous free-flying space robot.
The scope of this thesis encompasses the experimental demonstration of methods for using
GPS for real-time control of autonomous systems and the use of GPS in unconventional

manners, such as indoors, through the use of artificial GPS satellites or pseudolites.

1.1 Motivation

1.1.1 The Human-Robot Team in Space

The inception of the Mir and International Space Stations marks humankind’s transition
from routine visits into space to permanent extraterrestrial residence. As with the conquest
of frontiers in the past, technological innovation, in the form of automated systems, will
play the key role in establishing permanent human presence in space. The unprecedented
challenges of space have severely limited our attempts to use mere extensions of terrestrial

construction and maintenance practices in orbit. The incremental movement into space
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CHAPTER 1. INTRODUCTION

Figure 1.1: Concept of an Autonomous Space Vehicle Retrieving a Satellite

Under this scenario, both the robot and the satellite are equipped with GPS re-
ceivers. The GPS measurements made by the satellite are broadcast to the robot
via a radio transmitter so that the robot can determine precise relative position and

attitude.
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CHAPTER 1. INTRODUCTION 3

is a consequence of the incremental change in the tools humans have used to perform
work in space. For example, the human still needs to be physically present at the work
site, working hands-on with the satellite, using derivatives of conventional terrestrial tools
such as wrenches and screwdrivers that have been modified for space. The astronaut is
encumbered by problems such as limited range of motion and reduced visibility imposed by
a bulky space suit, unfamiliar work conditions, short work periods due to radiation risks,
and high support costs of a large ground support team. A new tool - the autonomous space

robot — will completely revise the way that humans work in space.

1.1.2 Task Level Control

Space robots working in Low Earth Orbit will be most effective if the human is employed
at the supervisory level, directing tasks, while the robot manages the details of each task
through local feedback control. For example, a human, working through a graphical world-
model interface, would direct an assembly operation by merely indicating the parts to be
assembled and how they should be assembled. The world model state is communicated to
the robot (or robots), and the robot autonomously carries out the task through the use of
stimulus-based strategic control and sensor-based feedback control. The robot continuously
communicates its progress back to the world model interface, wherein the human - either
nearby inside the space station or at great distance — can monitor the assembly process
until it is completed [36] [45] [40] [15] [35].

This conceptual division of labor for the human-robot team, referred to as Task Level
Control, is especially suited to the requirements, constraints, and characteristics of re-
mote operation in Low Earth Orbit. Such considerations include: limited communications
bandwidth, susceptibility to delayed and lost telemetry, well-understood dynamics and a
fairly well-modeled environment. Typical operations include satellite retrieval, Orbital-
Replacement-Unit (ORU) maintenance, and assembly of modules and truss structures.

The need for an effective means for directing space robots at a supervisory level has

been recognized in studies such as {42]:

[Current] space station robotic command and control procedures consume a
great deal of IVA [Intra Vehicular Activity] time and thus reduce time available

for other productive research and experiments. More efficient command and
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CHAPTER 1. INTRODUCTION 4

control architectures are needed to reduce the on-orbit IVA time required for

robotic operations.

Task Level Control is an effective paradigm for performing these operations, because hu-
mans currently are far better at visual perception, situation analysis, and task supervision,
while robots excel at precision, repeatability, and speed.

The diversity of the operations that a robot can manage under the Task Level Control
paradigm depends on the sophistication of its sensors, actuators, and control system. This
thesis extends the versatility of Task Level Control through the development and intimate
use of a novel sensor, the Differential Carrier Phase GPS receiver. In particular, Differential
Carrier Phase GPS technology provides high-rate and punctual measurements of the relative
position and orientation between multiple vehicles, thus enabling tasks such as autonomous
rendezvous and multi-vehicle formation-flying. A conceptual photo of an autonomous space

robot retrieving a satellite is depicted in Figure 1.1.

1.2 Research Goals

The research goals of this project were to address the issues discussed in the previous
section, namely to develop from first principles a GPS-based generic system for sensing and
controlling the relative positions and attitudes of multiple vehicles in space. Of course,
the only way to fully test such a sensor is through a space flight experiment. However,
flight experiments are expensive, difficult to garner, and typically not the first step one
takes toward developing a fledgling technology. The first research goal, by necessity, was to
develop an accurate experimental system with which to investigate GPS sensing and control

issues in the lab well in advance of flying a mission. The research goals were:

o Design a high-fidelity testbed for studying autonomous free-flying vehicles with inte-
grated real-time control and GPS sensing. A primary issue was to isolate and contain
the GPS signal environment by recreating it in a laboratory setting. When using
the NAVSTAR GPS, one must deal with the drawbacks of working outdoors such as
unpredictable weather, motion of the satellites, intentional signal degradation, and
the need for portable equipment. An important aspect of this system is the new char-
acteristics of its near-field geometry compared with the essentially planar waves from
NAVSTAR satellites.
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CHAPTER 1. INTRODUCTION 5

«t

Figure 1.2: Experiment Configuration: Scale Diagram

This to-scale perspective diagram illustrates the configuration of the experimental
apparatus used in this thesis. GPS signals are generated by six pseudolites dis-
tributed around the laboratory above the workspace of the vehicles. The robot
combines its GPS measurements with the target’s GPS measurements to estimate
their relative position and attitude. With this real-time knowledge, the robot can
be commanded to maintain a fixed formation with the target, or to rendezvous and
capture the target.

e Extend the state of current theory of GPS sensing to include multiple vehicles, six
degrees of freedom each, with near-field transmitters and no fized reference station.
(Existing algorithms were designed to handle attitude determination of a single vehicle

with its position measured with respect to a well-surveyed and fized reference station.)

e Develop a generically reliable Differential Carrier Phase GPS sensor and integrate it
into a real-time control scheme for a multi-arm free-flying robot. Implicit in this goal
is the broader need to investigate practical implementation issues such as calibration
and initialization.

e Ezperimentally demonstrate representative tasks such as autonomous rendezvous and
formation flying. These can be achieved only through successful integration of the

sensor with the real-time control system.
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The to-scale perspective diagram shown in Figure 1.2 illustrates the experimental apparatus
constructed to achieve the stated goals. GPS signals are generated by six pseudolites dis-
tributed around the laboratory above the workspace of the vehicles. The robot combines its
GPS measurements with the target’s GPS measurements to estimate their relative position
and attitude. With this real-time information, the robot can be commanded to rendezvous
and capture the target. Vehicle mobility is achieved by floating on a cushion of air a few
thousandths of an inch above an extremely flat and smooth granite air-bearing surface.

This is done to simulate the zero-gravity, zero-drag conditions of space in two dimensions.

1.3 Fundamentals of the Global Positioning System

It is necessary to have some basic knowledge of the working principles of the Global Position-
ing System to understand the research issues addressed in this thesis. hence the following
background is provided. Parkinson, et. al. [4] provides thorough coverage of the theory
and applications of GPS. The term “Global Positioning System” generally refers to the
NAVSTAR Global Positioning System. However, this thesis deals largely with novel uses of
GPS (some of which are completely independent of the NAVSTAR system), so a distinction
will be made between the NAVSTAR Global Positioning System and the other GPS-like

systems investigated.

1.3.1 The NAVSTAR Global Positioning System

The NAVSTAR Global Positioning System consists of 24 satellites at an altitude of 20,300
km, traveling in circular orbits, and distributed in six orbital planes. Each of these satellites
transmits a multi-component navigation signal shown schematically in Figure 1.3. The first
three components, referred to as the L1 frequency components, are for civilian use, while
the other two components, the L2 components, can be blocked from civil use by the U.S.
Military at any time. For this reason, many commercial receivers operate on a single
frequency and are designed to work exclusively with the L1 components of the GPS signal.
Dual-frequency receivers can achieve better accuracies by taking advantage of the additional
information supplied by the L2 component. The receivers used in this research project were
single-frequency receivers, so only the L1 components of the GPS signal will be discussed
further. Although dual-frequency receivers with the features required by this project do

not yet exist, such receivers would likely change many aspects of this project.
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All of the satellites in the NAVSTAR GPS constellation transmit on the L1 (1575.42
MHz) frequency band. The satellites are distinguished from one another through a spread
spectrum technique involving modulation of the L1 carrier by a Pseudo-Random-Noise
(PRN) Coarse Acquisition (C/A) code. This code is unique for each satellite and con-
sists of a pseudo-random sequence 1023 bits long. A receiver can distinguish individual
satellites by correlating the received signal with its own internal C/A code generator. The
signal is additionally modulated by a 50 bits/sec data signal which contains, among other

information, a time-of-broadcast tag.

1.3.2 GPS Sensing Techniques

A number of techniques, listed in Table 1.1, have been used to extract navigational infor-

mation from the GPS signals.

e Pseudo Ranging ~ A receiver can compute the conventional pseudo-range estimate by
taking measurements from four (or more) satellites to extract the four unknowns -
three spatial dimensions and time. The received signals are subject to atmospheric
distortions and intentional degradation known as Selective Availability. leading to

accuracies in the range of 10 to 100m for this technique.

e Differential GPS (DGPS) - Relative positions between two local receivers can be ob-
tained with greater accuracy (2 to 5 meters) by taking the difference between the
two pseudo-range measurements. This technique is known as Differential GPS. Since
atmospheric distortions are approximately the same for two local receivers, the differ-

encing of the two positions removes distortion incurred errors.

e Differential Carrier Phase GPS (DCP GPS) - The Differential Carrier Phase tech-
nique involves reconstruction of the GPS carrier wave signal within the receiver [5].
The receiver phase-locks onto the signal and then measures the phase difference be-
tween antennas of the same receiver or between antennas of separate receivers. The
basic principle is illustrated in Figure 1.4. Since the L1 carrier wavelength is 19.03
cm, the maximum achievable accuracy is 19.03 cm times the receiver phase resolution.
Given that the phase resolution for the receiver used in this project is 256 samples per
wavelength the theoretical accuracy is actually sub-millimeter (0.74 mm). In practice,

though. several noise sources limit the typical accuracy to the centimeter level. One

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION

{  Technique ] Method | Accuracy | Special Requirements
Pseudo-range GPS | Measure signal TOF 10-100m Susceptible to
(time-of-flight) from each satellite (absolute) intentional degradation
Differential GPS Take difference of the 2-5m Requires two local receivers
(DGPS) TOF measurements (relative) with communication link

between two receivers
Differential Carrier | Reconstruct GPS < lcm - Requires common oscillator,
Phase GPS carrier, measure phase | (relative) or synchronized receivers
(DCP GPS) diff. between two - Must solve integer ambiguity
antennas

Table 1.1: GPS Sensing Techniques

difficulty with this technique lies in determining the number of integer wavelengths

within the total phase difference between the master and slave antennas. Differen-

tial Carrier Phase measurements can be made between two different receivers if the

receivers are synchronized and the raw carrier phase measurements are accurately

time-tagged.

L1 Camier |

1575.42 MHz |

C/A code
[ 1023Mb2 |

P code
10.23 MHz

Figure 1.3: GPS Signal Components

1.4 Research Issues

The research issues pertinent to this thesis fall under two main categories. (1) Sensing

with a Pseudolite-based Positioning System and (2) GPS Sensing for Automatic Control.
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¥

From Satellite
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GPS Carrier Wave

Baseline

Slave Antenna
Master Antenna

Figure 1.4: Differential Carrier Phase GPS

As previously stated, one of the primary objectives was to build a testbed to emulate
GPS indoors; hence a number of research issues are related to the differences between the
NAVSTAR GPS and the pseudolite-based indoor testbed. The primary distinction is the
difference in proximity of the transmitters to the receivers. For this reason, the pseudolite-
based system used in this thesis is referred to as a near-constellation pseudolite positioning
system, while the NAVSTAR GPS is referred to as a far-constellation positioning system.
A more explicit criteria form distinguishing between far- and near-constellation systems is

provided in Chapter 2.

1.4.1 Sensing with a Pseudolite-based Positioning System

The prospect of using GPS indoors presents several fundamental problems, as first discussed
in [50] and listed below:

e No pseudo-range measurements - Pseudo-range would be of limited use due to the
relatively low accuracies attainable compared to the scale of the workspace. Therefore,
in the interest of simplicity the pseudolites were not synchronized as would be required
to calculate pseudo-range. This limitation prompted the reformulation of position and

attitude algorithms based on carrier-phase measurements alone.
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e Spherical Wavefronts - Since the transmitters are very close to the workspace. the
assumption that the carrier wave advances as a plane is no longer valid. Instead, the
wavefront must be treated as spherical. This leads to nonlinear phase measurement

equations from which the position and attitudes must be derived.

e Near-far problem - The close proximity of the transmitting sources to the receivers
leads to extreme variations in the power of the signal received as the vehicle traverses
the workspace. The signal power of each of the pseudolites had to be carefully adjusted
so that the signal power was within the dynamic range of receiver across the majority

of the workspace.

o Cablibration of Pseudolite Positions and Antenna Baselines - The locations of the
phase centers of the pseudolite transmitter antennas and the vehicle receiver antennas
need to be precisely determined in order to obtain accurate position solutions from

the differential carrier phase measurements.

1.4.2 GPS Sensing for Automatic Control

Novel methods such as DCP GPS have enabled tight real-time feedback control, even though
GPS was not nominally designed for this purpose. It is therefore necessary to employ clever

methods to obtain reliable measurements from the GPS signals.

e Loss of carrier phase tracking and integer cycle hand-off — Carrier-phase tracking can
be lost due to low signal strength or occlusion of the line-of-sight GPS signal by the
vehicle’s own structure or other nearby structures. This poses problems for real-time
controllers for which measurement updates are expected every sample period. When-
ever a pseudolite signal is lost or gained. the corresponding cycle ambiguity between
antennas must be re-computed or “handed-off”. This is done by calculating the ez-
pected phase from the most recent solution of the vehicle state propagated through a
Kalman filter. Errors in the calculated absolute positions of the vehicles can lead to
incorrect integer-cycle values during this process. The calculation of absolute posi-
tions of the vehicles are very sensitive to bias errors such as multipath, antenna phase
center stability, and polarization of the GPS signal. Reduction of these sources of bias

error is an ongoing area of research for improvement of this system.
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e High multipath environment - Multipath (reflected signals) is recognized as one of the
greatest detriments to the carrier phase measurements, and the problem is exacerbated
in the indoor situation. Some existing techniques rely on the assumption that the
multipath is repeatable, which is likely to be the case for a single spacecraft in orbit
where multipath is created only by the vehicle’s own structure [11]. However, for
vehicles operating around disparate structures or other vehicles, the repeatability
of the multipath is likely to be low, which may preclude the use of carrier-phase

techniques.

1.5 Contributions

In meeting the goals of this research, the following contributions have been made to robotic

sensing and control:

e A fundamental, quantitative understanding of the similarities and differences between
far-constellation and near-constellation GPS was established and the theoretical basis
for navigation using the latter was developed and shown experimentally. In order to
study the critical aspects of the autonomous rendezvous problem, a fixed set of pseu-
dolite transmitters was used inside a controlled laboratory environment. This first-
ever indoor Global Positioning System provides sufficient similarity to the NAVSTAR
Global Positioning System to study the autonomous rendezvous problem, but also has
some differences that brought forth new challenges as well as new areas for application
of GPS. The indoor GPS system offers a new form of simulation for developmental
testing of space vehicles in an inexpensive manner that complements expensive GPS

constellation simulators.

e GPS-based autonomous rendezvous between two free-flying vehicles was experimen-
tally performed for the first time. Beyond demonstrating basic feasibility of using
GPS for space operations, this proof-of-concept experiment exhibited typical toler-
ances that can be attained for autonomous space operations. This system can also
serve as a guideline for designing space flight systems as it provides realistic specifi-
cations for parameters such as measurement update bandwidth, communication link

contents and bandwidth, and computational requirements.
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¢ Original techniques for integrating GPS sensor measurements with a real-time control
system were devised. As noted above, GPS was not nominally designed to be used
for tight real-time control. The raw GPS phase measurements were susceptible to
corruption by multipath and loss of signal due to occlusion, vehicle configuration,
limited dynamic range of the receiver, and multipath ambiguities. A series of signal
processing steps in conjunction with a Kalman Filter were implemented to improve
very significantly the reliability of the GPS sensor.

¢ A new theoretical formulation for relating carrier phase measurements to the positions
and attitudes of two non-stationary vehicles was formed. The functional mapping is
general and can be applied to both near-constellation as well as far-constellation sys-
tems. The functional mapping is characterized by geometric non-linearities introduced
by the spherical-shaped wavefront emanating from each transmitter. These geometric
non-linearities disappear as the distance between the transmitters and the receivers
increases and the wavefronts tend toward planar, as in the far-constellation situation.
Additionally, the mapping assumes no knowledge of pseudo-range, as this information
was not available for the near-constellation GPS configuration used in this experiment.
It is possible, however, to modify the implementation of this mapping to incorporate

pseudo-range.

e A new method for synchronizing independent GPS receivers was developed using the
concept of a “Master Pseudolite”. This unique approach to synchronizing measure-
ments from two disparate receivers was necessary so that differential phases between
the two vehicles could be measured. The normal means for synchronizing receivers
occurs in conjunction with pseudo-range determination. Since pseudo-range was not
available from the indoor near-constellation, a new synchronization method was de-
vised. This method could well be applied to future GPS-like systems described in
Chapter 7.

e Innovative methods were introduced for calibrating antenna baselines and pseudolite
positions. The custom-designed GPS environment required new methods for calibrat-
ing interdependent system parameters. Several approaches to calibrating transmitter
and receiver antenna locations were investigated and analyzed for sensitivity to mea-

surement errors.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 13

e A new method was developed for resolving integer-cycle ambiguities between vehicles.
This algorithm takes advantage of vehicle motion and near-constellation geometry to
identify the cycle ambiguities. Initialization via measurement of signal power is also
proposed. This capability could enable and motivate the use of near-constellation

systems in space to augment the NAVSTAR GPS.

1.6 Related Research

This thesis would not have been possible without the foundations established by many other
researchers. Diagram 1.5 shows the most relevant influences on this thesis, as well as future

projects that are anticipated to benefit from this work.

) . (1) %)
Autonomous 1GPS Rendezvous il GPS for
Free-Flying / (laboratory) Automated

Robot .
. Manufacturin
[Ullman] [Zimmerman] aputac &

(3) / 5) \

GPS Aitude / GPS for Attitude \\ A
Determination # Control in Space < > Advanced
[Cohen] / [Lightsey, Baur] Space Missions
(4) 6) 9)
Small, Low-cost Space Qualified Operational
Pseudolites GPS Receiver Space Systems
[Brock, Fuller, > (c.g. space
_[Cobb] etal | station)

Figure 1.5: Related Research Network

This diagram shows how this research (1) benefited most directly from the works
of Ullman (2), Cohen (3), and Cobb (4). In parallel with this effort, Lightsey and
Bauer have investigated GPS attitude control in space, while Brock, Fuller, et. al.
(6) have devised a space-qualified GPS receiver. These current projects will in turn
benefit future applications such as GPS for automated manufacturing (7), NASA's
major new advanced space projects (8), and operational space systems such as the
International Space Station (9).

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 1. INTRODUCTION 14

1.6.1 Predecessors

The approach to autonomous rendezvous pursued in this thesis was most directly influenced
by the work of Ullman [45], Cohen [11], and Cobb [10].

Coordinated Control of a Multi-Arm Space Robot

In 1992, Ullman demonstrated coordinated control of a multi-arm free-flying space robot for
rendezvous and capture of a free-floating target [45]. This pioneering work was successfully
demonstrated through the use of an overhead vision sensing system which was employed to
provide the positions and orientations of the robot and the target. A constraint of this vision
system is that it operates in only two dimensions and requires an overhead, perpendicular
view of fiducial markings on each object in the workspace!.

The research presented in the present dissertation used Ullman’s prototype space vehicle
outfitted with a GPS sensor. Although the overhead vision system would not be practical for
real space applications, a local vision system on-board the robot is a very realistic feature.
The GPS system is therefore intended only to replace the overhead vision system as a more
viable sensor for space. In the research reported here, data from the overhead vision system
was still used as a means for evaluating the performance of the GPS system, but was not

involved in controlling the spacecraft.

Recent GPS Innovations

Cohen devised the first GPS receiver for accurate attitude determination in 1992. Attitude
determination via GPS had been attempted as early as 1983 on ships [23], but not until
Cohen’s work was there a system that could resolve attitude to a usable accuracy for any
reasonable-sized spacecraft (less than 0.1 degrees for a 5 meter baseline). Cohen’s work
encompassed both the physical modification of commercial GPS hardware and derivation
and implementation of new algorithms for attitude determination.

Shortly after Cohen’s work, Cobb designed a small, low-cost, pseudolite transmitter that
could produce the two primary components of the civilian GPS signal, i.e. the L1 carrier
modulated by the C/A PRN code. The benefits of this design were not only its size and

'Kemper and Zimmerman expanded the vision system to track objects in three dimensions, six degrees
of freedom. A summary of this algorithm is presented in Appendix C
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cost, but also its simplicity?. Cobb’s original pseudolite design could readily be modified
to broadcast other components of the GPS signal to create a novel, customized GPS signal
environment. These attributes made it possible to install a complete, low-cost, realistic,

and easy-to-maintain GPS constellation in the laboratory.

1.6.2 Contemporaries

Amongst the contemporary research projects related to this thesis, there are those aimed
at the same future applications, but investigating different GPS issues, and there are those

working on similar GPS issues, but aimed at different future applications.

Similar applications, different issues

In 1989, Axelrad [1] investigated GPS for closed loop navigation of spacecraft, and in 1995
Lightsey advanced GPS space receiver algorithms to an operational level of flight-readiness.
Lightsey’s work complements this thesis work by addressing many of the on-orbit require-
ments for use of GPS for spacecraft attitude determination and control. His work does
not, however, address the issue of multi-vehicle control involving relative position, as does
this thesis. Lightsey, Bauer, et. al. are currently conducting space flight experiments to
demonstrate GPS closed-loop attitude control in space {17]. Additionally, many of Light-
sey’s concepts have been incorporated into the first space-qualified attitude-determination
receiver, developed by Space Systems Loral 3.

While this thesis addresses the problem of vehicle rendezvous from a closing distance of
a few meters down to contact, Galdos and Upadhyay [22] and Montez and Zyla {52] have
made theoretical studies on the use of Differential GPS for tracking rendezvous trajectories

that close from several hundred kilometers down to a few meters.

Similar issues, different applications

Setting milestones in aviation history, Cohen, Pervan, et. al. [9], Conway {12, and Mont-
gomery [27] addressed issues critical to integrating GPS sensing with real-time control of

2About 1/100th the volume of a commercial system of comparable performance at a cost of production
less than one tenth the cost of a commercial system.

3The historical progression is as follows: Cohen modified Trimble Navigation’s TANS receiver to be
attitude capable, which became the commercial product known as the TANS Quadrex. The TANS Quadrex
was then upgraded to perform attitude computations on-board the receiver. which becarne Trimble’s TANS
Vector. Space Systems Loral, under license from Trimble, revamped the TANS Vector into the first space-
qualified receiver, the Loral Tensor (19].
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autonomous aircraft. In 1994, Cohen, Pervan, et. al. devised a system that combined
the NAVSTAR GPS with ground-based pseudolite “integrity beacons” to demonstrate au-
tonomous landing of a commercial airliner, achieving accuracies well within Federal Aviation
Administration (FAA) Category III (zero visibility) landing requirements. In 1995, Con-
way [12] demonstrated completely autonomous flight of a model helicopter using GPS as
the only sensor, and in 1996 Montgomery [27] demonstrated autonomous takeoff, flight, and
landing of a model airplane using GPS. Both Conway’s and Montgomery’s work differed
from this project because they used NAVSTAR GPS signals, rather than pseudolites, and
they used a fixed reference station at a surveyed location.

Teague [43] is currently studying GPS-based control of a large, flexible structure through

the use of a pseudolite-only near-constellation very similar to the one used for this project.

1.6.3 Beneficiaries
NASA Applications

Support for the International Space Station and NASA's advanced space projects, including
the New Millennium Program, both demand advances in sensors that can provide relative
position and orientation information. It is clear that GPS can contribute greatly to these

programs.
The International Space Station

The International Space Station (ISS) can take advantage of GPS in many ways, from
the earliest stages of construction through full operation. The joining of station modules
during construction will require knowledge of the relative positions and attitudes of the
shuttle, the existing station structure, and the modules being attached. GPS sensors on
each component could transmit data to a CAD-model display that the astronaut would use
to direct and guide the module into place (e.g. in the hands of a large manipulator and
free-flying robots). A similar system could be used for shuttle docking through construction
phases and during normal operation of the station.

More importantly, GPS could be incorporated into free-flying autonomous space robots,
as described in this thesis, to maintain the station. Reliability and accuracy of GPS sen-

sors used near the space station could be greatly improved by placing a pseudolite-based
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Figure 1.6: The International Space Station

The ISS can take advantage of GPS during construction and operational phases.
Construction phases can use GPS for sensing modules as they are joined. Opera-
tional phase can use GPS for sensing robotic maintenance vehicles. Photo courtesy
NASA

near-constellation positioning system on the space station structure itself to supplement the
NAVSTAR GPS. Such a system would improve the sensor accuracy through better geomet-
ric resolution and would improve reliability by increasing the number of reference signals
available when the NAVSTAR satellites become occluded by the space station structure
itself. NASA is currently sponsoring two operational free-flying robotic vehicle projects
directed toward space station maintenance, the Ranger Telerobotic Flight Experiment and
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the Autonomous Extra-Vehicular Camera (AERCam). Both of these could potentially ben-
efit directly from the contributions of this thesis.

Figure 1.7: The Ranger Telerobotic Flight Experiment

The Ranger Telerobotic Flight Experiment is aimed at demounstrating the capa-
bility to perform space operations remotely from the ground. Photo courtesy the
University of Maryland Space Systems Laboratory

The Ranger Telerobotic Flight Ezperiment

The Ranger Telerobotic Flight Experiment is a project to demonstrate the capability to
perform space operations remotely from the ground. The Ranger Telerobotic Flight Ex-
periment (TFX) is scheduled to demonstrate telerobotic spacecraft servicing in Earth orbit
in early 1997. The Ranger TFX vehicle is a free-flying spacecraft equipped with four ma-
nipulators, which serve various functions for dextrous manipulation, grappling, and video

viewing (see Figure 1.7).

The Autonomous Extra-Vehicular Activity Robotic Camera (AERCam)

The Autonomous EVA Robotic Camera is an effort to design a free-flying electronic camera
that can be maneuvered to on-orbit positions in the vicinity of large spacecraft (such as the
Space Station) to provide live video images for operations support.

AERCam is a small (45 to 90 Kg) free-flying unmanned platform capable of teleoperated

or autonomous flight in close proximity to the Space Station and Shuttle Orbiter. It will
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be able to hold position relative to, or fly trajectories about its target. Video images will
be transmitted to the Station or to the ground for live viewing of its subject. It will be
controlled from either the ground or from the Space Station and be capable of long periods
of autonomous operation. The Aerospace Robotics Laboratory has proposed to incorporate
GPS sensing schemes similar to the ones developed in this thesis to the AERCam, and this

is in Johnson Space Flight Center’s current planning.

NASA’s Advanced Space Missions

NASA is pursuing several advanced space missions such as the New Millennium Program.
The New Millenium Program is aimed at establishing a “virtual human presence” in space
that will extend throughout the solar system and beyond. This “virtual presence” will be
established by large numbers of small spacecraft, typically flying in clusters and capable
of collecting distributed science data. A GPS-based near-constellation positioning system,
similar to the system used in this research, is one method being pursued for autonomously

regulating the formation of multi-spacecraft clusters.

Terrestrial Applications

For more than three decades, exploration of space has been the source of invention for a
wealth of uncommon technologies, many of which have had surprisingly diverse application
to terrestrial problems. Likewise, the technology pursued in this thesis has been identified
as having potential contribution to terrestrial arenas. In particular, near-constellation po-
sitioning systems can be be applied to a number of indoor situations for sensing objects in

three-dimensions, six degrees of freedom.
Manufacturing Systems

A general problem for companies that build very large systems, such as aircraft, is sensing
the placement of massive components as they are moved around the factory and as they
are joined to the finally assembly. In some sense, this is similar to the problem of bringing
together the large modules of the space station. By outfitting the factory with a near-
constellation positioning system and placing GPS receivers on each subassembly, it would
be possible to monitor the location of these components as they are moved around the

factory. This would enable autonomous delivery of sub-assemblies around the factory and
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autonomous collision avoidance between sub-assemblies and other structures. This type of
system has been considered for use in aircraft manufacturing plants, such as the Boeing

facility depicted in Figure 1.8

Figure 1.8: Indoor GPS for Manufacturing

Facilities such as Boeing’s 747 plant are characterized by extensive high-bays and
large system components that need to be transported over long distances throughout
the construction process. An indoor GPS-based system could potentially be used
to automate assembly processes in this type of manufacturing plant.

Indoor Robotic Systems

Indoor mobile robot systems are used extensively in research and are gaining increasing
operational use in hospitals and warehouses for transporting items between different loca-
tions along designated routes. These systems currently use fixed tracks and/or acoustic
sensors for navigation. Merging GPS with the existing sensors could increase the versatility

and reliability of these systems.
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Motion Picture Filming

A less apparent GPS application venue is in the filming industry. The indoor near-constellation
positioning system could be used to monitor camera position and orientation during film-
ing so that computer-generated special effects could quickly and easily be placed in the
proper locations of the scene. Additionally, the autonomous helicopter work of Conway [12]
could be applied to outdoor filming to obtain unprecedented camera view angles and pan

trajectories.
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Chapter 2

Experimental Apparatus

This chapter provides a description of the hardware system used to conduct the experiments
reported in Chapter 4. The major components that are described include: the prototype
free-flying space robot shown in Figure 2.2; the free-floating target vehicle; the GPS system,
including the pseudolite constellation and the GPS receivers on-board the vehicles; the
computer development environment; and the overhead vision system used to evaluate the
performance of the GPS system. The interrelation of these system components is shown in

Figure 2.1.

2.1 The Prototype Free-Flying Space Robot

The design and construction of the prototype free-flying space robot has been discussed
in detail in past theses by Ullman [45], Koningstein [24], Dickson [15], and Jasper [20].
Portions of that system have been augmented for this thesis. The robot, depicted in Fig-
ure 2.2, is a self-contained autonomous vehicle, complete with on-board sensing, computing,
communication, power, manipulation, and propulsion systems. On-board compressed air
enables the robot to float just above the precisely-leveled granite surface plate (approxi-
mately 0.003 inch), providing a high-fidelity two-dimensional simulation of the drag-free,

zero-gravity characteristics of space.

22
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Figure 2.1: Interrelation of the System Components

2.1.1 Computer Architecture

The system architecture is based on a VME bus and utilizes a Motorola MVME 167-31A
(68040) processor for all functions, including real-time control, communication with sensors
and actuators, strategic planning, and communication with the operator interface. The
control software is written in “C” and “C++" and was developed using Control ShellT™ [38]
and the VzWorksTM Operating System.

2.1.2 Communications

The robot’s computer communicates with both GPS receivers (i.e. the one on the robot
and the one on the target) through separate RS-232 serial ports at 19.2k baud. The serial
link between the robot and the target is established by a Proxim 19.2k baud full-duplex
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Figure 2.2: ARL Free-Flying Space Robot

radio modem. The data that is communicated across this link is listed in Table 2.1. Ad-
ditionally, the robot is equipped with a Motorolla Altair radio Ethernet. This link is used
for communication with the user interface during system operation and for downloading

programs onto the robot during development®. Standard VME-bus A/D, D/A., and digital

!The radio Ethernet could have been used for the link between the robot and the target's GPS receiver,
but at significant expense. Equipping the target with a radio Ethernet would bave required the purchase
of a new Ethernet unit and an upgrade of the units currently in place, at a cost of $7000. Additionally,
the target would have required an interface computer between the GPS receiver and the radio Ethernet and
additional power to support the computer, increasing the total cost to nearly $10,000. The alternative cost
for the 19.2k baud modems totaled $200, though the communication delay incurred by these modems does
restrict overall system performance.
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I/O boards are used for communication to other system devices such as thruster solenoids,

gripper pneumatics, arm motor drivers and RVDT angle sensors.

2.1.3 GPS Receiver

The robot and target vehicles are each equipped with a six-channel GPS receiver that
is capable of multiplexing between four antennas. Each receiver can provide a total of
24 carrier phase measurements every sample. A constraint of the multiplexed antenna
system is that all four antennas on a given receiver channel must track the same pseudolite
signal. The receivers are commercial TANS Quadrex receivers from Trimble Navigation,
with customized internal software.

The Trimble TANS Quadrex was modified as described below in order to meet the needs

of this thesis research:

e Modified data packet protocol — The data packet protocol was optimized to minimize
the transmission times between the full-duplex radio modems used to communicate
information from the target vehicle to the robot. Simplex modems might have offered
less data transmission delay since they can send packets byte-for-byte rather than as
a quantized unit. However, such modems were not available at comparable baud rate

and price.

e Changed contents of data packet — The TANS receiver is capable of transmitting
one type of data packet at fixed time intervals, making it suitable for real-time con-
trol applications. The data nominally available in this packet was modified because
the nominal information was not sufficient for the requirements of this system. The

information transmitted by the GPS receivers is described in the next section below.

e Simplified the satellite search algorithm - The set of satellites that the receiver searches
was fixed constant. This exploits the fact that the same satellites are always in
view, and all antennas view the same satellites within the indoor pseudolite-based
system. This modification alleviated this research project from issues studied by

other researchers [25].

The receiver communicates via an RS-232 serial port at a rate of 19.2k baud. The
information transmitted by each of the GPS receivers to the robot’s computer is summarized

in table 2.1. The table lists the information that is transmitted in one packet each sample
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period (0.10 second). All quantities are listed in bytes. The nature of the information items

is as follows:

1. The Time Tag data byte is an integer value that indicates the millisecond count
(beyond the last whole second) at which the information in the data packet was

sampled.

2. The Carrier Phase of the Master Antenna is a set of measurements of the raw carrier
phases of each pseudolite signal, as measured at the master antenna. This information

is used primarily to determine the relative positions of the two vehicles.

3. The Differential Phases measured by each of the slave antennas is the difference be-
tween the carrier phases measured at the master antenna and each of the slave anten-

nas.

4. The Signal to Noise Ratios indicate how well each of the signals is being received,
and are used as weighting factors in the computation of the vehicle state from the
measured phases. There are a total of Ngps X Nepgn = 24 SNR values at each sample.
Since these values do not change very rapidly, they are multiplexed in six sets of four
to reduce the quantity of information in each packet, i.e. the SNR values for all four

antennas for a single channel are updated every sixth sample.

5. The Code Phase of the Master Pseudolite is a quantity that is used to extrapolate
the phase measurements of each receiver so that they can synchronize to the Master
Pseudolite.

6. The Phase Valid and Cycle Slip Flags are indications of the receivers confidence in
individual phase measurements. Only six bits of each of these bytes are used, one bit

per receiver channel.

7. The additional Packet Querhead includes a single byte for the packet ID and a single
byte that indicates the end of the packet.
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| Data Quantity Size Each [bytes] | Total Size [bytes] |
Time Tag 1 2 2
Carrier Phase Nepgn =6 4 24
(master ant)
Differential Phase | (Ngnt — 1) x Nepan = 18 2 36
(slave ant)
Signal to Noise Nont =4 1 4
Ratio see note in test
Code Phase of 1 2 2
Master Pseudolite
Phase Valid Flag 1 1 1
Cycle Slip Flag 1 1 1
Packet Overhead 2 1 2
Total 72

Table 2.1: GPS Receiver Data Packet Information

Packet Transmission Time Delay

The packet transmission time delay is greatest along the path from the target vehicle’s GPS
receiver to the robot’s on-board computer. Since the radio modems are full-duplex, the data
must be transmitted in serial in three stages: From the GPS receiver to the modem on the
target vehicle, from the modem on the target vehicle to the modem on the robot, and from
the modem on the robot to the on-board computer. The minimum packet transmission

time delay can be calculated from the equation:
(10 bitS/byte bethS-peT-paCket X Ncmm_stages)/BAUD_RATE

The modem baud rate used in this project was 19.2k baud. From table 2.1 there are
72 bytes/packet, and there are three communication stages. This results in a communica-

tion delay of 112.5 milliseconds, or just greater than one sample delay.

2.1.4 Propulsion

The robot can translate and rotate using a set of eight cold-gas thrusters that can produce
approximately 1 Newton of force each. The thrusters are arranged in a square around

the midsection of the robot as shown in Figure 2.3. Thrust is generated by momentarily
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Figure 2.3: Discrete Thruster Actuator

opening a solenoid spool valve, releasing 100psi air through a nozzle to ambient for one
sample period (0.10 second). Conventional control methods can be applied to these highly
non-linear actuators through the use of astute techniques for mapping the continuous desired
control forces and torques to the limited set available from the discrete actuators (see Ullman
[45] and Wilson [47]).

»
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Figure 2.4: Two Degree-of-Freedom Manipulator
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2.1.5 Manipulators

Each of the robot arms is a two degree-of-freedom SCARA-configuration (Selectively Com-
pliant Assembly Robot Arm) manipulator that operates parallel to the air-bearing surface,
as shown in Figure 2.4. Each degree of freedom of the manipulator is actuated by a
limited-angle DC brushless motor mounted at the manipulator shoulder. Joint-angle in-
formation is supplied by two RVDT sensors mounted in line with the shoulder and elbow
motor shafts. Position information is differentiated and filtered in analog to obtain clean
joint-rate information.

The robot can grasp the target with its grippers by driving a conical-shaped plunger
into the target gripper port. The plunger is driven up or down on a linear bearing by a
pneumatic piston and cylinder. The clearance on each target gripper port is 5 cm, and the

action of the gripper is displayed in Figure 2.5.

Figure 2.5: Manipulator and Gripper
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GPS Antennas

o ripper Port

Figure 2.6: Free-Floating Target Vehicle

2.2 The Free-Floating Target Vehicle

The free-floating target vehicle, shown in Figure 2.6 is representative of a small satellite
equipped with a GPS receiver. The target is a passive vehicle in the sense that it is not
equipped with actuators nor processor. The target’s only function is to take GPS phase
measurements at each of its antennas and broadcast these measurements out through the
radio modem. As with the GPS receiver on the robot, the data packets are sent every 0.10
second, and the information contained in each packet is listed in Table 2.1. The target is
also equipped with on-board compressed air that enables it to float 0.003 inch above the
granite surface plate. There are eight gripper ports distributed around the circumference

of the target vehicle, each with a 5 cm diameter opening that the robot can latch with its
grippers.
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2.3 The Pseudolite-based Positioning System

2.3.1 Discussion on Positioning Systems

As discussed in Chapter 1, the method of using GPS in this thesis differed from conventional
methods, and further unconventional methods are proposed in Chapter 7. Additionally, the
growing use of GPS pseudolites and GPS simulators has made it possible to design testbeds,
prototype systems, and even operational systems that are completely independent of the
NAVSTAR GPS. It is therefore necessary to formalize some of the differences to clarify
further discussions. The first distinction is between far- and near-constellation positioning
systems. A simple conceptual distinction is that a system may need to be considered near-
constellation when the baselines between receiver antennas measuring differential phases
are comparable in magnitude to the distances between receiver antennas and transmitters.

A formal definition is provided below.

Distinction between Far- and Near-Constellation Positioning Systems

A constellation of GPS-signal transmitters is deemed a far-constellation if the wavefront of
the signal is “sufficiently planar” throughout the entire workspace to be ireated as a plane
in all mathematical formulations. Otherwise, the set of transmitters must be treated as
a near-constellation. The condition for being “sufficiently planar” can be determined by
an application-specific tolerance. Of course, a fundamental limit for the tolerance can be
related to the receiver phase resolution. This limit is the point at which the receiver phase
resolution equals the maximum error introduced by the planar wavefront approximation.
At this point the receiver cannot discern the error introduced by the approximation.

A criterion for determining the maximum error introduced by the planar wavefront

approximation is shown in Figure 2.7 and is described as follows:

For any two points i and j in the workspace, the error between the actual
differential phase that is measured, A@gctua; and that which is supposed by the
planar approximation Aggpproe must be less than the tolerated error €, for the

approximation to be valid.

The analysis below provides the relations between the actual phase and the measured

phase. The actual phase measured is simply the magnitude of the difference of the vectors
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from each receiver to the satellite:

Figure 2.7: Criterion For Validity of the Planar Wavefront Approximation

Agctuat = |Si — S (2.1)

Where S; is the vector from receiver ¢ to a given satellite. For the planar approximation,
a direction needs to be designated from which the waves are assumed to be advancing. A
useful direction to assume is the mean of the two line-of-sight vectors from each of the

points ¢ and 7, denoted as Speqn- The phase difference approximation becomes:

AQapproz =  3Eean(Si — Sj) (2.2)

The requirement for the planar wavefront approximation to hold is then:

I1Si - SJI — Smean(Si — Sj) < €tol. (2.3)
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Distinction Between Synchronized and Unsynchronized Positioning Systems

The second distinction is between synchronized and unsynchronized positioning systems.
A synchronized positioning system is one in which all of the transmitters are synchronized,
such as the NAVSTAR GPS, while transmitters in an unsynchronized system are not rig-
orously maintained to a constant frequency or time base. The NAVSTAR GPS achieves
synchronization through highly accurate atomic clocks on board each satellite which are
maintained by the GPS Master Control facility located at Falcon Air Force Base in Col-
orado. An unsynchronized positioning system cannot be used to derive pseudo-range, but
can supply carrier phase measurements. Had it been necessary, the pseudolites used for
this project could have been synchronized by using a common oscillator to generate the L1
carrier for every transmitter. This could have been done by connecting all of the pseudo-
lites to one single oscillator, but would have required considerable effort to account for and

maintain exact transmission line delays between the oscillator and each transmitter.

Distinction Between Pseudolite Systems and Simulators

Finally, a discussion is provided here to explain the difference between pseudolite-based
systems and simulators. The conceptual difference is primarily in the intended application
of each, although they do have a high degree of functional equivalence. Pseudolites are gen-
erally used to supplement the NAVSTAR GPS constellation to provide improved geometric
observability for carrier phase measurements by broadcasting a signal throughout a limited
portion of the workspace volume. Simulators, on the other hand, are typically used for
receiver development and algorithm testing via direct connection to the receiver. As such,
they can mimic many aspects of the NAVSTAR constellation, including satellite Doppler,
ephemeris, and availability.

The basic pseudolites used in this thesis provided a subset of the functionality of a GPS
simulator, but at a fraction of the cost and volume?. Advanced pseudolites, discussed in

detail by Cobb [10], have features not present in simulators, including:

e A pulsing capability which essentially eliminates the near-far problem, a common

characteristic of applications that use pseudolites.

2Pseudolites cost on the order of 2 thousand dollars and fit into a package 200em®, compared to several
hundred thousand for a simulator that occupies a space of 63,000cm>.
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e The ability to broadcast custom data messages at higher rates than the 50 bits/sec
NAVSTAR-ICD200 specification [29].

e A self-surveying feature, enabled by combining the pseudolite with a GPS receiver.

Figure 2.8: Pseudolite Transmitter

As both of these two distinct technologies mature, their functionality will likely continue

to diverge due to the differences in their intended use.

2.3.2 The Pseudolite Constellation

A near-constellation, unsynchronized positioning system was used for this research. The
constellation consists of six independent pseudolites. Each pseudolite produces an L1 (1.575
GHz) carrier phase signal modulated by its own unique C/A code. One pseudolite, desig-
nated as the “Master Pseudolite”, serves as a time reference for synchronizing the receivers.
The “Master Pseudolite” differs from the other pseudolites in that it broadcasts an addi-
tional signal component, the 50 bit/sec GPS data message (see Figure 1.3). Note that the
pseudolite transmitters themselves are not synchronized - only the receivers are synchro-
nized. Receiver synchronization is accomplished by aligning to the bit transition edges of
the 50 bits/sec data message of the Master Pseudolite.

Figure 2.8(A) shows a mounted pseudolite (broadcasting as PRN 11). The pseudolite is
completely self-contained, and can be mounted anywhere around the room on a standard

track-lighting fixture which supplies power at 12V. Figure 2.8(B) shows the circuitry of a
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GPS pseudolite transmitter box as it is mounted on the back of the helical antenna. For
size reference, the ground plate of the antenna is 8.5 inches in diameter. The transmitter
electronics board was designed by Cobb of the Stanford GPS Laboratory for use on the
Integrity Beacon Landing System for aircraft [8]. The antenna is designed to broadcast L1

in the normal mode, and is characterized by a conical beam pattern.

2.3.3 The Helical Transmitter Antennas

It was important to minimize the effects of multipath at the outset of this research. Patch
antennas with hemispherical beam patterns were tested in early experiments and were
shown to produce excessive amounts of multipath (signal reflections) from walls and objects.
This was evidenced by frequent cycle slips in the receiver carrier phase tracking and large
variations in the signal-to-noise ratios as the receiver antenna was moved around. Large
signal-to-noise variations for small displacements (a couple of wavelengths) are often an
indication of multipath, as the line-of-sight and reflected signals interfere in constructive
and destructive manners. Helical antennas were chosen as a practical alternative to patch

antennas. Some of the compelling reasons for using helical antennas are listed below:

e Helical antennas are easy to construct and are robust to variations in dimensions.
This minimized construction costs, which was important since at least six antennas

were needed.

e The beam pattern of helical antennas can easily be adjusted. Control of an antenna'’s
radiated beam pattern enables some control over multipath. For a helical antenna,

the beam width can readily be adjusted merely by changing the length of the helix.

e The signal characteristics of helical antennas are well known. The phase measured by
the receiver antenna is a function of the phase characteristics of both the transmitter
antenna and the receiver antenna. Since the phase characteristics of a helical antenna
are well known, the impact of certain effects such as phase polarization can be an-
alyzed. Likewise, knowledge of the beam power characteristics can be incorporated
into integer resolution algorithms. The large variation in signal power that causes
severe near-far problems can actually be used advantageously in integer resolution

algorithms.
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Figure 2.9: Helical Antenna Parameter Definitions

The helical antennas were custom built from inexpensive, readily available materials, in-
cluding ABS plastic tubing (typically used for drainage pipes) and aluminum tape. The
antennas were designed to broadcast the GPS L1 frequency in the azial or endfire mode,
as described in Balanis {2]. Figure 2.9 shows the parameter definitions for this type of
antenna. Design parameters for the helical antennas used in these experiments are listed in
Table 2.2.

The lengths of the antennas were chosen through an empirical, iterative process. The
antennas were originally designed with a rather narrow beam width (30°) to insure reduced
multipath, and then they were repeatedly shortened, widening the beam width until each

pseudolite could be received over the majority of the workspace. A means for theoretically
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] Parameter Symbol/Relationship Value j
Antenna Length L=NS 13.50 cm, 20.25 cm
Conductor Length per Turn Lo = V52 +C? 19.50 cm
Signal Wavelength A 19.03 cm
Diameter D 6.05 cm
Circumference C=xD 19.01 cm
Number of Turns N 3.08, 4.62
Spacing S 4.38 cm
Pitch Angle «a = arctan g 13°
Conductor Diameter 2a 0.6 cm
Half Power Beam Width (degrees) | HPBW ~ 527’;——:"1% 61.8°,50.5°
First Null Beam Width (degrees) | FNBW ~ LSX% 137°,112°
Input Impedance R~ 140(%) 1402
Axial Ratio AR =<+ 1.16,1.11
Directivity Do ~ 15NSE 10.6, 15.9

Table 2.2: Helical Antenna Parameters

determining the optimum antenna length and direction could be derived through considera-
tion of the far-field pattern in conjunction with the workspace volume. In such an analysis,
one would attempt to maximize the workspace volume that has a signal strength within the
dynamic range of the receiver.

The empirically selected value for the half-power beam width (HPBW) was 61.8° for
the Master Pseudolite mounted directly over the workspace, and 50.5° degrees for the other
five pseudolites around the periphery. These values correspond to antenna lengths of 13.50

cm and 20.25 cm, respectively.

2.4 The Development Environment

Although the least visible component, the development environment is perhaps the most
important aspect of the experimental system, as it is the conduit through which the engineer
makes the magic happen.

At the highest level, this system was developed using ControlShelT | a Computer Aided
Software Engineering (CASE) platform invented by Schneider at the ARL and developed by
Real-Time Innovations, Inc. [37] [33]. ControlShell was used to diagrammatically build the
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dynamic and strategic control software. Code generated by ControlShell operates within
the context of the VrWorks™™ real-time operating system. All of the real-time code was
developed in C and C++ on Sun workstations and then cross-compiled for execution on
the MVME167-33MHz (Motorolla 68040) processor on-board the robot.

Algorithms for deducing the vehicle-state from GPS phase measurements (discussed in
Chapter 3) were derived automatically with Maple V, an interactive symbolic algebra system
by Waterloo Maple Software. Another powerful feature of Maple V that was employed was
its ability to directly convert the derived symbolic equations into efficient C code. The auto-
generated C code was then inserted directly into the component module code generated by
ControlShell. This same code was incorporated into MathWorks MATLABTM for simulation
and testing independent of the robot hardware.

Communication between the Sun workstation and the free-flying space robot was es-
tablished through the Network Data Delivery Service™™ (NDDS), created by Real-Time
Innovations, Inc. The information routed via NDDS included robot commands sent from
the operator interface to the robot (such as mowve to position (z,y)), and vehicle state in-
formation sent from the robot to the operator interface. NDDS is a subscription-based
communications package developed for Ethernet communication between distributed, het-
erogeneous machines in a real-time environment [34] [31].

The vehicle state information was displayed on the workstation through a graphical, 3D
operator interface that was designed using DevGuideT™ by Sun Microsystems and Graphigs,
a Phigs-based graphics library developed at ARLS.

StethoScope™™ [32], another product from Real-Time Innovations, Inc., enabled real-
time viewing of system signals and data as the experiments were running. This invaluable
capability reduced to a minimum the time required for debugging, data collection, and data

analysis.

2.5 The Overhead Vision System

Complete evaluation of the performance of any sensor requires some independent “truth”
measurement for comparison. For this research, an overhead vision system capable of track-

ing the robot and target vehicles in two-dimensions was used as a truth measurement. The

3Snapshots of the user interface Graphigs models were directly used to create figures for this document.
See Figures 1.2 and 2.1.
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vision system can track the vehicles at 60 Hz, with an absolute accuracy estimated at better

than 2 cm over the entire workspace and static noise of less than 1 mm (6] [45].

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chapter 3

GPS For Real-Time Control

An important set of contributions of this thesis are comprised in the original techniques
developed for integrating GPS sensor measurements with real-time control systems. As
indicated in the research issues discussed in Chapter 1. the Global Positioning System was
not nominally designed for tight real-time feedback control. Knowledge of the dynamics of
the system can be used to integrate the controller with the sensor to improve the robustness
of the overall system. Others have demonstrated real-time control with GPS {12! {27! [9].
This research reported here is new and different in that it:

e Required a new theoretical formulation to handle attitude and relative position of two

vehicles with no fixed reference.

Dealt with a fundamentally different ensemble of measurements characterized by

spherical wavefront and no direct pseudo-range measurement.

e Required a new way for synchronizing independent receivers, since the low-cost trans-

mitters are not themselves synchronized.

Had to handle signal loss and corruption in new ways due to the greater extent of

multipath and higher occurrence of occlusion.

It is these issues that are explored in this chapter.

40
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3.1 The Control System Software

The primary software components of the control system are depicted in Figure 3.1, which
provides a high-level schematic of the control structure along with a magnified view of the
GPS Sensors and signal processing software. The state vector z in the upper control diagram
is the physical state of the system, which includes the position, orientation, velocity, and
angular rates of both vehicles. £, zom,, and z., are the estimated state, the commanded
state, and the state error of the system respectively. The controller is a simple Proportional
plus Derivative (PD) control algorithm, from which the control forces and torques, u, for
the robot base and manipulators are generated.

The GPS sensor software is divided into several major components. each of which will be
discussed throughout this chapter. These components are comparable to the ControlShell
components in the actual implementation. The implicit input to the GPS Sensor component
is the physical state of the system, which can be considered to be transformed by the GPS

receivers into carrier phase measurements ¢g and ¢;.

The GPS Receiver Components

The GPS Receiver Components are device-driver software modules that interface to the
physical GPS receiver hardware through two independent serial ports on the real-time
computer. In addition to the carrier phases, the GPS Receiver Components produce several
measurements that are used in further signal processing steps. The measurement time-tags,
T, are used to align measurements from each receiver for computation of phase differences.
The master pseudolite code phases, r, are used to compute time biases of each receiver
which in turn are used to improve the phase differences. Finally, the signal-to-noise ratios
(not explicitly shown in the diagram) are used to determine weighting values for each of

phase measurements during the process of estimating the vehicle states from the phases.

The Phase Difference Component

The Phase Difference Component computes phase differences and time bias corrections
from the time-tagged carrier phase measurements, and code phases. There are two types of
phase differences computed: those between antennas on the same vehicle, and those between
antennas of different vehicles. These are referred to as intra-vehicle phase differences and

inter-vehicle phase differences, respectively. The intra-vehicle phase differences Ao are
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Figure 3.1: GPS Signal Flow Diagram

The flow of information through the GPS sensor software algorithms is shown in
this diagram. Each block represents a software component or module in the object-
oriented programming sense. The “switch” on the State-to-Phase Mapping Com-
ponent signal indicates that this module is active during normal operation, while
the Integer Resolution Component is active at startup to initialize the integer cycle
ambiguities.

derived from a single difference between two carrier phase measurements, while the inter-
vehicle phase differences VA¢ are derived from four carrier phase measurements through a
method known as double differencing [46].

The scheme for managing different configurations of tracked pseudolites also takes place

within the Phase Difference Component. It is possible for the receivers to lose track of
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individual pseudolites as the vehicle traverses the workspace. This affects which carrier
phase signals ¢ are used in the computation of the phase differences A¢ and VA¢, and it
also changes the values of the inter-vehicle integers, since the phase differences are computed
from different sets of pseudolite signals. The configuration management scheme primarily

affects the order and sizes of the vectors displayed as signal lines on the signal flow diagram.

The Integer Manager Component

The differential phase measurements relate only the fractional component of the distance
between any two antennas (as was indicated in Figure 1.3). The Integer Manager Compo-
nent converts the phase measurement to a range measurement by adding and maintaining
the whole integer cycles of the signal. As with the phase measurements, there are two
types of integer cycles: those between antennas on the same vehicle, and those between
antennas of different vehicles. Likewise, these are referred to as intra-vehicle integers and

inter-vehicle integers, respectively.

The Phase-to-State Mapping Component

Once the fractional phases and the integer cycles are known, the full phases are mapped to
the state variables by the Phase-to-State Mapping Component. This component computes
the mapping h~!(z), (which is the inverse of the nonlinear State-to-Phase mapping, h(z))
through a recursive least squares algorithm. The mapping from state variables to phases,
h(z), is characterized by several nonlinearities which are discussed further in Section 3.2.
The State-to-Phase Component computes the predicted phases from the current state for
feedback to the recursive least squares Phase-to-State Component and for consistency check-

ing within the Integer Manager Component.

The Integer Resolution Component

The last major component of the system is the Integer Resolution Component. This com-
ponent is only active during initialization. Once the integers M and N are known, feedback
through the State-to-Phase Mapping is used to maintain these numbers. A motion-based
method for resolving the integers was developed and demonstrated in simulation. This al-
gorithm is discussed in Chapter 5. In the experimental implementation, the system was

initialized using the overhead vision system, which provided immediate measurements of
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both vehicles positions and orientations, from which the corresponding initial integers and
phases were derived.

The following sections delve into more detailed explanations of the major components of
the system. The detailed explanations are presented in order of component sophistication

rather than in order of data flow, as they were heretofore presented.

3.2 The Phase-to-State Mapping Component

The Phase to State Mapping Component estimates the state of the system based on the
phase measurements. There are many different ways that this can be done, and the most
complete approach is to apply a full-dynamic model-based extended Kalman filter to the
non-linear phase measurements to derive the state. Limited computing resources, in con-
junction with diminishing returns on performance verses complexity, entail a certain amount
of simplification to this approach. The most complete model for the system studied in this
thesis, maintaining full generality in three dimensions, involves 20 states for the robot (ten
degrees of freedom including the arms), and 12 states for the target (six DOF). This is more
than necessary to accurately estimate the system state, and places exorbitant requirements
on the computer resources. It was therefore necessary to simplify the means by which the
state was computed from the phases, while maintaining reasonable performance. Diagram

3.2 shows the deduction of simpler models, the process of which is described below.

3.2.1 Model Simplifications
Neglecting Manipulator Dynamics

The first simplification assumes that the robot is a rigid body, i.e. the arms do not apprecia-
bly affect the dynamics of the base (model A). It has been shown that the dynamic coupling
of the arms to the base is noticeable, and can be incorporated into a full system controller
for better system performance [35] [24] [45], but the improvement in performance has been
traded off to afford simpler equations of motion for this work. With this assumption, the
system requires twelve states for the robot and twelve states for the target. Additionally,
the system dynamic equations will be non-linear, due to the three-dimensional rotational

equations of motion for each of the vehicles (“Euler Equations”).
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o Non-linear meas. mapped to
state prior to filiering
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Figure 3.2: Model Simplifications

This progression of dynamic model simplification shows the characteristics of the
two configurations that were implemented on the experimental system. Only models
B and C were computationally feasible.

Performing non-linear mapping prior to filtering

By statically performing the non-linear mapping prior to filtering, it is possible to use a linear
(rather than an extended) Kalman filter to derive the state estimate (model B). Although
not as effective in suppressing measurement noise, this simplification enables computation

of the state in three dimensions without excessive processing requirements.
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Reduction to Two Dimensions

A disjoint simplification from the previous method is the reduction of the system state to
two-dimensions (model C), keeping only the degrees of freedom that the robot can actuate.
With this reduction, the extended Kalman filter is still used, albeit for fewer dimensions.
The obvious drawback of this simplification is the loss of generality to three-dimensions,
which was a requirement that motivated the use of GPS for sensing in the first place. Still,
this is a useful configuration to pursue as a measure of the potential performance of the full

model] and the model A reduction.

Pseudolite k Pseudolite k,

>3
¢ 12K O ¢21k )@l/
Vehicle 1 Vehicle 2

------ Intra-Vehicle Single Difference  Ady,
Inter-Vehicle Double Difference VA2¢k,k2

Figure 3.3: Phase Difference Method

3.2.2 Non-linear Observation Equations

Regardless of the model reduction employed, the derivation of the equations for mapping
the phase measurements to the state variables is the same. The derivation of the relation-
ship between the phase measurements and the state variables is provided below. Figure
3.3 shows the method by which the phases are differenced, and Figure 3.4 shows the def-

initions of the variables. The intra-vehicle phase differences, represented by dotted lines
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in Figure 3.3, are single-difference measurements, while the inter-vehicle phase differences,
represented by solid lines in Figure 3.3 are double-difference measurements. The reason
for the single- and double-difference calculations is to cancel out the dominant time-bias
terms in the measurements. The following assumptions and conventions are made in the

derivation:

Assumptions and Conventions

e The initial position of each vehicle is known. This means that as long as the receivers

maintain lock on the pseudolite signals, the integer cycles can be assumed known.

The phase measurements are sampled at the exact same time on each receiver. In
practice this is not true, and a method for compensating for the discrepancy is de-

scribed in Section 3.3.1.

Pseudo-range is unavailable. The pseudolites are not synchronized and cannot be used

tc perform pseudo-range measurements.
The positions of the pseudolite transmitters are known and fixed.

There is one fixed master pseudolite in the constellation, and the receivers synchronize

to its clock.
Each vehicle has one fixed master antenna.

Subscript ¢ is always a vehicle index, j is an antenne index, and k is a pseudolite
index; Subscript j = m refers to the master antenna of a vehicle and k& = m refers to

the master pseudolite.

A; refers to an intra-vehicle difference measurement between the master antenna and
a slave antenna of the same vehicle, while A, refers to an inter-vehicle single-difference

between the master antennas of two different vehicles.
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Pseudolite k

ﬂu

Vehicle i

World Frame

Figure 3.4: Variable Definitions

This diagram shows the relationships between the measurements, the known param-
eters, and the unknown state. The orientation of the vehicle, which is not explicitly
shown in the diagram, is represented as a quaternion in the state vector.

P, Position of vehicle 7, in world frame

R; Attitude of vehicle 7, in world frame (as rotation matrix)

B;; Baseline from vehicle center to antenna position, in vehicle frame
Q: Position of pseudolite k, in world frame

Sijr Line of sight vector from antenna (i, j) to pseudolite k&

¢ Speed of light

Tvi Receiver clock drift for vehicle i

Tpr  Transmitter clock drift for pseudolite &

A GPS L1 carrier wavelength

K;ji Integer ambiguity between antenna (7,j) and pseudolite k
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The Unknown State

The unknown state of each vehicle is the 7x1 vector X; = (piz, Piy, Diz, €il, €i2, €3, €i4) Fig-
ure 3.4 shows the relationships between the measurements, the known parameters, and
the unknown state. The orientation of the vehicle (in the world frame) is alternatively
represented in the equations as a direction cosines matrix R;, which can be related to
the quaternion representation (see [13]). The fourth quaternion €y is constrained by the

equation:

hc(Xi) = E‘l?l - 5?2 + 6?3 + 5?4 —-1=0 (3.1)

Measurement Equations

The measured carrier phase at antenna j of vehicle ¢ from pseudolite k is:

dijk = |Sijk| + cTvi + cTpk + AKijk

where the vector Sjjx is simply related to the position and orientation of the vehicle and

the position of the pseudolite by:
Sijx = (P + RiBij) — Qk
This results in the measurement equation:
Gijk = [(Pi + RiBij) — Qx| + cTvi + cTpr + AKij (3.2)

By relating the measurement equation (3.2) to Figure 3.4, the relevance of each member
of this equation should be apparent. The terms cr; and cry; represent the portion of the
phase incurred by clock differences between the transmitter and the receiver, and are the
dominating terms in the measurement equations. It is necessary to eliminate these terms

through differencing of multiple measurements.

Intra-Vehicle Single Differences (for each vehicle):

The intra-vehicle single differences contribute primarily to determination of the attitude

of each vehicle. These equations are derived by taking the differences between the master
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antenna (j = m) and each of the slave antennas j of vehicle ¢ for measurement from

pseudolite k:

8105k = (P + RiBim) — Qkl — [(Pi + RiBij) — Qil + AMij (3-3)

where the intra-vehicle integers M;jx = Kimx — Kijk, and j in Aj¢yy; reflects the slave

antenna index.

Inter-Vehicle Double Differences (between vehicles):

The inter-vehicle double differences contribute primarily to the determination of the relative

positions between each vehicle. Starting with single differences between master antennas of
each vehicle:

Dodr = Pimk — P2kk (3.4)
= |{(Pr+ R1Bim) — Qkl — [(P2 + R2Bam) — Qkl +
c(tv1 — Tv2) + ME1mk — Kome)
Given N pseudolites, there are N — 1 unique double differences between pseudolite &, and

ko (ky # k2). These differences are calculated in order to eliminate the remaining effects

due to clock differences c(7y1 — Tv2)

VAxppk, = ADady, — A2dg, (3.5)
= (P + R1Bim) — Qx| — |(P2 + R2Bam) — Q| —
(Py + RiBim) — Qk,| + (P2 + R2Bam) — Qk,| + ANkyk,

where the inter-vehicle integers are Ni,x, = (Kimk, — Kimk;) — (Komk;, + Komk, )-

Combining the Measurements

All of the measurements are coupled to the states of both vehicles, so all of the measurements

must be combined to resolve these states. From equations (3.3), (3.6), and constraints (3.1)
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the complete set of measurements can be related to the vehicle states:

[ Aok ] hi(X})
0 he(X1)
DAidojr | = ha(X2) (3-6)
0 he(X2)
| VA2dek, | | h2(X1, X2) |

where h; is a set of nonlinear functions of X, hs is a set of nonlinear functions of X5, and
his is a set of nonlinear functions of both X; and X5. h.(X;) is the quaternion constraint
function (3.1). Given the phase measurements, the optimal estimate of X; and X, can be
solved statically using a recursive least squares algorithm, or dynamically using an extended
Kalman filter [18]!.

The maximum dimensions of the system are illustrated by the case in which all of the
pseudolites are in view by all antennas of both vehicles. In this situation the dimensions of
hy and hy are 18 x 1, and the dimension of h;5 is 5x 1. Adding the two constraints, there are
a total of 43 measurements. This is far more than necessary (43 - 14 = 29 extra) to resolve
the 14 state variables. The fewest number of pseudolites that can be in view and yet still
resolve the states is three, so long as all three are in common between both vehicles, albeit
such instances typically exhibit very poor observability in multiple dimensions. Since time
is synchronized by a single master pseudolite, a fourth pseudolite is not needed to solve for

time.

3.2.3 Measurement Weighting Matrix

The Signal-to-Noise Ratio (SNR) provides a measure of how well each signal is tracked
and was therefore incorporated into the control signal processing for improved performance.
Low SNR values are likely to occur when the pseudolite is far away or at a low angle with
respect to the receiver antenna, or during occlusion of an antenna. The SNR can be related
to the stochastic noise level of the carrier phase measurement through an empirically deter-
mined mapping. Incorporating this knowledge into the state-to-phase estimation algorithm
can significantly improve the results. In the extended Kalman filter, the SNR values are

!The term “optimal” connotates some optimality criterion, which for a linear system is (generally) the
minimization of the mean square estimation error. Since this is a nonlinear system. the term is used in the
sense of the optimal estimate for the system linearized about the current operating point (see Gelb [18], pg.
103)
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Figure 3.5: Variance vs. Signal to Noise Ratio
The SNR reported by the receiver used this mapping table to determine the corre-

sponding variance of the signal (in square meters). The SNR values are reported
in “amplitude measurement units” - a loosely defined unit that is approximately
linear with the power of the signal and which is based on how well the received
signal correlated with the internally generated signal.

used to derive the measurement weighting matrix, W, for the Kalman filter. Assuming
that the carrier phase signals are uncorrelated Gaussian random variables, W is a diagonal
matrix, with the diagonal elements equal to the variances of the corresponding differential
carrier phase measurements. Since each of the differential carrier phase measurements is
derived from either two (single difference) or four (double difference) independent signals,
the variance elements of W must be derived from the variances of the independent carrier
phase measurements. Due to communication bandwidth limitations between the GPS re-
ceiver and the control computer, the SNR value for each antenna/pseudolite pair is sent
every sixth sample (1.67 Hz).

Since the differential phase measurements used to compute the state are derived from
two individual phases (in the case of single differences) or four individual phases (in the
case of double differences), it is necessary to compute the derived variances of each of these
signals. By modeling the measured phases as independent Gaussian Random Processes,
the variances for the differential carrier phases can be derived from the variances of the

carrier phases merely by adding the carrier phase variances. For example, given the single
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differential phase A, ¢ = ¢1 — @2, the variance is 03 4 = 05, +03,. For the double difference
phase VA 1§ = (¢1 — ¢2) — (¢3 — @), the variance is 05, , = 05, + 05, + 03 + 03 . Note
that by doing this, any carrier phase measurement with a low SNR (i.e. high variance) will
reduce the weighting of all differential carrier phases derived from it.

The form for W is then:

- 2 2 2
W = dzag(a’Awuk,wc, O'M,?jk,wc, UVA:dSklkz) (3.7)

Where azAl Sk is the vector of single-difference phase variances for vehicle 1, 0123 1625 is
the vector of single-difference phase variances for vehicle 2, and 6% 4,44, is the vector of
double-difference phase variances. The weighting values for the constraint equations w, = 1.

The SNR values reported by the GPS receivers were related to the stochastic noise
level of the carrier phase measurement through an empirically derived mapping table. The
data for the mapping table was obtained through an experiment in which a GPS pseudolite
was directly connected to the master antenna input of a receiver. The pseudolite’s signal
strength was adjusted incrementally over the full dynamic range of the receiver while phase
data was collected. The variances of the measured signals were calculated, and a spline fit
was matched to the data so that it could be used as a lookup table (Figure 3.5), mapping
SNR values to signal variances.

3.3 The Phase Difference Component

The primary function of the Phase Difference component, as noted in the Control Structure
overview, is to compute phase differences and time-bias corrections from the time-tagged
carrier phase measurements and code phases. Section 3.2 examined the differencing of phase
measurements that were sampled simultaneously. In practice, the phases are not sampled
at the exact same time; but by rationally assuming the phase-rate constant over the sample
period they can be linearly extrapolated through time to improve the measurement. This
section explains the phase extrapolation technique and also discusses methods for differ-
encing phases when each vehicle is tracking different configurations (or sets) of pseudolite
signals.
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3.3.1 Time Bias Corrections

The equations derived thus far assume that the phase measurements ¢;;x(t) are sampled
at the same instant on both vehicles. The receivers are synchronized only to within one
millisecond of each other by the data message that is broadcast by the master pseudolite
[51]2. The phase differencing operations remove the first-order time differences. The small
variation in sample times, or time bias, introduces a second-order effect which only im-
pacts the inter-vehicle double differences. The intra-vehicle differential phases are sampled
simultaneously, and therefore do not exhibit this effect. The error can be as large as the
maximum observed carrier phase rate (up to 1 kHz, due to transmitter and receiver clock
stability) times the receiver time bias (maximum 1 ms) times the wavelength (0.19 m);
thus the error can be several centimeters. It is therefore necessary to remove this effect by
estimating the measurement at time ¢, given only measurements at times ¢;.

The measurement equation (3.2) must be modified to account for the difference in sample
times between vehicles. The phase measurement at the supposed sample time ¢ can be

written in terms of the phase measurement made by vehicle ¢ at time ¢; as:

t,
Gijk(t) = ¢ijk(ti)+/; &ijk(t)dt
(3.8)

The term fft éijk(t)dt models the additional phase introduced by the time bias t — £;. Re-
evaluating the double-difference equation (3.6) with the time bias term included, the new
form for VAadyg,k, (t) in terms of the original form VAo, k, (£1,t2) is:

VA2¢k1k2(t) = VA2¢k1k2(t1,t2) (3.9)
t . i
+ [ G ©) = imba0)
13}

- / (Gamiy (£) — Gomiq (£))dt

t
t2

2The phase measurements are sampled on the receiver’s internal clock interrupt, which can be up to
a half of a millisecond ahead of or behind the epoch interrupt from the master pseudolite (deemed “true
time”). This means that phase measurements can be sampled up to a millisecond apart.
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It is desirable to find a means for estimating the additional phase due to time bias,
fti éijk(t)dt, to improve the double-difference measurement. For conventional GPS mea-
surements, the time bias is a natural by-product of the pseudo-range computation. Equiva-
lent information for the present system can be obtained from the code phase of the master
pseudolite. First, making the rational assumption that the phase rate ¢(t) is constant over
the sample period (0.1 s), the time bias term can be approximated with a simple first-order

expansion:

Giji(ti) — dir(ti — £,)
ti — t:

[ dunttras (t-t)

where t; is the time of the previous sample, as indicated by the receiver’s clock. Considering
the master pseudolite’s clock to be “true time” and assuming negligible time-of-flight be-
tween the master pseudolite and each of the vehicles (an assumption implicitly made when
pseudo-range accuracy was deemed inadequate for the scale of this experiment), then the
receiver’s measurement of the master-pseudolite code phase, Timm, ts directly proportional
to the time bias, t — t;. Incorporating this notion and multiplying by a proportionality
constant C, to convert the units of the code phase measurement to the units of time, the

time bias correction becomes:

Pijk(ti) — dyjk(ti

Y
7 ‘) Cr'l‘,'mm(t,') (3.10)
ti—t;

t .
/ Sin(t)dt =
(4

This correction factor is applied to equation (3.10) to improve the accuracy of the inter-

vehicle double-differenced phases.

3.3.2 Configuration Management

Another function of the Phase Difference component is to manage the combinations of
phase signals that are differenced. If all pseudolites are in view by all antennas, then the
arrangement of the phase differences is relatively straight-forward. When this is not the
case, some criteria must be used to determine the selection of which of the valid signals are
differenced. Each arrangement of phase differences is referred to as a “configuration”, and
so whenever a pseudolite signal is gained or lost, a “configuration change” takes place. The

process of a configuration change involves re-calculation of the cycle ambiguities for each of
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the phase differences affected by the particular signal loss or acquisition. This re-calculation
of cycle ambiguities is referred to as an “integer cycle hand-off” since the knowledge from
the sample prior to the loss or acquisition is used to compute the new unknowns.

For the intra-vehicle phase differences, it is assumed that if the master antenna of a
vehicle is locked on to a pseudolite signal, then all of the slave antennas are also locked on
to that signal. This assumption can clearly be invalid in a situation in which another vehicle
occludes a pseudolite from a slave antenna but not the master. However, in such situations
the low SNR of the occluded antenna will produce a very low (possibly zero) weighting factor
for that measurement, rendering it ineffectual to all ensuing computations. Therefore, the
set of intra-vehicle phase differences is always of dimension Ngiaye_ant X Nyalid_pseudolites-

The configurations or sets of signals used to compute the inter-vehicle phase differences
were more complex to manage, since each inter-vehicle double-difference phase is derived
from four independent carrier phase measurements. Figure 3.6 shows all of the raw carrier
phase signals from which the phase differences can be derived. Any two pairs of signals
from independent pseudolites can constitute a double difference phase measurement, and
therefore some criteria must be used to determine which pairs are differenced.

For this project, a very simple rule was employed, and that was to always take differences
between sequentially valid pseudolites. More sophisticated methods could be employed to
achieve higher-quality results. For instance, one could take into account which signals have
the best SNR values and double-difference those, so that no single weak signal would cause
a low weighting factor to corrupt three good signals.

In matrix form the differencing scheme can be represented:

1 -1 0 0]
0 1 - 0 o
VA® =0 0 -1 o[ -L]| (3.11)
Por
0 0 0 1 -1 0
0 0 0 0 1 -1

where ®; and ®; are the 6 x 1 vectors of raw carrier measurements at the master antennas
of each vehicle and Ig is a 6 x 6 identity matrix. Whenever a satellite is lost by either
vehicle, the corresponding row and column of V is removed and the dimensions of the rest

of the equation are reduced.
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It should be noted that Lightsey [25] has studied roving master antennas, which would

change much of this implementation and could improve the performance of these techniques.

Pseudolite 1 Pseudolite 6
& PN
b

I 3
4

q)1 5
@m ,
Pseudolite 2

Pseudolite 5

i, 5
- j
% Pseudolite 3 Pseudolite 4 5
Figure 3.6: Raw Carrier Phases Used to Compute Inter-Vehicle Double Differ-

ences

This diagram is designed to show conceptually all of the possible raw carrier phase
signals from which double-differenced phase measurements can be derived. The
six pseudolites are displayed and labeled around the perimeter, and the master
antennas of each of the two vehicles are shown in the interior workspace. Any two
pairs of signals from independent pseudolites can constitute a double-differenced
phase measurement, and therefore some criterion must be used to determine which
pairs are differenced. Note that the antenna indices are dropped for simplicity, since
all phases are with respect to the master antenna.
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3.4 The Integer Manager Component

The Integer Manager Component converts the fractional phase measurements to range mea-
surements by adding and maintaining the whole-integer cycles of the signal. In Figure 3.4
this means that the Integer Manager Component adds and maintains Kjjx to ¢;j; in or-
der to establish |S;;x|. The initial value for Kjjx is established by the Integer Resolution
Component. The number of integer cycles should remain known once a signal has been
locked; however a weak signal may experience cycle jumps in the measured phase, and so
K;jr must be incremented or decremented to account for this. Also, if there is a loss and
then re-acquisition of a pseudolite, then the corresponding integers for that pseudolite need
to be re-calculated.

The carrier-phase method requires that the signal remain in lock, or else a discontinuity
in the measured position will occur. If the signal is lost, there needs to be a way to hand off
integer cycle to the new configuration. If the system is well calibrated, and there are no bias
errors, then a pseudolite signal configuration change will have no effect on the estimated
measurement. In practice, this is not the case. Loss of a pseudolite signal introduces a
discontinuity in the estimated position and attitude of the vehicle due to the fact that
a different set of measurements is being used to compute the state. The challenge is to
maintain this discontinuity such that its impact is less than an integer wavelength for all of
the measurements involved in the solution. If it is greater than a wavelength, there is no
way for the system to distinguish the loss of the pseudolite signal from a cycle slip®.

Maintaining the discontinuity such that its impact is less than an integer wavelength is
a difficult constraint, as it is the discontinuity in absolute position that must be maintained
to less than an integer. Additionally, the constraint on the master pseudolite’s signal is not
a whole integer, but one half an integer for the double differenced phases, due to a half-cycle
ambiguity caused by the 50 bit/sec data message.

3.4.1 Cycle Slip Management

The Integer Manager Component maintains the integers through a Nyquist comparison with
the feed-forward estimates of the phase. It is assumed that the measured phase cannot be
more than one-half of an integer cycle off from the predicted phase estimate é. Ifit is, then

the corresponding integer Kjji is incremented or decremented accordingly by the number

3Cycle slip detection can be disabled for the single sample that the pseudolite signal is lost.
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of integer cycles beyond the predicted phase. As noted in the previous section, for the case
of the master pseudolite the 50 bit/sec data message imposes a half-cycle ambiguity on
the carrier phase from that pseudolite. This means the measured phases from the master
pseudolite cannot be off by more than one-quarter cycle (4.76 cm) from the predicted phase
estimates in order to detect integer cycle slips.

Better performance of this technique could be achieved by feeding forward the accel-
erations directly into the GPS receiver’s phase-lock-loop controllers; however, this would
require much greater bandwidth communication to the receiver, and an open-architecture

receiver (see Chapter 7 for greater discussion).

+ ~Ay; +
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<+
Saturator
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Figure 3.7: Signal Diagram of Multipath Suppression Through Signal Bounding

This diagram shows how the measured phase signal is tested and bound to a range
about the predicted phase. If the measured phase is very close to the predicted
phase, then nothing is done to the measured phase and it is used directly in the
state estimation process. If the measured phase differs greatly from the predicted
phase (presumably due to multipath), then the deviation is limited before use in
the state estimation process. Choice of the bound limit of the saturater is critical to
the effectiveness of this scheme. A very small value eliminates the measured signal
and the system runs open loop. A very large value causes the scheme to have no
effect. Subsequent experiments show a useful range of 0.47 cm (min) through 0.94
cm (max) for the saturator.

3.4.2 Multipath Suppression

Reflected signals occasionally interfere with the direct line-of-sight signal to corrupt the
phase-to-state estimate. These reflected signals interfere with the direct line-of-sight signal
in constructive and destructive manners and are therefore not necessarily weak signals that
the SNR weighting will suppress. It is not uncommon for a multipath-corrupted signal
to have a high SNR and therefore a high weighting value in the estimation process. A
safeguard in addition to SNR weighting was inserted in the Integer Manager Component to
suppress the effects of multipath. This safeguard works by bounding the phase used in the
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estimation process to a fized band around the predicted phase. This process does not affect
measurements that differ only slightly from the predicted values, but will limit the effect of
outliers.

A signal diagram is shown in Figure 3.7. From this diagram it can be seen that the
choice of the bounding limit is critical to the effectiveness of this technique: A very small
bound will eliminate muitipath very effectively, but it will also eliminate the feedback signal.
That is, as the bound limit decreases to zero, the system approaches open-loop. A very
large bound will have no effect whatsoever toward limiting the multipath.
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Figure 3.8: Multipath Phase Error Likelihood

This plot shows the relative likelihood of a multipath phase error of a given magni-
tude to occur. The standard deviation of these errors was found to be 0.47 cm. The
1-o band of this probability mass function is delineated by the dark gray region.

The method for choosing the size of the phase bound limit and an analysis of the
effectiveness of this technique follow. First, a statistical measure of the magnitude of the
multipath was established. From this, the impact of multipath on the estimated position
and orientation was determined. Finally, the impact of bounded multipath on the estimated
position and orientation was established to demonstrate the effectiveness of the suppression

scheme.
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Figure 3.9: Position Error Versus Multipath Error Bound

The incurred position error can be reduced by bounding the measured phase about
its predicted value. Conceptually, this can be thought of as “chopping” off the
tails of the probability mass function shown in the previous diagram. As this
bound becomes tighter, the position error due to mulitipath is reduced at the cost
of eliminating increasing amounts of the feedback signal. The 1-¢ band is shown
in light gray, while the 2-o band is shown in dark gray. The bound used in the
experiments was set at 1-o (0.47 cm). Bound values less than 1-0 eliminated too
much of the feedback signal, while larger bounds were ineffectual against removing
multipath effects.
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Figure 3.10: Orientation Error Versus Multipath Error Bound

This plot shows the correspondence between the multipath bounding value and the
expected orientation error. As with the previous diagram, the 1-c band is shown
in light gray, while the 2-c band is shown in dark gray. The bound used in the
experiments was set at 1-o (0.47 cm).

The experiment described in Section 4.3.4 was performed to generate a plot that exhibits
the likelihood of a multipath error of a given magnitude to occur (Figure 3.8). This
experiment showed the multipath to be approximately zero mean, with a standard deviation
of 0.47 cm. Noise with these statistical characteristics was injected into the phase-to-state

mapping algorithm in simulation to determine its effect on the estimated position and
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orientation. These simulations were repeated for a range of bounds on the injected noise
to determine the effectiveness of the phase-bounding scheme. The results are plotted in
Figures 3.9 and 3.10. These two plots show the expected position and orientation errors for
given bounds on the multipath error. As expected, tight bounds on the injected multipath
result in decreased errors in the estimated position and orientation, while bounds greater
than 2-¢ (0.94 cm) have almost no noticeable effect. A bound of 1-o (0.47 cm) results in
about 20% decrease in the effect of multipath. It was found experimentally that bounds
less than 0.47 cm removed too much of the feedback signal, resulting in a loss of control for
typical slews (such as the ones shown in Sections 4.3.1 and 4.3.2).

3.5 Summary of GPS for Control

This chapter has presented a scheme for using GPS as a sensor for real-time control. The
individual components of the system and their inter-connectedness is general and could
potentially be applied to other applications, while the content of some of the components
are particular to the problem at hand. For instance, the GPS Receiver Component, Phase
Difference Component, and Integer Manager Component could be applied to a wide range
of systems, while the algorithms of the Phase-to-State Mapping Component and Integer
Resolution Component are specific to the current system. These components form basis

from which new systems can be designed.
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Chapter 4
Experimental Demonstrations

Several experiments were conducted to demonstrate the performance of the integrated GPS-
controlled robot system. These experiments were designed to exhibit key qualities of the
GPS sensor, including accuracy, bandwidth, noise and reliability. Results are presented
from the highest level with discussions of the autonomous-rendezvous and formation-flying

demonstrations and then in more detail with results of bandwidth and noise analyses.

4.1 Autonomous Rendezvous

The motivation for performing the autonomous-rendezvous and formation-flying experi-

ments was to:

e Demonstrate a sophisticated task, commanded at a high level and thoroughly executed
by an autonomous vehicle guided by GPS.

e Establish guidelines for developing operational GPS-based systems, including typical

system parameters and achievable tolerances.

e Introduce new approaches to sensing using GPS, and to present newly-discovered

issues that may lead to improved capabilities of this type of sensor.

The autonomous-rendezvous experiment was a comprehensive demonstration of the aggre-
gate system, including the GPS sensors, the robot and target vehicle, the corresponding

control algorithms, and the user interface.

63
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Figure 4.1: Rendezvous Sequence Snapshot Images

These video snapshots show the sequence of events in the rendezvous process: Initial
State, t = 0 sec; Intercept Commanded By User, t = 1 sec; Traversing Intercept
Trajectory, t = 5 sec; Target Within Grasp Range t = 9 sec; Tracking Target Ports

t = 10 sec; Grasping Target t = 11 sec.
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Figure 4.2: Overhead Time-Lapse Sequence

This figure provides a graphical representation of the experimental data from the
rendezvous sequence shown in the previous figure. The images in this sequence were
taken at 2 second intervals.

Snapshot images from a video of an autonomous-rendezvous are shown in Figure 4.1, and a
time-lapse overhead view of the sequence is shown in Figure 4.2. Corresponding data plots
of the relative positions of the vehicles are shown in Figure 4.5.

A summary of each step of the sequence is described herein, while more in-depth de-
scriptions of particular segments are provided later. At the start of the sequence the target
vehicle is tossed across the workspace with small translational and angular velocities while
the robot is motionless (frame 1, ¢t = 0). The robot is commanded by the user to intercept

the target (frame 2, t = lsec). In response to the user command, the robot generates
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a differential-position trajectory to reach a fixed stand-off location relative to the target.
The robot propels itself along the trajectory toward the target stand-off location (frame 3,
t = 5sec). Once the target is within reach of the robot’s manipulators, the arms are com-
manded to track the gripper ports on the target (frames 4 and 5, t = 9sec to t = 10sec).
Upon successful tracking, the grippers are closed on the target ports. (frame 6, ¢t = 11sec).
Once the target is grasped, it is manipulated into stowed position for transport until the
user commands release.

The following descriptions provide more in-depth analyses of each step of the rendezvous

process:

1. Initial State: All integer cycle ambiguities have been resolved prior to the initial state
shown in the snapshot sequence. Integer resolution can be done through a motion-
based algorithm as described in Chapter 5 and [21]. Under this scenario the cycle
ambiguities are resolved by collecting phase-measurement data as the vehicles are
manually moved around the table. The vehicles are then grounded while a batch
process resolves the ambiguities from all of the collected data. This can be done
without preliminary survey of the arena. A simpler, but less autonomous method
for initializing the cycle ambiguities is to place the vehicles in known locations in
the workspace, and then fix the integers. A more convenient means for resolving the
ambiguities was also accomplished through the use of the overhead vision system.
Here the ambiguities were resolved by merely backing out the integers from the initial

position reading from the vision system.

2. Intercept Command: The intercept command is issued by a human operator at the
task level through a graphical user interface, as shown in Figure 4.3. Only a high-
level task command needs to be issued across the communications link. The Network
Data Delivery Service handles these communications, all of which require minimum
bandwidth and are unaffected by data delays. The user merely selects the Intercept
mode of operation, and then commands the robot to do so by selecting the Activate
button. The progress of the intercept process is monitored on the world-model screen
display and can be viewed in three dimensions from any angle. After the target has
been captured, the robot can be commanded to release it by means of the Release

button. The user can also select what information to view.
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Figure 4.3: Task-Level Command Graphical User Interface

This screen snapshot shows the high-level interface through which the user com-
mands the robot to perform tasks. The robot can be commanded either to intercept
the target vehicle or to maintain a fixed station-keeping location with respect to
the target to emulate formation-flying operations. The user can display whatever
information is deemed relevant to a specific operation and can also change some
system parameters. The cones around the perimeter of the workspace indicate the
signal strength received by each of the vehicles from each pseudolite transmitter.
For example, the right-most cone of the two cones in the lower left corner indicates
that the target vehicle is receiving a much stronger signal from the pseudolite in
that location, as expected since the target vehicle is closest to that peudolite.
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Figure 4.4: Coordinate Frames of the Robot, Workspace, and Target Vehicle

This diagram shows the coordinate definitions for each of the vehicles and the
workspace. The scale indicates the world coordinate frame in dimensions of meters.
The target vehicle is shown with two of its eight gripper ports.

The high-level task command is the means in which all robots in the Aerospace
Robotics Lab are commanded. Others in ARL have studied more extensive task
capabilities for the free-flying robots, including object transport and delivery [45], as-
sembly of space structures using multiple robots {15] [33], and adaptation to unknown
payloads [6]. The limited set of task commands demonstrated in this project were
sufficient to show for the first time high-level capabilities enabled by the GPS sensor
technology.

. Trajectory Traversal: Upon issuance of the intercept command from the user, the

robot generates an intercept trajectory based on the differential position and velocity
of the two vehicles in order to reach a stand-off location relative to the target. The
robot’s trajectory is a bang-off-bang trajectory in the translational dimensions, based
on the differential position between the vehicles in the world frame. The destination

of the trajectory is a fixed differential distance from the target (0.75m). At this range,
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These plots show the vehicle and manipulator endpoint trajectories during the ren-
dezvous sequence. Time (A) in the first plot indicates when the user issued the
rendezvous command to the robot. Time (B) in the second and third plots indi-
cates when the robot started reaching for the target, and time (C) indicates when

Figure 4.5: Rendezvous Time-Lapse Sequence

the manipulators grasped the target.
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the target gripper ports are well within reach of the robot’s manipulators. Once this
region is entered, the manipulators are commanded to reach for the nearest target
ports. Figure 4.6 shows a typical bang-off-bang command trajectory. The maximum
acceleration of the robot base determines the length of time required for the trajectory
to be executed. Table 4.1 lists these acceleration limits. The robot’s orientation is
computed such that the robot always faces the target vehicle during the translational
trajectory. This is done with a command orientation that is the angle subtended by
the forward direction of the robot and the direction of the differential position vector,

as shown in Figure 4.7.

4. Reaching and Tracking Target Ports: As the robot approaches the stand-off loca-
tion from the target, the target enters within grasp range of the robot’s manip-
ulators. At this point a finite state machine is executed. The functional perfor-
mance of this state machine is expressed by the pseudo-code below. The two states
HOME_AND_TARGET.OUT.OF_RANGE and HOME_AND_TARGET_.IN_RANGE
provide hysteresis so that the robot does not attempt to grasp the target immediately

after the user commands the target to be released.

IF state is HOME_AND_TARGET_OUT_OF_RANGE
raise grippers
move arms to home position
IF target in range for > 0.2 sec
select ports to grasp
change state to REACHING
IF state is HOME_AND_TARGET _IN_RANGE
raise grippers
move arms to home position
IF target not in range
set state to HOME_AND_TARGET_QUT_OF_RANGE
IF state is REACHING
IF target in range
compute locations of selected ports

move arms to selected port locations

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



CHAPTER 4. EXPERIMENTAL DEMONSTRATIONS

Position [m]

Velocity jm/scc)

= 0.02 : - \—-—‘"———-—i—----f --------- ]
< N 3
£ 001f---- it it el it A
[ S S S U S
E | . | S |
Y | e T e
< 002~ mmm e mmm e —
i i i i d i
0 2 4 6 8 10 12 14 16
Time {sec]

Figure 4.6: Bang-Off-Bang Translational Trajectory

These plots show a typical bang-off-bang trajectory commanded to the differential
position during rendezvous. The maximum acceleration limits on the robot base
determine the length of time over which the trajectory is executed.

IF arms are at selected ports
set state to GRASPING
ELSE

set state to HOME_AND_TARGET_OUT_OF_RANGE
IF state is GRASPING

IF arms are at selected ports
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Robot
Heading

Differential
Position

Figure 4.7: Desired Orientation Command

The commanded orientation is the angle subtended by the forward direction of the
robot and the direction of the differential position vector. Using this simple method.
the robot always faces the target vehicle during the translational trajectory.

lower grippers
set state to HOLDING
ELSE
set state to HOME_AND_TARGET_OUT_OF_RANGE
IF state is HOLDING
IF user command to release
set state to HOME_AND_TARGET_IN_RANGE;

The positions of the manipulator endpoints relative to the target ports are sensed
through GPS measurements of the vehicle positions and encoder-based measurements
of the manipulator joint angles. The desired endpoint commands are achieved through
inverse kinematics for the two-link SCARA configuration manipulators. The kine-

matic equations for the relative positions of the endpoints to the target, as well as the
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inverse kinematic equations can be derived from those provided for SCARA configu-

ration manipulators in Craig [13].

5. Grusping: In the final step of the rendezvous process the robot pneumatically lowers
its grippers into the target’s gripper ports. The robot successfully grasped the tar-
get’s 5 cm diameter gripper ports over 60% of the time in 50 attempts in which all
six pseudolites remained in lock for the entire rendezvous. The misses are attributed
to the cumulative bias errors in the system, including multipath, antenna phase cen-
ter variation, signal polarization effects, and calibration error. These are the most
critical limitations of the overall system, and as such they are analyzed in detail in
Section 4.3.4 and suggestions for reducing these error sources are provided. The es-
timated cumulative effect of the bias errors is summarized in Table 4.4. Figure 4.8
shows a histogram of the error between the robot’s manipulator endpoints and the
center of the target’s gripper ports, as detected by the overhead vision system. The
success rate was lower (30%) whenever a pseudolite signal was lost during the ren-
dezvous process, an effect of position errors introduced by phase biases during integer

cycle hand-off.

4.2 Autonomous Formation Flying

Precise regulation of a vehicle’s position and attitude with respect to another vehicle en-
ables multiple vehicles to fly in a controlled formation or cluster. This capability makes
it possible to perform precision spatially-distributed science missions without the need for
interconnected spacecraft. Autonomous spacecraft formations are likely to require position-
ing tolerances on the order of a few centimeters in location and a few tenths of a degree
in attitude in order to then align higher-precision laser metrology instruments. The exper-
iment performed here demonstrates how GPS may be used as an alignment system for a
formation of spacecraft in low earth orbit, with positioning accuracies in the range of a few
centimeters and attitude of a few degrees. Chapter 7 and [3] provide further discussions of
how GPS may be used for a formation of spacecraft in deep space.

In the autonomous formation-flying experiment the robot was commanded to hold sta-
tion at a fixed distance from the target and to follow the orientation of the target. The target

vehicle was then manually perturbed in position and orientation, and the robot maintained
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Figure 4.8: Grasping Error

a fixed relative station. Figure 4.9 shows video snapshots from the demonstration. After
initialization, the target was rotated 90 deg counter-clockwise with a maximum angular ac-
celeration of 0.1 rad/sec®, which the robot tracked with a maximum angular error of 8 deg
during the transient and 3 deg in steady-state. The target was then linearly translated with
a maximum acceleration of 0.25m/sec?, which the robot tracked with a maximum positional
error of 12 cm during the transient and 1.5 cm in steady-state. These values were derived
from the data in Figure 4.10 and 4.11. Finally, the target vehicle was freely tossed across
the air-bearing surface while the robot maintained station. This provided a measure of the
steady-state limit-cycle errors due to discrete thruster actuators, as shown in Figure 4.12.
The target’s linear velocity was 3 cm/sec and its angular velocity was 7 deg/sec. The max-
imum differential position error was 3 cm, while the maximum differential orientation error
was 6 deg. A summary of acceleration disturbances from this demonstration is listed in
Table 4.1.
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Figure 4.9: Formation Flying Sequence Snapshot Images

These video snapshots show the sequence of events in the formation-flying demon-
stration: Initial State (1), Rotational Response (1,2), Translational Response (2.3),
Combined Rotation and Translation (4,5,6).
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Figure 4.10: Formation Time Lapse: Rotational Response

This graph shows the differential orientation error between the robot and the target
as the target was manually rotated 90 deg counter-clockwise. The gray band indi-
cates the time during which the target was angularly accelerated and decelerated
by hand.
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Figure 4.11: Formation Time Lapse: Translational Response

This graph shows the differential position error between the robot and the target
as the target was manually translated 50 cm in the negative-x direction. The gray
band indicates the time during which the target was accelerated and decelerated by
hand.
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Figure 4.12: Formation Time Lapse: Rotational and Translational Response

This graph shows the differential position and orientation errors between the robot
and the target as the target was tossed across the air-bearing surface. The gray band
indicates the time during which the target was linearly and angularly accelerated.
Steady-state limit cycling is particularly apparent in the differential orientation
after 50 sec.
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Parameter Vehicle Accel Sensor Accel
Limit (dynamic) | Limit (experimental)
Linear Accel 0.002 m/sec? 0.25 m/sec?
Disturbance
Angular Accel | 0.04 rad/sec® 0.1 rad/sec?
Disturbance

Table 4.1: Acceleration Limits

4.3 System Performance

4.3.1 Step Response

In addition to the formation-flying experiment, step response experiments were performed
to gain a more quantitative indication of the robot’s ability to track the target. For these
experiments the target vehicle remained stationary, while the commanded relative location
and orientation inputs to the robot controller were changed manually. The collected data
also included measurements from the overhead vision system for comparison with the GPS
measurements. Figure 4.13 shows the position response to a 20 cm step in the commanded
position. The graph evidences a time of 15 sec to complete the translational slew, and a
maximum deviation of 2.5 cm from the position observed by the overhead vision system.
Figure 4.14 shows the orientation response to a 45 deg step in the commanded orientation.
This graph shows a time of 15 sec to complete the translational slew, and a maximum

deviation of 3 deg from the orientation observed by the overhead vision system.

4.3.2 Bandwidth

The end-to-end bandwidth of the experimental apparatus is limited by the dynamics of
the robot vehicle, and so to know the dynamics of the GPS sensor subsystem per se, it
is desirable to measure the bandwidth of that subsystem independent of the dynamics
of the vehicle. An experiment was therefore devised to establish the bandwidth of just
the GPS receiver with the subsequent signal processing code. The test was performed by
simulating the motions of the robot in software, thereby generating simulated GPS signals
corresponding to these motions, and then feeding these into the original signal processing

algorithms.
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Figure 4.14: Orientation Step Response
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( GPS Receiver Alone | GPS Sensor | Robot Base |
Position 5 Hz 1.0 Hz 0.05 Hz
Orientation 5 Hz 1.5 Hz 0.2 Hz

Table 4.2: Bandwidth Parameters

Figure 4.15 shows how the original signal-flow diagram of 3.1 was modified to accom-
plish this. The Robot GPS Receiver was removed and its signals simulated using a Signal
Generator Component and State-to-Phase Component. The Signal Generator Component
simulates motions of higher frequency than are physically attainable with the thruster ac-
tuators, while the State-to-Phase Component merely maps these simulated position and ori-
entation motions into corresponding phase measurements, which then feed into the nominal
system. This serves as a smooth and repeatable means for generating a signal representative
of actual motions of the robat.

The tests showed that the GPS sensor, which encompasses the receiver and the signal
processing code, had an overall bandwidth of 1.0 Hz in position and 1.5 Hz in orientation.
It is important to note that even though the function of the robot’s GPS receiver was
simulated for this test, the target’s GPS receiver was producing live data, and thus realistic
data delays existed.

Table 4.2 provides a summary of the bandwidths of different components in the sys-
tem. The bandwidths for the robot base were measured by Russakow [35]. These are the
most severe limitations (by a factor of 10 to 20) to the overall system performance. The
parameter for the GPS receiver is based on the bandwidth of the phase filters internal to
the receiver, while the bandwidths for the GPS sensor — the GPS receiver and subsequent

signal processing — were measured as described above.

4.3.3 Stochastic Noise Characteristics

The stochastic noise levels of the GPS measurements affect the amount of filtering that needs
to be performed before the measurements can be used for control. Figure 4.16 illustrates
typical stochastic noise levels of the unfiltered position and orientation signals observed
whenever both vehicles are immobile. Although the measurements are not stationary in
a statistical sense (the standard deviations depend on where the vehicles are located in

the workspace), the computed standard deviations provide a sense for typically observed
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Figure 4.15: Bandwidth Experiment Signal Flow Diagram

The bandwidth of the GPS sensor was measured by simulating motion of the robot
base and then feeding these motions into the real-time signal processing algorithms.
The modifications to the nominal signal processing structure are shown in this
diagram, emphasized in gray.

statistical characteristics. These values vary with location, because the received signal power
also depends on location with respect to the transmitters. The relationship between the
measured signal power and the variance of the phases is shown in Figure 3.5, and Table 4.3
summarizes the stochastic noise characteristics.

Although the stochastic noise levels affect the required amount of filtering that needs
to be performed before the signals can be used for real-time control, they do not include
the effects of the more serious bias error sources such as pseudolite and antenna baseline
calibration errors, antenna phase-center stability, and multipath. The latter sources lead to
direct errors in the vehicle position and attitude.

The comparison between the GPS and vision systems in the step response plot provides
a sense of typical bias errors in the GPS measurements (e.g. the orientation error is ap-
proximately 3 deg around time ¢ = 15 sec). The worst consequence of these errors is that
when a pseudolite signal is acquired or lost, the recomputed integers for the new system

configuration may be incorrect if the absolute position of either of the vehicles is off by
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Figure 4.16: Stochastic Noise Characteristics
| Parameter | Variance (3D kinematic) | Variance (2D EKF) |

Differential Position 0.5 cm 0.3 cm
Absolute Position 1.0 cm 0.8 cm
Differential Orientation 0.3 deg 0.3 deg
Absolute Orientation 0.3 deg 0.3 deg

Table 4.3: Stochastic Noise Characteristics

more than half a wavelength (9.5 cm), and the system needs to be re-initialized using the
vision system.
4.3.4 Bias Error Characteristics

Knowledge of the magnitudes and sources of bias errors in the phase measurements is
critical to the reliability and accuracy of the GPS sensor. Bias errors not only contribute

to steady-state errors in the solution of the system state, but also lead to discontinuities in
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the solution when pseudolite signals are lost or gained. Since integer cycles are handed off
whenever pseudolite signals are lost or gained, bias errors in absolute position can introduce
random-walk drift in the position solution.

Significant effort was made to quantify the most likely sources of bias error in this system,
which included multipath, antenna phase center variation, and circular polarization of the
GPS signal. These sources produce errors that are dependent on the position and orientation
of both vehicles. Monte Carlo simulations were performed to gain statistical measures of
the impact of each of these biases on the estimated state. In simulation, the vehicles were
placed in hundreds of random positions and orientations around the workspace while phase
errors characteristic of each bias source were introduced. Finally, suggestions on how to

better characterize and reduce such sources are provided.

Multipath

Multipath is a reflected signal that interferes with the the direct line-of-sight signal resulting
in a phase measurement error. Two experiments were carried out to confirm the existence

of multipath and to quantify it in the setting of this project.
Identification and Quantification of Multipath

The first experiment demonstrated the existence of multipath through the observation of
signal-to-noise ratios. Periodicity in the signal-to-noise ratio with distance from the trans-
mitting source is strong evidence of multipath, as the signal-to-noise ratio should otherwise
be monotonically decreasing with distance. The periodicity occurs when multiple signals
interfere constructively and destructively across a space of observation. Figure 4.17 shows
SNR periodicity with distance and compares it with the theoretical SNR curve.

A second experiment was devised to establish statistical values for phase corruption due
to multipath. A set of phase measurements was taken for a vehicle in the middle of the
workspace with the workspace clear, and then three additional sets of measurements were
taken with a large metal plate placed in various locations nearby. The average deviation
between the phases measured with the plate and those without the plate were considered
typical multipath values. Figure 4.18 shows the placement of the vehicle and the three
locations of the 0.6 m x 1.0 m metal plate. The locations of the plate relative to the target

in (z,y) coordinate pairs were (0.0 m, 1.0 m), (1.0 m, 0.0 m), and (0.0 m, -1.0 m). The
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Figure 4.17: Signal-to-Noise Ratio Periodicity

Periodicity of the signal-to-noise ratio measurement with increasing distance from
the transmitting source is evidence of interference between multiple signals. This
plot shows the experimentally measured signal-to-noise ratio compared with the
theoretical signal-to-noise ratio assuming no multipath signal. The frequency of the
periodicity depends on the amplitude of the reflected signal, which depends on the
nature of the reflective environment.

data collected in this experiment was used to generate a plot which exhibits the likelihood
of a multipath error of a given magnitude to occur (Figure 3.8). Multipath was modeled as
a random perturbation with these statistical characteristics and introduced into the phase-
to-state algorithm in simulation in order to approximate the impact of multipath on the
resolved state of the vehicle. The results of this simulation are shown in Figure 4.19. Ta-
ble 4.4 is a summary of the standard deviations observed in these experiments. It is worth
noting the likely cause and effect relationship between the differential position errors due
to multipath and the autonomous intercept success rate (Section 4.1, Figure 4.8), as well
as the relationship between the absolute position error due to multipath and the integer

hand-off problem during configuration changes (discussed in Section 3.4).
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Figure 4.18: Multipath Characterization Experiment

In order to characterize the magnitude of multipath errors, phase measurements
were taken with the target vehicle on a clear table and then with a metal plate placed
in each of three different locations nearby. The differences in these measurements
were collected to form a probability mass function which indicates the relative
likelihood of a multipath error of a given magnitude to occur.

Suggestions for Reducing Multipath

This analysis indicates that multipath may be the single most dominating error source
in the GPS sensor system. Other investigations, such as Lightsey [25], have shown similar
results. The following suggestions are therefore provided as possible means for reducing

multipath effects in future experiments:

e Reduce the amount of reflected signals - This concept is to reduce the problem at
the source by decreasing the radio frequency (RF') reflectivity of the environment (at
least the walls and vehicles, if not the air-bearing table). The laboratory could be

outfitted with RF-absorbent material, such as carbon-impregnated foam rubber, in
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Figure 4.19: Likelihood of Error Due to Multipath

These plots show the relative likelihood of position and orientation errors of given
magnitudes to occur due to multipath errors with empirically derived statistical
characteristics (as shown in Figure 3.9). The standard deviations for these errors
are summarized in Table 4.4. The one-o band of each of these probability mass
functions is delineated by the dark gray region.

the same manner that anechoic chambers are arranged!. A few simple experiments
with such material would indicate the effectiveness of this concept. For instance, the
reflective plate experiment discussed above could be performed again with the plate

cavered with RF absorbent material, and the phase deviations compared with the

It has been offered that a qualitative measure of the effectiveness of a material can be gained by putting
it in a microwave oven set at 60% power. The warmer the material gets, the more effective an absorber it

will be {7].
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above experimental results. In addition, the vehicles could be partially covered with

this material and larger antenna ground planes could be added.

e Transmit a narrower beam - The helical antennas designed for this experiment trans-
mit a conical beam that is about 50 deg wide. The limitation to making these narrower
is the dynamic power range over which the receiver can lock on to the signal. A pulsed
pseudolite similar to the one developed by Cobb [10] enables much greater dynamic
power range. This could make it possible to use longer helical antennas with narrower
beams, and hence reduce reflected signals. The pulsed pseudolite and its potential
applications are discussed further in Chapter 7.

o Model and cancel the multipath - Techniques for modeling multipath in highly struc-
tured and predictable environments have been devised. Cohen [11] used spherical
harmonics and Gomez, et. al. [41] used Uniform Geometrical Theory of Diffraction
(GTD) to model multipath. To apply these techniques to an environment in which
there are several moving reflective objects would be very difficult, but would be worth

investigating.

e Multipath suppression - Section 3.4.2 discussed a means for limiting the effects of mul-
tipath by limiting phase measurements about those predicted by a dynamic model.
For this experimental apparatus it was estimated that this technique effectively elim-
inated up to 20% of the multipath signal. Better knowledge of the system dynamics

may enable greater effectiveness of this technique.

Antenna Phase Center Variation

Identification and Quantification of Phase Center Variation

An understanding of the entire signal propagation and data processing chain must be es-
tablished in order to improve the resulting position determination. The effect due to phase
center variation may be significant, so it is important to isolate and quantify the mea-
surement contribution introduced by the phase characteristics of the antenna itself. An
experimental setup for testing the phase center variation of an antenna is shown in Fig-
ure 4.20. In this experiment, the measured phase at the test antenna is compared with the

signal generated by the pseudolite. The variation of this signal is then measured as the test
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antenna is rotated on a gimbal about a fixed point. By rotating about the full useful range
for the antenna, a map of the phase variation characteristics can be generated.

An experiment similar to the aforementioned setup was carried out by Clark (39] for
several commercial antenna designs. Clark’s study assumed that the variation was consistent
from one antenna to another (deemed legitimate due to tight manufacturing tolerances on
patch antennas), and independent of the azimuth angle. In general, the received phase is
a function of both the azimuth and zenith angles, but for purposes of simplicity Clark’s
study defined the phase center of an antenna to be the azimuth angle that provided the
most symmetrical and smallest amplitude variation in phase over the range of the zenith
angle. The phase pattern measured for the Trimble 14532-00 patch antenna is shown in
Figure 4.21. The plot evidences that the phase variation can be up to 0.8cm peak-to-peak.
However, if the patterns are similar for two antennas and they are arranged coplanarly and
in the same orientation, then the majority of the phase-center-variation error will cancel.

For the experimental apparatus used in this thesis, the intra-vehicle phase differences
are virtually unaffected by phase center variations since the antennas on each vehicle are
arranged coplanarly and in the same orientation. On the other hand. the inter-vehicle
phase measurements can witness significant phase center variation effects. since the zenith
and azimuth angles between master antennas of the two vehicles vary greatly with the
relative position and orientation of the two vehicles.

In order to estimate the impact of phase center variation on the phase-to-state estima-
tion process, the phase-to-state estimation procedure was run for 200 randomly distributed
positions and orientations of the robot and target vehicle with simulated measurement er-
rors based on phase center variations. Realistic phase-measurement errors were obtained
by mapping the zenith angles between the receiver antennas and the transmitters to phase
variations according to the data in Figure 4.21. The resulting statistical distributions from
this study are shown in Figure 4.22. These plots show that the phase center variation effects
on absolute and differential orientations are essentially insignificant (o = 0.02 deg and 0.013
deg, respectively). This is not surprising, since the orientation is mostly dependent on the
intra-vehicle phase differences, which are not appreciably affected by phase center varia-
tions. The absolute and differential positions were affected by the simulated phase center
variation effects (¢ = 1.05 cm and 0.18 cm, respectively), but not nearly as significantly as

by the multipath effects.
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Although the effects of phase center variation appear to be relatively small, it is worth
noting that some issues have been simplified in this study. First, the phase patterns were
simplified by ignoring the dependency on the azimuth angle. Second, the phase patterns
of the transmitting antennas were ignored altogether. And finally, the phase patterns were
assumed to be the same for all antennas. A more complete analysis would include individual
phase patterns for all receiver and transmitter antennas, including azimuth dependencies.
Also, the phase center patterns for all antennas should be measured with the ground plane

in place, as this significantly affects the phase pattern.
Anechoic Chamber

Fixed Transmitter Test Antenna
on Gimbal

h

?

[eReRoNo]

Receiver

Figure 4.20: Phase Center Measurement Experiment

This experiment shows how the phase center variation of an antenna is measured in
an anechoic chamber. The signal generated by the pseudolite is split and simultane-
ously broadcast through the transmitter antenna and sent directly to the receiver.
The receiver antenna measurement is compared directly with the signal generated
by the pseudolite as the receiver antenna is rotated on a gimbal about a fixed point.
By rotating about the full useful range for the antenna, a map of the phase variation
characteristics as a function of azimuth and zenith angles is generated.

Suggestions for Reducing Phase-Center-Variation Effects

There are two ways to eliminate phase-center-variation effects. The first is to eliminate

the problem at the source. That is, reduce the size of the phase center characteristics
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Figure 4.21: Phase Center Map

This plot is a replica of the phase pattern for the Trimble 14532-00 patch antenna
as measured by Clark [39]. The pattern shown is the phase variation versus the
zenith angle onlv. This pattern was measured at the azimuth angle that provided
the most svmmetrical and smallest amplitude variation in phase for the full range
of the zenith angle.

of the antenna. Leisten and Ffoulkes-Jones have a concentrated effort to design a minia-
ture dielectrically loaded volute antenna that has, among other desirable characteristics.
minimum phase center variations [30]. The second way to eliminate phase-center-variation
effects is to accurately model the antenna phase pattern and then directly remove it from
the measurements. This can be done as follows. Including the phase center variation, the
measurement equation ( 3.2) has an additional term ~;jx. This term is a function of the
phase characteristics of the transmitter and the receiver antenna, which in turn are func-
tions of the position and orientation of the receiver antenna with respect to the transmitter
antenna. Including this term in the measurement equation (3.2), the more accurate. yet

more complex, measurement is:

oijg = P+ R;B,'j) — Qrl +cryi + CTpk + /\K,'jk + yijk (4.1)
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Figure 4.22: Likelihood of Error Due to Phase Center Variation

These plots show the relative likelihood of position and orientation errors of given
magnitudes to occur due to phase center variations with empirically derived phase
characteristics (as shown in Figure 4.21). The standard deviations for these errors
are surnmarized in Table 4.4. The one-o band of each of these probability mass
functions is delineated by the dark gray region.

Since these equations are solved iteratively, the value for vyijk would be obtained through
a look-up table for the current estimate of the state, and then the estimation process would
be repeated. However, the complexity added to remove this effect may not justify its
incorporation. However, additional effects such as phase polarization can be removed in a

similar manner. The contribution of phase polarization is discussed in the following section.
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