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Abstract

The focus of this study is the dynamic behaviour of a novel aerial positioning system, which
consists of a lighter-than-air aerostat attached to a series of actuated tethers in the form of
a tripod. The objective of the positioning system is to achieve accurate station-keeping
of a payload at heights up to 500 m. This work encompasses comprehensive dynamics
modeling, experimental investigation, and advanced controller development and analysis
of the tri-tethered aerostat system. The system’s characteristics and positioning objectives
are targeted to receiver placement during the operation of a large-scale radio telescope.

The experimental test facility, built at one-third scale of the proposed radio telescope,
was constructed for the dual purpose of measuring the precision of the positioning system
and providing a basis for validating our computational model. The main components of
the experimental apparatus are a 18-m helium aerostat, three synthetic braided tethers—
hundreds of meters in length, an instrumented payload, and three computer-controlled
winches. The dynamics model of the tri-tethered aerostat system is achieved by discretiz-
ing it into a series of lumped-masses, and estimating the aerodynamic properties of each of
its physical elements. The disturbance input to the model is provided by a wind model that
includes stochastic turbulent gusts.

A series of experimental flight tests were conducted over a two-year period to study
both the uncontrolled and ’controlled response of the system. This leads to an incremental
model validation process where the passive elements of the model, such as the tethers and
the aerostat are validated prior to the verification of the entire closed-loop system. The
tether model shows excellent agreement with the measured response at a temporal level,
while the validation of the aerostat model is conducted at a statistical level due to the
uncertainty associated with recreating the actual test wind conditions.

The controlled experiments were performed using basic proportional, integral, and
derivative (PID) feedback gains applied to the position error of the payload. The closed-
loop system effectively reduces the standard deviation of the payload deflections to less

than 10 cm over the range of operating conditions tested. A comparison of the predicted



closed-loop behaviour of the dynamics shows favourable agreement to the experimental
results, indicating that the tether actuation system is modeled appropriately.

To improve on the PID controller tested in the field, various optimal control strategies
are investigated that exploit the availability of our validated dynamics model. The optimal
controllers, which are designed and simulated using linear time invariant versions of the
dynamics model, result in approximately double the precision of the PID controller. The
control system is improved further by incorporating a feedforward control input based
on measurements of the primary disturbance force acting on the system. In general the
advanced control techniques, tested in simulation, offer encouraging results that suggest

the positioning system should exceed the requirements of the radio telescope application.
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Résumé

Cette these porte sur 1’étude de la dynamique d’un nouveau systéme de positionnement
aérien, composé d’un aérostat attaché a une série de cables actionnés montés en forme de
trépied. L’ objectif du systeme de positionnement est de stabiliser une charge utile a une
hauteur de 500 metres. Cette étude présente la modélisation dynamique compléte, une
phase d’expérimentation, ainsi que le développement et une analyse avancée du systeme
de positionnement aérien. Les caractéristiques et la position du systéme sont définies en
fonction d’un récepteur d’un radiotélescope a grande échelle.

Un prototype du systeme a P’échelle 1:3 a été développé dans le but d’évaluer la
précision du systéme et de valider notre modele mathématique. Les composantes prin-
cipales de 1’appareil expérimental sont : un aérostat gonflé a I’hélium de 18 m,; trois cébles
tressés synthétiques de plusieurs centaines de metres de longueur chacun; une charge utile
avec des capteurs; et trois treuils commandés par ordinateur. Le modele dynamique est
obtenu en discrétisant le systeme en une série de masses ponctuelles et en estimant les car-
actéristiques aérodynamiques de chaque composant physique. La perturbation du modele
est définie par un modgle éolien qui tient compte de rafales turbulentes stochastiques.

Une série d’essais expérimentaux de vol a été effectuée sur une période de deux ans
pour étudier la réponse du systéme avec et sans commande. Ceci nous a mené a un procédé
de validation incrémental, les éléments passifs étant validés avant la vérification du systeme
complet. Le modele des cables montre un excellent accord avec la réponse mesurée a un
niveau temporel. Par contre, la validation du rnc_)déle de I’aérostat est effectueé a un niveau
statistique di au fait de I’incertitude liée a la modélisation des conditions réelles du vent.

La commande du systeme a été réalisée au moyen d’un asservissement de type PID
(Proportional-Integral-Derivative) appliqué a I’erreur de position de la charge. Le syst¢me
réduit considérablement 1’écart-type des déplacements de la charge a moins de 10 cm pour
nos conditions d’essai. Une comparaison du comportement prévu du modele dynamique
montre un accord favorable avec les résultats expérimentaux, indiquant que les cables ac-

tionnés sont modélisés convenablement.
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Afin d’améliorer ’algorithme de commande primaire testé sur le terrain, plusieurs
stratégies de commande optimale ont été étudiées, nécessitant entre autres un modele
dynamique validé de notre systeme. Les contrfleurs optimaux, qui sont développés et
simulés en utilisant des versions linéaires du modele dynamique, donnent une précision
approximativement deux fois meilleure que notre contrdleur antérieur. Le systéme de
commande est amélioré davantagé en utilisant un asservissement de I’entrée basé sur des
mesures de forces de perturbation primaires agissant sur le systeme. En général, les tech-
niques avancées de commande testées en simulations offrent des résultats encourageants

qui suggerent que le systeme de positionnement devrait dépasser du radiotélescope.
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Chapter 1

Introduction

1.1 Lighter-than-Air

Lighter-than-air vehicles have been used for centuries to lift people and devices into the
sky. Most applications, such as the first hot-air balloon flown by the Montgolfier broth-
ers in France in 1782, and modern helium weather balloons launched into the atmosphere,
are free-flying with no intended interaction with ground. Indeed, any interaction with the
ground at times other than launch and/or retrieval is usually indicative of serious problems
or even catastrophic failure as occurred with the world’s most famous lighter-than-air ve-
hicle and also the world’s largest ever aircraft, the Hindenburg, when it fell to the ground
after its hull ruptured into flames.

Nevertheless, a class of lighter-than-air vehicles exists with permanent interaction with
the ground in the form of a cable or tether. Tethered aerostats have one distinct advantage
over their free-flying counterparts; they can station-keep or maintain their general position
in the presence of a wind field without the use of locomotive or thrust forces. This creates
relatively simple, quasi-stationary, high endurance aerial platforms that are attractive for

many surveillance, communication and atmospheric sensing applications.

1.2 Multi-tethered Aerostat System

The precision of the tethered aerostat’s station-keeping abilities can be greatly enhanced

by attaching the platform to a series of tethers fixed to the ground in a spatial arrange-
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ment [1] [2]. When three tethers with equidistant terminations are used, the tethers form
a tripod, which upon loading from the lifting force of the aerostat, form a light-weight
tension structure. Additionally, the tethers may be actuated on the ground to enhance the
system’s stability further and to guide the payload along a specified path [3]. In this man-
ner, the multi-tethered aerostat system may be viewed as a large-scale cable-driven robotic
manipulator. The focus of this work is the study of the dynamics behaviour and positioning
capabilities of this type of tri-tethered aerostat system. The study combines comprehen-
sive dynamics modeling, designed to assess and improve the capabilities of the system,
with large-scale experimental investigations that quantify the behaviour of the system and
validate the fidelity of our theoretical modeling techniques.

The specific application targeted by this research is a large-scale radio telescope termed
the Large Adaptive Reflector (LAR) [4] [5], however the utility of the aerial positioning
system extends to other applications involving payload manipulation and stability at rela-
tively low altitudes (< 2 km). Moreover, the dynamics modeling techniques developed and
corroborated with experimental results have broad implications for a range of mechanical

systems involving cables and tethers.

1.3 Large Adaptive Reflector

To achieve a dramatic improvement in sensitivity of conventional radio telescope tech-
nologies, it is required to drastically increase the instrument’s collecting area. This can be
achieved by adding to the number of telescopes in an array, by expanding the area of indi-
vidual reflectors or a combination of both approaches. Three of the world’s largest existing
radio telescopes are presented in Figure 1.1. The Very Large Array (VLA), located in New
Mexico is the world’s most powerful radio telescope. It is comprised of a “Y’ shaped array
of 27 separate telescopes, each with a diameter of 25 m. The Arecibo telescope, located in
Puerto Rico is the world’s largest singe-reflector telescope with a diameter of 305 m, but
because of its stationary reflector, it is always pointed toward the same location in the sky.

The Greenbank telescope, located in West Virginia, is the world’s largest steerable reflector
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Figure 1.1: Existing large radio telescopes: a) the Very Large Array (VLA) in New Mexico,
b) the Arecibo telescope in Puerto Rico, c¢) the Greenbank telescope in West Virginia.

with a diameter of 100 m.

A novel concept for increasing the collecting area of a single telescope while retaining
the functionality of a fully steerable reflector was devised by researchers at the National Re-
search Council of Canada’s Dominion Radio Astrophysical Observatory (DRAO) [4] [5].
The proposed LAR design, depicted in Figure 1.2 [6], is based on two central compo-
nents; the first is a 200-m reflector comprised of actuated panels that form an adjustable
paraboloid with a focal length of 500 m, and the second is a focal package that is held in
place by a multi-tethered aerostat system. The present work focuses exclusively on the dy-

namics behaviour of the aerostat positioning system, which uses ground-based winches to
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Figure 1.2: LAR radio telescope concept: a) an artist’s rendition including details of a re-
flector panel and the receiver, b) general schematic displaying the main telescope features.



actuate the tethers to achieve the telescope’s desired workspace and stability. A one-third
scale testing facility was constructed at DRAO from 2001 to 2003 to study its behaviour
and provide a comparison to our theoretical model. The specific details of the system ex-
amined in this study including its physical parameters, modes of operation and positioning

objectives are drawn from the preliminary design work on the LAR system.

1.4 Related Research

Tethered aerostat systems have received limited attention in the literature, and most of the
studies have focused on streamlined aerostats constrained by a single tether. Beyond teth-
ered aerostats, several other mechanical systems utilize cable actuators, such as parallel
cable manipulators, elevators, tethered underwater vehicles and tethered satellites. Rele-
vant works pertaining to the modeling and control techniques used for these systems will

be reviewed accordingly.

1.4.1 Tethered Aerostats

The earliest documented flights of a tethered aerostat were conducted by the French mili-
tary in 1794 for the purpose of battlefield observations [7]. The first mathematical analysis
of such a system was conducted in 1915 by Bairstow et al. [8], who developed equations of
motion that could not be solved without the assistance of computing aids. A modern anal-
ysis of a tethered aerostat with a comprehensive cable model was performed by DeLaurier
in 1972 [9]. He assessed stability by solving a partial differential equation representing
a flexible and inextensible cable with end conditions imposed by the aerostat. His initial
work considered only steady-state wind conditions but turbulence was later addressed in
1977 [10]. Redd et al. of NASA performed a linear stability analysis of a tethered aerostat
in 1973 and corroborated their model with experiments [11]. Comprehensive aerodynam-
ics of the aerostat were included in the model, but the tether model was not sophisticated
as it was represented as a static force.

Jones and Krausman made progress with modeling of a tethered aerostat in 1982 when a
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3-D nonlinear dynamics model with a lumped-mass discretized tether was established [12].
This model was expanded by Jones and DeLaurier in 1983 to include semi-empirical esti-
mations of aerodynamic properties of the aerostat and a panel-method of hull modeling to
account for unsteady winds. This model was applied to the study of a large 71-m aerostat
manufactured by TCOM, while it was moored on the ground [13], and in flight [14]. In
1997, working with the U.S. Army, TCOM performed flights with a fully-instrumented
71-m aerostat to validate this nonlinear model with a lumped-mass tether [15]. The test
flight was at an altitude of 2587 m and the aerostat was equipped with six GPS sensors
to record its six degree-of-freedom motion, and a 3-axis wind anemometer. The model
was shown to prédict all six motion variables well. The accuracy of the simulation was
somewhat limited by inaccuracies in the wind measurement as the sensor was located on
a tail fin, well within the aerostat’s boundary layer. An alternative planar aerostat model
for TCOM’s 71M coupled with a continuous tether was developed by Stanney and Rahn in

2005 to study the survivability of the aerostat in hurricane strength winds [16].

Others have studied tethered aeronautical systems involving Véhicles other than aerostats.
Etkin has addressed the dynamics and stability of a more general system involving towed
bodies [17], while Zhu and Rahh studied stability of towed bodies during circular flights [18].
Williams and Trivailo extended the analysis of circularly towed aerial cables to include po-
tential payload delivery and retrieval [19]. A tethered helicopter has also been studied by

Oh et al. to investigate it as a possible shipboard landing solution during heavy seas [20].

1.4.2 Multi-Tethered Aerostats

Few actual studies exist that focus on multi-tethered aerostat systems. Early experimental
investigations were performed by the U.S. Air Force in 1973 [1] and by Russian meteo-
rologists in 1978 [21]. Both studies suggested that a tri-tethered system offers significant
station-keeping improvement over a single-tethered aerostat, but the Russian findings were
purely qualitative. The Air Force performed several flights with a large natural-shaped

aerostat and an instrumented payload at altitudes between 400 and 700 m. Although their
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tests showed almost an order of magnitude reduction in payload motion with multiple teth-
ers, they relied on steel cables, which, because of a low strength-to weight-ratio compared
to modern synthetic braided cables, limited the stiffness of the tn'pod. tension structure.
Other interesting outcomes of their testing program were the demonstrated advantage of
separating the payload and the aerostat with a leash (this is an important part of the LAR
system), and the observation of a transverse vortex-shedding oscillation of the aerostat.
The Air Force flight tests involved large truck mounted winches, but the winches were

only used during deployment and retrieval stages, not to actively control the payload.

A steady-state or static analysis of a tri-tethered aerostat system was performed at
DRAO in 1996 [22] during the early stages of the LAR concept development. The first
detailed dynamics study of the multi-tethered system was conducted by Nahon in 1999 [2].
He modeled the system as a series of discretized nodes or lumped-masses connected by
visco-elastic elements. The model included a spherical aerostat and actuated tethers with
PID feedback. A streamlined aerostat was added to the model in 2002 and slewing ma-
neuvers were investigated [3]. Based on encouraging simulation results, it was decided to
construct a one-third scale experimental system to confirm. the dynamics and the overall
feasibility of the concept. The design of the scaled system was based on scaling laws to
maintain dynamic similarity [23] [24], and although it was at one-third scale, the aerostat
measured 18 m in length. A linear stability analysis of the 18-m aerostat revealed that
its stability improved with longer tether lengths [25], which was reflected in the design
of the experimental system. Further modeling and simulation work on the LAR system
was performed by Zhao [26]. She incorporated a static analysis to provide suitable initial
conditions for the dynamics model, and she investigated the performance with the number

of tethers expanded from three to six.

Recent research performed by astronomers in France involved an aerostat system con-
sisting of six tethers in a double-tripod arrangement for a proposed optical telescope [27].
Their design is similar to the LAR concept as it entails winches to actuate the tethers so that

the aerial receiver can track a path during astronomical observations. Although no quanti-
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tative results were presented for the motion of the payload, the concept proved feasible as

an image of a star was recorded.

1.4.3 Cable Manipulators

Starting with Robocrane in the early 1990s [28], a new class of parallel manipulators has
emerged that employ cable actuators instead of traditional rigid members. The concept for
these devices is similar to the multi-tethered aerostat, which is essentially a 3-dof parallel
manipulator, but with the distinct difference that they are inverted, relying on gravity to
tension the tethers instead of buoyancy. Significant research has been conducted into the
kinematics, dynamics and control of cable manipulators [29] [30] [31] [32], however, the
size of their workspace is generally limited to only a few meters or possibly up to tens of
meters, which is more than an order of magnitude less than the LAR system. Due to the
drastic difference in the length of the cables, which are the primary actuators, the modeling
and experimental analysis techniques of the smaller mechanisms are not directly applicable
to the much larger LAR. For instance, internal cable dynamics are typically neglected as
the cables are typically treated as massless, linear actuators. In terms of experimental
investigations, it is often possible to negate the scale difference of two systems if dynamic
similarity can be maintained, but because of size limitations to critical components such as
the cables and the aerostat’s hull, it is not possible to scale down the LAR system to the
size of existing cable manipulators while maintaining similarity.

Researchers in China have recently studied a cable manipulator that is at a similar scale
to the LAR system [33] [34], which is also designed as a receiver positioning device for a
large radio telescope. The main difference with the Chinese concept is that instead of using
an aerostat for lift, its receiver is suspended from multiple cables extending radially to tall
tower supports. The dynamics model of this system goes further than the other cable ma-
nipulator works, as some cable dynamics are included. A fuzzy controller was developed
to control cable length and it was shown to outperform a PID controller in simulations [34].

However, the cables were modeled as a pure time delay, which is an oversimplicification
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that ignores known cable oscillatory modes.

1.4.4 Variable Length Tethers

Long, variable-length cables are used in several mechanical systems, apart from cable ma-
nipulators, including elevators, towed undersea vehicles, and tethered satellites. Typically,
modeling techniques for length-varying cables can be split into two different categories;
those based on continuous bartial differential equations of motion (used often in analyzing
long linear actuators as in elevators [35] [36]) and those based on discretization strategies
(used often in uﬁderwater vehiclé works [37] [38] [39]). The dynamics of length-varying
cables is important for tethered satellite systems as the typical two-body system is unsta-
ble during tether shortening or retrieval [40] [41]. Both continuous and discretized tether
models have been used to study and address this problem.

The discretized approach is used in the current work because of its relative simplic-
ity, versatility, and the clear physical interpretation of its mathematical representation. In
addition, multiple experimental studies have confirmed that discretized models adequateiy

characterize the important longitudinal and lateral cable dynamics [42] [43] [44].

An early discretized 2-D cable formulation was proposed by Walton and Polacheck in
1960 [45], which involved rigid rods attached by pin joints. A variable length 3-D cable
model for tethered submersibles using rigid rods attached by spherical joints has been
put forth by Banerjee and Do [37] along with Makarenko et al. [38]. Controllers were
developed and tested in simulation during deployment or retrieval stages, however, this
model only accounts for transverse tether dynamics and ignores viscous damping effects
on longitudinal motion. A lumped-mass discretization technique where the point masses
are connected by elastic elements [46] or visco-elastic elements [47] [48] overcomes this
limitation. Kamman and Huston extended the lumped-mass model to handle deployment
and retrieval operations by modifying the length and mass parameters of selected elements
connecting successive point—masées [39] [49]. Although, various techniques have been

developed for length-varying discretized cables, no work was found in the literature where
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the theoretical models have been compared to experimental data.

1.4.5 Tether Control

Controlling cable and tethered systems has been approached by a multitude of control
strategies including but not limited to PID [37] [2], optimal [50] [51], fuzzy [52] [34],
feedback linearization [53], and robust [31]. Other control strategies have emerged that
are pertinent for flexible systems where feedback sensors and actuators are noncollocated,
which leads to instabilities if ignored. The common approach to this problem has been to
supply the controller with accurate extrapolation of the state at the unsensed actuator input
location. For continuous cable actuators, the extrapolation or estimation has been based on
a time delay relation [54] [55].

For the LAR system, where the measurement and actuation points are at opposite ends
of long tethers, modeling the tethers as a time-delay based on modal excitations of the
endpoint is not adequate. However, controllers may be developed based on the discretized
lumped-mass system, which inherit the wave propagation characteristics of the tethers.
The resulting dynamics model will be of high-order, but with the computational prowess
of modern processors, this should not be a serious obstacle.

The optimal control approach used in this work emerged in the 1960s with the advent of
the state-space description of dynamical systems [56] [57]. Although this method requires
full-state feedback, which is rarely attainable with cable systems, it can be combined with

an optimal observer/estimator based on Kalman filtering techniques [58].

1.5 Primary Contributions

The current work extends prior dynamics modeling efforts directed at tethered aerostat
systems. The coupling of multiple cables to an aerodynamic body that both supports and
disturbs the system creates a unique dynamical system that has not been comprehensively
studied. Previous studies were either based exclusively on theoretical models [2] [3] [26] or

exclusively on experiments [1] [21] [27], and this work represents the first amalgamation of
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mathematical modeling and experimental analysis. A summary of the main contributions

of this thesis is as follows:

» Experimental validation of a comprehensive dynamics model of a novel multi-tethered
aerostat positioning system. This is the first work to demonstrate favourable agree-

ment between dynamics simulations and experiments for this type of system.

* The first experimental study of an aerostat positioning system controlled with ground
based tethers. Accurate positioning (< 10 cm) was achieved with the system at
heights u‘p to a few hundred meters. This also represents the first large-scale ex-
periments of a parallel cable manipulator, which is at least two orders of magnitude

larger than typical manipulators.

* The closed-loop test results also serve as the first experimental validation of a lumped-

mass tether model for representing long tethers with varying lengths.

* Development of optimal and feedforward control strategies that effectively capitalize

on the detailed dynamics model of the system.

 Simulation-based demonstration of millimeter-level precision of the closed-loop po-
sitioning system using a high-order validated dynamics model disturbed by experi-

mentally measured forces.

1.6 Thesis Outline

The three themes of this work on the behaviour of a multi-tethered aerostat positioning
system are theoretical modeling, experimental validation, and control system development.
The techniques utilized and the results obtained are presented in five chapters, which are

introduced in the following sections.
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1.6.1 Experimental System

The general characteristics of the LAR positioning system will be introduced first. Next,
the one-third scale testing facility for the LAR positioning system, constructed at DRAO in
Penticton B.C., will be presented. Most of the design details for the facility were reported
previously and therefore only a general overview of the experimental system is included.
The various subcomponents of the system presented are the aerostat, tethers, instrumenta-

tion system, and computer-controlled winches.

1.6.2 Dynamics Model

The foundations of the dynamics model including the aerostat aerodynamics, the lumped-
mass tethers, the wind turbulence, and tether control system are introduced. Specific details
of recent modifications to this previously developed model are included in the presentation.
The modifications include improvements to the turbulence model to better reflect the wind
conditions of our test site, and improved characterization of the tether’s damping charac-
teristics. Apart from the nonlinear dynamics model, a linearized version is also presented,
obtained using numerical techniques. The linear simulation is compared to nonlinear re-

sults to assess the limitations of the linear approximation.

1.6.3 Passive Response of System

The initial testing phase involved fixed-length tethers resulting in a passive system in re-
sponse to wind disturbances. Results are presented demonstrating the stiffness of the teth-
ered system and a comparison with the theoretical simulation results is provided. This is an
important stage in validation of the fully-operational closed-loop system as the models for
the passive elements such as the aerostat and the tethers can be validated independent of
the actuation system. The simulation is shown to satisfactorily predict the statistics of the
test results, however, uncertainty in measuring the wind field limits the extent to which the
model can be evaluated. A second validation approach that involves replacing the aerostat

in the model by measured forces transmitted by the aerostat during a flight demonstrates
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the lumped-mass tether model’s ability to accurately predict the system behaviour. With
the passive model validated, the simulation is used in a design study where two aerostat
shapes, streamlined and spherical, are compared based on the dynamic response of the

positioning system.

1.6.4 Controlled Response of System

The second and final testing phase of the multi-tethered system was with actuated tethers.
The model was first corroborated using open-loop frequency response tests and secondly
while operating with feedback control based on position measurements. The tests involved
only a basic PID controller, but it proved effective at reducing the motion of payload. Us-
ing the measured forcing function from the test-flights as input to the dynamics model,
the model is shown to predict the closed-loop response well. With the complete model
validated, the simulation is used to perform a design study that attempts to improve per-
formance by modifying the geometry of the system and the number of supports tethers

used.

1.6.5 Advanced Control

Building on the validated model for the actuated system, a linear time-invariant (LTT) de-
scription of the system was obtained to form the basis of controller development to further
improve the system’s performance beyond that of the PID controller tested. Optimal reg-
ulators are shown to significantly enhance the station-keeping precision of the system, but
exhibit high sensitivity to measurement noise. A feedforward controller is developed that
uses measurements of the disturbing force to improve the response of the winches, and it is
shown to benefit both optimal and PID feedback. Finally, the applicability of the optimal

controllers over a range of geometric operating conditions is presented.
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Chapter 2

Experimental System

2.1 General Features of the LAR

The general study of the feasibility of the LAR telescope can be divided into four separate
topics which are: 1) the multi-paneled adaptive reflector, 2) the multi-tethered feed posi-
tioning system, 3) the feed electronics and instrumentation, and 4) a secondary mechanism
located at the feed that reduces payload motion and adjusts the orientation of the receiver.
As mentioned in the introduction, this work is only concerned with the tethered positioning
system, which is shown in Figure 2.1.

The operational workspace for the LAR telescope contains all points on a hemispher-
ical surface centered at the reflector’s mid-point from a zenith angle from 0° to 60°. The
positioning accuracy required is about 1.5 cm in terms of root mean square (RMS) er-
ror, however the fine precision positioning will be achieved by the secondary feed mecha-
nism, termed the confluence point mechanism (CPM). Thus, the tethered aerostat system
is responsible for limiting payload deflections to approximately 50 cm RMS while the
CPM further reduces perturbations to the 1.5-cm level. The desired trajectories along the
workspace during astronomical observations are typically of two types: 1) object tracking,
which involves following a celestial body or ‘region as it moves across the sky, and 2) scan-
ning, which involves following a repeated straight-line track across the workspace (usually

in North-South direction, which maps a 2-D surface after repeated Earth rotations).

The LAR telescope design pursued in this thesis is based on uvsing three tethers, but it 1s
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Figure 2.1: a) Layout of LAR multi-tethered positioning system: b) overhead view.

likely that six or more tethers would be used in the final design. Three tethers are adequate
to cover the 2-dof workspace in terms of position, but additional tethers have the advantage
of, not only stiffening the system, but also expanding the workspace in terms of including
the orientation of the feed. The telescope requires that the feed point to the center of the

reflector during observations, and although the CPM (in addition to precision positioning)
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will be the primary actuator in terms of feed orientation, using more than three ground
tethers introduces a certain level of angular controllability of the feed, which should reduce
the CPM’s design requirements. The motivation for studying the three-tethered tripod
arrangement is based on limiting the initial scope of the analysis to a manageable level.
The emphasis of this work is to validate a dynamics model of the tripod system, which is an
important and arguably critical first step in expanding the model to six or more tethers and
including the feed’s angular equations of motion. The large size of the positioning system
and the precision required create a truly unique system that, as mentioned in Chapter 1, has
not been comprehensively analyzed using experimental techniques. Therefore, there is a

strong need to test our dyriamiés model against measured data.

2.2 Scaling Factor

The two goals of the experimental system are to assess the feasibility of operating a rel-
atively large-scale aerostat positioning system and to assess the quality of our dynamics
model. For model validation to be convincing, it is essential that the experiments ade-
quately characterize the signiﬁcant features of the scrutinized system. Ideally, the scale of
the test facility would be such that it fits within the confines of an indoor laboratory, but in
terms of the LAR system several aspects such as tether diameter and hull thickness, impose
a lower limit to the scale of an experimental system that preserves dynamic similarity. For
instance, the full-scale LAR system with a focal length of 500 m involves tethers with a
18-mm diameter. To test the system at a scale of 1:50, which with a focal length of 10 m
requires a rather large laboratory, the tethers necessary for similarity are only 0.36 mm in
diameter. Braided tethers of the required materials do not exist below 1 mm, hence tests
with strict dynamic similarity are not possible at this scale. The aerostat creates more grave
problems for small-scale testing as it is impossible to reduce hull thickness by any signif-
icant factor without seriously compromising helium retention, and thus the required lift to
weight ratio is not attainable at a small scale.

A scaling factor of three was chosen for our experimental facility, which was a com-
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Figure 2.2: Layout of the One-Third Scale Experimental System.

promise between fiscal resources and dynamic similarity. Strict similarity for two outdoor
systems at different scales is not possible as the atmospheric parameters are fixed and con-
stant for both the test and the original system [23]. Although dynamic similarity is not
retained in the strictest sense, at one-third scale the important dynamics modes should all

be present.

The dimensions of the one-third scale system are given in Figure 2.2. The focal length
is R = 167 m and the winches are placed on a circle with radius, B = 400 m. The test
facility, constructed from 2001 to 2003, is located at the existing radio observatory, DRAO,
south of Penticton, B.C. This is an ideal site as there is access to a sufficient open space
that is relatively flat. Figure 2.3 shows the test site, which is also sheltered by surround-
ing foothills, resulting in wind conditions that are mild compared to nearby urban regions.
Details of the main components of the system including the aerostat, tethers, instrumenta-
tion, winches, and the overall control system are presented in the following sections. The
design approach for the test facility was to obtain off-the-shelf parts whenever possible
(aerostat, tethers, winch motors, sensors) while designing and fabricating the necessary

subcomponents (winch frame, instrument platform, data acquisition software).
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Figure 2.3: Outdoor test site at DRAO south of Penticton, B.C.

2.3 Aecrostat

Three types of aerostats were considered for the experimental system, streamlined, spher-
ical, and variable-lift or kite-like aerostats, whose buoyant lift is supplemented with wind-
induced lift [25]. A streamlined aerostat was chosen based on its proven reliability and
smaller drag forces in response to wind perturbations. A subsequent comparison of a spher-
ical and streamlined aerostat using simulation results is performed in Section 4.3. The size
of the aerostat was determined by the amount of lift required, which is calculated as the
minimum lift required to ensure that none of the three tethers becomes slack throughout

the workspace.

The aerostat was manufactured by World Wide Aeros of Los Angeles, California and
its shape and features were based on their previous aerostats. Upon delivery, the aerostat
became affectionately known as BOB, which is an acronym for big orange balloon. BOB’s
length is 18 m and its other physical parameters are summarized in Table 2.1. Figure 2.4

shows three photos of BOB along with its launch trailer and hangar. The trailer is equipped
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Figure 2.4: The aerostat BOB: a) during move from hangar to launch site, b) in profile
during early launching stage, c) in flight looking up a support tether.

with one large and five small electronic winches. The large winch is used to reel-in and
pay-out the aerostat’s main tether line while the five smaller winches are used for 50-m
handling lines that are suspended from the aerostat. The main bed of the trailer can rotate
about a vertical axle to ensure that the aerostat is not exposed to excessive cross-winds

while it is anchored to the trailer.

Both the hull and the three tail fins are inflated with helium and the helium pressure
is regulated by an internal air bladder, known as a ballonet. The ballonet is attached to a

small plate on the underside of the aerostat where two blowers regulate the pressure inside
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Diameter 7.7 m
Length 18 m
Volume 530 m®
Mass 270 kg
Ballonet volume | 44 m®
Fineness ratio 2.4
Max. net lift 2500 N
Tail fins Inverted Y

Table 2.1: Summary of BOB’s characteristics.

the balloon by either taking-in or venting air. For high altitude aerostats, a fully-inflated
ballonet may account for as much as 30 to 40% of the total aerostat volume. In confrast,
our ballonet volume is only 8% of the aerostat (44 m3 of 530 m3), but it is sufficient for

low altitude flights (< 1000 m) where pressure fluctuations are not dramatic.

2.4 Tethers

Although the thin support tethers are not visible with the naked eye when viewed from
opposing sides of the test facility, they are critical in achieving the LAR’s demands for
precision positioning. In the absence of recent advances in synthetic tether technology,
the multi-tethered aerostat system would lack the stiffness and responsiveness required for
the LAR telescope. The most important property for the tether material is its strength-to-
weight ratio. The tether’s dead weight is not the serious issue as the amount of lift required
to raise the tethers off the ground is minor compared to the amount of lift required to reduce
the inevitable catenary sag due to gravitational loading. The elevation angle for the support
tethers is about 23° and any tether sag significantly reduces the stiffness of the system.
Table 2.2 presents the properties of several potential tether materials that were consid-
ered [6] [59]. It should be noted that the properties listed are for a braided tether and thus
differ from the constituent material properties. It is clear that Plasma is the best option for
the LAR system as it has the highest strength-to-weight ratio and also the highest modulus

of elasticity apart from steel. Plasma is the trade name for a ultra-high density polyethylene
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Tether Density | Ultimate stress | Young’s Mod. | Strength-to-weight
material | p; (kg/m?) Sy (GPa) E (GPa) Su/pr (X 10° m?/s?)
Kevlar 49 1000 0.86 11 8.6
Spectra 840 0.98 17 : 12
Plasma 840 1.26 38 15
Vectran 1050 1.09 28 10
Steel 4400 0.71 80 1.6

Table 2.2: Properties of various tether materials.

Figure 2.5: 5-mm diameter Plasma tether next to 12-mm aerostat leash which has interior
conductors and a protective sheath.

based tether manufactured by Cortland Cable, NY. The tether is composed of 12 strands of

Honeywell Spectra fiber that has been recrystallized and braided for high strength.

The diameter of the tether was determined by estimating tether loads during extreme
wind conditions for the region. Designed to maintain a safety factor of five (as suggested
by Cortland Cable), it was found that a 6-mm diameter tether with a break strength of
35.6 kN is sufficient. The initial tests (Chapter 4) were performed with 6-mm tethers, but
in attempt to reduce weight, they were replaced by 5-mm tethers during the closed-loop
tests (Chapter 5). Consequently, the system no longer had a safety factor of five, but the
testing regimen included strict monitoring of weather conditions to ensure that test flights

were only performed when mild weather was forecast.
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A second type of tether is also required for the aerostat’s main line, which has a lower
part and an upper part. The lower part runs from the trailer winch to the confluence point.
It is used during launch and retrieval, but during flights its tension is taken up by the
three support tethers and it becomes slack, and therefore only minimally intrusive on the
behaviour of the system. The upper portion, referred to as the aerostat leash, extends from
the confluence point to the aerostat. The main difference with this type of tether is that
it is not simply a strength member, but instead consists of electrical conductors and an
outer protective cover. The strength member is a 6-mm core of Spectra tether, but the total
diameter of the line is 12 mm. A photograph showing both the 5-mm support tethers and

the the 12-mm leash is shown in Figure 2.5.

2.5 Instrumentation

In order to monitor environmental conditions and the performance of the system, an in-
strument platform was incorporated into the system at the confluence point of the tri-
pod/aerostat system, since this is where the telescope’s payload is located. The instrument
platform is a thin circular plate 0.8 m in diameter that houses an array of sensors and in-
strumentation as shown in Figure 2.6. It was designed to hang freely on the tethers using
Teflon hanger fittings. This non-rigid method of securing the instrument platform to the
tethers at the confluence point is intended to maintain the platform’s horizontal attitude
while it rests on the tethers. The complement of sensors on the instrument platform and

their functions are summarized as follows:
* 4 load cells—used to measure the tension in the three tethers and the leash,
¢ ultrasonic 2-axis anemometer—-measures horizontal wind speed and direction,

» differential GPS—antenna and receiver used to measure the position of the platform;

a similar fixed unit on the ground completes the differential system,

e 2-axis tilt sensor—used to measure the pitch and roll of the platform,
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(a) )

Figure 2.6: The instrument platform a) under-side with array of sensors and A/D modules
b) top-side with ultrasonic wind sensor and GPS receiver.

» digital compass—to measure the heading or yaw of the platform,

* inertial measurement unit—comprised of three accelerometers and three rate gyros to

provide auxiliary motion data

* temperature probe—to measure ambient air temperature.

The aerostat also was equipped with a host of sensors mounted to its under-side ballonet

plate, which are summarized as follows:

* internal pressure and temperature sensors—to monitor the conditions inside the aero-

stat’s envelope,
* differential GPS—antenna and receiver used to measure the position of the aerostat,

* the same tilt sensor and digital compass as the platform-to measure roll pitch and

yaw of the aerostat.

Both airborne GPS sensors transmit their measurements to the ground via radio modems,
while all the the other sensors transmit through a single transmission line. Analog to digital
conversions are performed prior to transmission by onboard National Instrument’s Field-
Point I/O modules. Table 2.3 presents the specific manufacturers and models of the main

SEensors.
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Sensor Manufacturer Model

Load cell Mass Load Technologies | ML200

Anemometer | Gill Instruments Windsonic

GPS receiver | Novatel FlexPak-G2L with RT-2 functionality
GPS antennas | Novatel GPS-702 (airborne), GPS-503 (base)
tilt sensor Cross-bow CXTAO2

Compass KVH Industries C-100

IMU BEI Systron Donner MotianPak

Table 2.3: Summary of instrumentation.
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Figure 2.7: Mechanical components of winch system.

2.6 Winches

The ground winches were designed based on specifications estimated from prior simula-
tion results [23]. The mechanical winch system shown schematically in Figure 2.7 consists
of three coupled components, which are a servomotor, gearing, and the winch drum. The
maximum tether tension, 7},q., speed, U, and acceleration i,4,, provided by simula-
tions were used to estimate the required motor torque 7, speed w,, and acceleration a,,,

using the following relationships:

Tm&x N‘m ]V"ma.x
L, Nl N @
]\/ T Tt .

where N is the gear ratio and r, is the tension radius on the drum. It is clear that the
motor requirements depend on the gear ratio and the size of the winch drum (diameter and
width). Specifically, the required torque, 7, is directly proportional to the radial location

of the tether, r;, while the speed w,, and acceleration o, are both inversely proportional
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Torque | Speed | Acceleration
(Nm) | (tpm) | (rad/s?)

Required 11.05 | 1274 3502

Bosch MHD090 12 2500 3800

Table 2.4: Motor requirements and manufacturer’s specifications.

Gear Ratio | Output torque
(Nm)
Required 100 1105
Alpha 100 1000 cont.
SP210 1520 peak

Table 2.5: Gearing requirements and manufacturer’s specifications.

to r;. Numerous combinations of drum sizes and gear ratios were investigated in order to
match the required motor torque, speed and acceleration to available motors. A high gear

ratio, IV is required since the available motor output is typically high speed and low torque.

A review of numerous motor manufacturers produced several off-the-shelf servosys-
tems that could meet the requirements. The specific requirements for the motor and gear
box are given in Table 2.4 [60] and 2.5 [61] respectively along with the chosen compo-
nents. It is observed that the gear output torque exceeds the manufacturer’s rating for a
continuous load by 10%, however this is not anticipated to be a problem since the peak

tether load and velocity were used to determine the continuous winch requirements.

With the selection of the motor and gearbox complete, the detailed design of the winch
frame and the communication system was performed. Figure 2.8(a) shows the winch drum
housed in its frame with the gear box and Figure 2.8(b) shows a winch in the field. The
main feature of the winch frame is the ability of the drum and drive system to rotate about
a vertical axis. This is an essential feature of the winch for accommodating the various
tether angles that lie within the operating range of the positioning system. A level-wind
was added to the winch near the drum to ensure that the tether wraps are even and uniform,

and a fair-lead arm was added to extend the moment arm for vertical axis rotation.
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(b)

Figure 2.8: Winch a) frame during assembly b) installed in the field with level-wind and
fair-lead accessories.

2.7 Control System

The winch control system involves the integration of all the system’s components, as feed-
back control based on GPS position measurements are used to adjust tether length in re-
sponse to wind disturbances. A schematic of the PC-based control architecture is shown in
Figure 2.9.

Three PCs are used to retrieve and record measurements and transmit control com-

mands. The basic operation of the control system is summarized as follows:

* PC #1 collects, displays and records data using Labview. The ground or base GPS
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Figure 2.9: Architecture for PC-based measurement and motor control system.

signal is used to time-stamp or synchronize the measurements.

» PC #2 collects data from both the platform and aerostat GPS units via a wireless radio
link and produces real-time position measurements using commercial RTKnav soft-
ware developed by Waypoint Consulting of Calgary, AB. The platform position in
Cartesian coordinates is passed to the feedback control software, LARCon at 10 Hz,
which computes winch commands. The winch commands are passed to the Bosch
Rexroth PPC motor controller hardware using the Windows dynamic data exchange

(DDE) server.

* PC #3 runs Bosch’s commercial Visual Motion software interface which lets the
user specify functional parameters and monitor the operation of the motors. Visual

Motion communicates directly through a serial link to the PPC.

* The PPC receives parameters from PC #3 and 10-Hz commands from PC #2, but

it has its own internal motor control loop that operates with encoder feedback at
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Figure 2.10: a) Block diagram of overall control system with 10-Hz position feedback b)
system plant with 500-Hz internal motor current and velocity feedback.

500 Hz. The motors are connected in series by a fiber optic SERCOS loop (which
is over 1 km in length). The individual control signals received at each winch are

amplified to the desired voltage by the motor’s drive or amplifier.

Block diagrams of the 10-Hz overall control system and the 500-Hz internal motor control

system are given in Figure 2.10

2.8 Testing Program
2.8.1 Flights Summary

Test flights commenced at DRAQO in April 2002 and by the end of 2005, over 30 flights
had been performed. For the first few flights, BOB was launched and flown on a single

tether to test its functionality and provide training to the operations personnel. The first
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multi-tethered aerostat flights occurred in October 2002 with the tethers anchored to the
ground. There were many lessons learned during the first testing phase as launch/retrieval
procedures were refined and instrumentation was upgraded.

The first flight with the updated and complete sensor package occurred in March 2004.
Several flights were conducted with constant tether lengths to be used to validate the uncon-
trolled simulation results. It was a full year later in March 2005 that operational winches
were added to the system and closed-loop results were obtained. The tests performed with
the winches used PID feedback to regulate about a fixed location within the workspace, not
tracking trajectories along the workspace. By the end of 2005, the operational life of BOB

expired and the LAR testing program at DRAO was suspended.

2.8.2 Flight Procedures

The typical duration of a test flight was three to four hours, and most took place in the early
morning hours to take advantage of calm winds during launch. Occasionally, flights lasted
into the afternoon when winds typically increased. Extreme weather was not encountered
during any of the flights, nor did any tests extend overnight.

Prior to a flight, BOB is driven from its hangar while fastened firmly to the trailer bed.
Once it arrives at the desired launch site, the trailer is connected to electrical power, which
is transmitted through the main winch, central tether and leash to the aerostat. During the
initial launch phase, the trailer bed is unlocked and allowed to rotate with the aerostat into
the oncoming wind. All six trailer winches pay-out slowly until the handling lines are free
of their winches and the aerostat is only attached to the leash, which is unwinding on the
main winch. When the aerostat reaches a height of 160 m, the leash is fully payed-out and
its terminal emerges from the main winch drum. The lower end of the leash is attached
to a small circular ring (approx. 10 cm), which acts as the confluence point for the multi-
tethered system. The three support tethers are then attached to the ring and the instrument
platform is suspended by a wire from the ring with the tethers passing through its hanger

fittings. When the support tethers become taut, the suspension wire becomes slack and the
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platform rests horizontally on the tethers.

The central tether, which is composed of the same material/conductors as the leash, is
attached to the bottom of the confluence ring. Its conductors are plugged into the platform
and a second power connection is made from the platform to the leash completing the
circuit with the platform and the aerostat’s instrument loads in series. With the power
connected and the platform in place, the central tether is let out slowly until the full load is
transfered to the three support tethers. The central tether then becomes slack and based on
its slender profile and relatively low mass (= 20 kg), it is expected to have a minor impact
on the system’s overall dynamics.

To achieve differeht geometrical configurations within the workspace, two different
methods were used. Prior to testing with functional winches, the tether lengths were spec-
ified and measured before the flight to ensure the desired workspace location. With opera-
tional winches, the tether lengths need not be adjusted beforehand, and different locations
were achieved by manually jogging the winches or using the closed-loop control. It is re-
iterated that this type of feedback control was simply fixed-point tracking for the purposes

of regulating the system about one specific location.

30



Chapter 3

Dynamics Model

A mathematical model is typically the least resource-intensive method to study the dynam-
ics behaviour of a mechanical system. Therefore, to evaluate the positioning capabilities
of the multi-tethered aerostat system, a dynamics model was developed following the con-
ceptual stage of the LAR study. During any modeling process, assumptions must be made
as to what are the dominant aspects of the real system and what aspects can be neglected.
For the multi-tethered aerostat system the most influential aspects of the system in terms of
dynamics were deemed to be the aerostat, the tethers and the wind disturbance; as a result
the majority of the modeling effort was directed toward obtaining convincing models for

these components of the model.

3.1 Model Overview

The dynamics model for the multi-tethered aerostat system evolved from dynamics models
developéd by Nahon for underwater vehicles [62] and by Buckham and Nahon for long ma-
rine cables [63]. Nahon combined the basic vehicular aerodynamics model with multiple
lumped-mass tethers, a winch controller and a wind input that includes turbulence [2].
The location and layout of the relevant reference frames, including the inertial frame
(X1 Yr Zp), the aerostat’s body frame (X4 Y4 Z,4) and an elemental frame for one of
the discretized tether elements(p, p, q) are presented in Figure 3.1. The inertial frame is

fixed to the center of the LAR’s imaginary telescope reflector, which is located at the center
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Figure 3.1: Reference frames for dynamics model.

of the winch circle. The X axis is aligned with North, Y7 is aligned with West, and Z;
points upward. The aerostat’s body frame is attached to its center of mass, with the X4
axis pointing forward, its Y, axis out the port side and Z 4 pointing upward. The individual
body-frame for each discretized tether element is located at the center of the element, with
p1 and ps directed in the local normal and binormal directions, and ¢ is the local tangent to
the tether.

The complete dynamics model of the system consists of the following elements: 1) a
discretized cable model for the three support tethers and the aerostat leash; 2) the feed or
receiver; 3) the aerostat and 4) the wind input. The general characteristics of each aspect

of the dynamics model are presented next.

3.2 Tether Model

In reality tethers are a continuous or distributed parameter system whose dynamic be-
haviour, described by a second-order partial differential equation, is not readily solvable
when subjected to a general external force. To simplify the analysis, the tethers are mod-

eled using a lumped-mass discretization approach, which leads to a series of motion equa-
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Figure 3.2: Lumped-mass visco-elastic tether model.

tions that are solvable using standard numerical integration techniques. The reliability of
lumped-mass cable models for predicting the dynamics behaviour of long cables has been
previously established through experimental validation with marine systems [47] [63] [44].

The lumped-mass discretization approach involves a series of point masses or nodes
which are connected by massless visco-elastic elements as shown in Figure 3.2. Each
element has its mass equally distributed to its two connected nodes. The forces generated
by each element and that are applied to its two end nodes can be split into external forces,
including aerodynamic and gravity components, and internal forces, which include elastic
and damping components.

The aerodynamic forces on the i-th element are characterized by a drag force that has

two normal components, D,; and D, and one tangential D, component given by:
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where p is the local density of air, d; is the tether diameter, Cy is the normal drag coefficient
of the cable, lft is the unstretched length of the i-th element, and v? is the velocity of
the geometric center of the ¢-th cable element with respect to the surrounding air, with
components v}, U5y, and v}. The elemental velocity, v*, is found by averaging the relative
velocities of its two end-nodes. In each equation of eq.(3.1), the drag coefficient is modified
by aloading function, f, or f;, which account for the nonlinear breakup of drag between the
normal and tangential directions. The loading functions are dependent on the relative angle,
7, between the i-th element and the incident fluid flow. The nonlinear loading functions,

synthesized by Driscoll and Nahon by rhodifying relations presented by several sources on

towed marine cables [47], are as follows:

fp=0.5—-0.1cosn+ 0.1sinn — 0.4cos 2n — 0.011sin 27
(3.2)
f; = 0.01(2.008 — 0.38587n + 1.91597° — 4.16159° + 3.5064n" — 1.1873n°)

where 7) is expressed in radians and 0 < n < 7/2.
The gravitational force acting on the i-th element, W?, in the inertial frame is given by
the following equation:
nd?

W= p—*lg (3.3)

where p; is the density of the tether material.
The internal elastic and damping forces of the i-th cable element are calculated based

on the following linear relationship with the strain, € and strain rate € of each element:
T' = AEe + bl'é (3.4

where the strain is defined as:
r-1r
Ly

and [ is the stretched length of the i-th element, A is its cross-sectional area, F is Young’s

£ =

(3.5)

modulus and b is the viscous damping coefficient of the tether. The stiffness of each tether

element, k;, is related to Young’s modulus, £, by:

ki = E;A (3.6)

U
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The manufacturer’s published value of £ = 38 GPa for Plasma as presented in Table 2.2
was confirmed by observations of vibration tests conducted with a vertically suspended

weight [24] [64].

3.2.1 Tether Damping Coefficient

In general, damping forces in cable systems tend to be much smaller than the elastic
forces, and for this reason, in many cable dynamics studies, damping is neglected alto-
gether. Through simulations of the closed-loop LAR system, it has beén observed that
tether damping does play an important role when considering high frequency motions and
during aggressive control inputs. Specifically, the closed-loop system tended to experience
instabilities if little or no damping was included.

The precise damping characteristics of the tethers are difficult to model accurately due
to the complexity of the energy dissipation mechanism. The first challenge is to find a
suitable damping model, and then to estimate the damping parameters. The damping be-
haviour of a braided tether is due to internal friction, but precise models of the damping
mechanism depend on the structure of the composite strands. For example, Huang and
Vinogradov have developed a detailed nonlinear damping model for cables which exhibits
hysteresis and corresponds well to experimental data [65]. In the interest of retaining a rel-
atively simple tether model, the internal damping forces were assumed to be proportional
to velocity as in the common viscous damping model. Vibration tests of a vertical tether
have demonstrated that the damping behaviour can be estimated adequately with viscous
damping [24].

Estimates for the tether’s damping coefficient b were also obtained from the vertical
vibration test. The damping ratio, ¢ is first estimated based on the logarithmic decrement
of peak tensions, and next the damping coefficient is calculated based on the following

relationship:

b = 2(mw, 3.7
where m is the payload mass and w, is the natural frequency of the system. The initial
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Figure 3.3: Experimental set-up for damping estimation.

experiment was performed at the University of Victoria in 2001, and it involved tethers
varying in length between 1.4 and 2.1 m [24]. Longer cables resulted in lower damping
coefficients; however, the dimensionless damping ratio appeared to be constant at approx-
imately ¢ = 0.017. Similar vertical suspension tests were performed in 2004 at McGill
University to study a larger range of tether lengths, from 2 m to 25 m [66]. The results indi-
cated that the damping ratio was not constant with tether length as it varied from ¢ = 0.034
at 1.85 m to ¢ = 0.015 at 25 m. Alternatively, the damping coefficient multiplied by the
tether length, bL ~ 2200 Ns was found to be relatively constant over the tether lengths
tested. This shows that the damping coefficient has the same length variability relationship
as the stiffness k since kL. = E A, which is constant for a uniform cable. This explains
why the damping ratio, despite its nondimensionality, varies with length as it is a ratio be-
tween the actual damping, which is inversely proportional to length, to the critical damping

b, = 2muw,,, which is inversely proportional to the square root of the length.

The total damping characteristics of the tethers of the LAR system will differ from
those of the vertical tether tested because there are other dissipative sources besides inter-
nal axial friction. Because the tethers have an elevation angle of about 25°, they are more
horizontal than vertical. This causes the tether to experience sag, thus altering its vibra-

tional response to include not only axial motion but certain transverse motion as well. Any
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Figure 3.4: Comparison of oscillatory damping tests for tether lengths of 9 m on the left
and 19 m on the right.

bending experienced by the tether during transverse motion results in frictional energy
dissipation that is not reflected in the axial damping characteristics tested in the vertical
configuration. Another source of energy dissipation in the real system are the physical
components introduced at both ends of the tether. At the bottom end of the tether, the
winch itself may introduce damping into the system and at the upper-end there are several

connective housings and an in-line load cell that inevitably introduce friction to the system.

In attempt to quantify the magnitude of additional cable damping for the LAR experi-
mental system, simple vibratory tests were performed on tethers connected to a winch as
shown in Figure 3.3. A truck with an extendable hydraulic boom was used to hold the
pulley approximately 8 m off the grqund and a 60-kg weight was used for the load. The
impulse response of the tether tension was measured by the load cell for two tether lengths,

9 m and 19 m, and results are presented in Figure 3.4. A third length of 41 m was also tested
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and the results were similar to those at 19 m. The results from the 9-m test show a typ-
ical logarithmic decrement, whereas the 19-m test has more erratic behaviour and higher
damping. The damping ratio estimated from the logarithmic decrement of the 9-m case
is ¢ = 0.08, which is significantly higher than ¢ = 0.02 found for similar tether lengths
during the vertical tests. However, it is unknown how much of this additional damping is
contributed by the pulley and the extendable boom. Therefore the results from this series
of test were not comprehensive or conclusive enough to produce a reliable estimate for the

product of damping coefficient and tether length, bl.

To arrive at a suitable bl coefficient, the actual LAR experimental results were used
in conjunction with simulation results. It was found that a fairly large range of damp-
ing produced similar results when comparing time histories of the payload motion, since
damping tends to mainly affect high frequency motion that has a small amplitude. How-
ever when closed-loop results were considered, the range of suitable damping decreased
as low damping coefficients produced instability in the simulation, as certain modes were
excited leading to oscillatory motion with increasing amplitude. Similar instabilities were
also observed in the experimental system when the control gains were set too high (see
Section 5.2.2), and by matching the conditions in the simulation at which the onset of in-
stability occurred, a suitable damping estimate was made for the tethers of b/ = 20000 Ns,

a value much larger than b/ = 2200 Ns found for a vertical tether.

3.3 Aerostat Model

The aerostat was modeled as a rigid body using a component breakdown approach, where
the aerodynamics forces on the hull, tail fins and flying harness are determined separately
and combined to estimate the dynamic motion of the aerostat [3]. The rigid body model
of the aerostat includes the tail fins and the flying harness, both of which are held in place
using flexible tethers. This approach assumes that the tethers are sufficiently taut to ap-

proximate rigid structures fixed to the hull.
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3.3.1 Equations of Motion

The aerostat was considered as a rigid body with translational equations of motion derived

from Newton’s second law and rotational equations of motion using Euler’s equation.

F[ = 1may
(3.8)
M., = L.+ w x I, w

where F; and M, are the net force and moments acting on the aerostat, m and I, are
the aerostat’s mass matrix and inertia'tensor, ay is the linear acceleration of its mass center
expressed in the inertial frame, and w = [p ¢ 7|7 is its angular velocity. The aerostat’s
mass is represented by a diagonal matrix instead of a scalar because it includes added-mass
terms whose directional components depend on geometry. Added mass and added moment
of inertia will be discussed in Section 3.3.3. It is easier to actually solve the equations of
motion with respect to the aerostat’s body-fixed frame (X4 Y4 Z4) since it represents the
principal axis of the aerostat’s mass matrix and inertia tensor. Therefore the translational

equations of motion expressed in the aerostat’s body frame are as follows:

Ad
FA=m< ;;Aquwxv,q) (3.9)

where V4 = [u v w|7T is the velocity of the aerostat and its time derivative with respect to
the aerostat’s body frame is ‘%‘Yd = [ ¥ w]T. The force F 4 and moment, M,,, which act
on the aerostat are the sum from the following sources: gravity, buoyancy, aerodynamic

and tether tension. The translational equations of motion in the body axes are as follows:
(mg — Fg)sin@ + Fryy + Fpy + Fsy + Fyg + Frp = mg(t + qw — rv)
—(mg — Fg)sin¢cosb + Fy, + Fp, + Fsy + Fyy + Fry = my(0 + ru — pw) (3.10)
—(mg — Fg)cos¢cos@ + Fy, + Fp, + Fs, + Fy, + F1, = m,(w + pv — qu)
where Fy, Fp, Fs, and Fy; are the respective aerodynamic force contributions from the
hull, port fin, starboard fin, upper fin, while F7, is the force exerted by the leash and Fg

is the buoyancy force. The masses mg, m,, and m, are the diagonal terms of the mass

matrix. The Euler angles ¢, ¢, and ¢ represent the aerostat’s roll, pitch, and yaw. The three

39



rotational equations of motion are:

—szbsind)CFOSH + My, + Mpy + Mgz + My, + My, =
Lo — (Iyy — L2)qr — Lo (7 + pg)

—xpFycospcosd — 2, Fysin @ + My, + Mpy + Mgy + Myy + Mpy =
Ly — (Ioz — Lea)pr — L. (r? = p°)

—-bebSiI’l¢COSQ+MHZ+MPZ +MSz+MUz+MLz =

(3.11)

| Lot = (Tsa = Iy )pg = Lns(p — a7)
where My, Mp, Mg, and My are the respective aerodynamic moment contributions from
the hull, port fin, starboard fin, upper fin and M, is the moment caused by the leash force.
The aerostat is symmetric with respect to the zz-plane (I, = I, = 0), and this is reflected
ineq. 3.11.

Two additional kinematic equations are required to solve for the motion of the system
as the above six equations of motion contain eight unknowns. The rigid body kinematic
relationship between the angular rates, p, g, and r and the time rate of change of the Euler
angles provide the additional equations required.

¢ =p+ (singtanf) g + (cos ptanf)r
0 = (cos¢)q — (sing)r (3.12)
Y = (sin ¢psecd) q + (cos psech) r
Strictly speaking, the equation for the yaw rate, 1 is not required to solve for the motion of
the aerostat as the motion equations and the kinematics equations are independent of the

the yaw angle .

3.3.2 Aecrostat Aerodynamics

The component breakdown approach for modeling BOB has been presented in [3] and [25].
It relies on estimating individual lift and drag forces for the aerostat’s components such as
the hull, tail fins and flying harness. A summary of the aerodynamics forces are provided in
Figure 3.5. Once these forces are estimated, the components in the body frame are applied

to equations (3.10) and (3.11).
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Figure 3.5: Aerodynamics forces acting on aerostat.

The aerodynamic forces from the hull, L, and D), are calculated using the method from
Jones and DeLaurier [12] for aerostats in a steady flow. They represented the aerodynamics
by three quantities, lift L, drag Dy, which are applied at the nose, and a pitch moment

M p0se. The aerodynamics equations are as follows:
lift : Ly = qo[(k3 — k1)nx 11 sin(2a) cos(%) + (Cd,)pJ; sin asin ]
drag : Dy = qo[(Cd,)oSk cos® a — (ks — ky)ne 1 sin(2a) sin(g-)] (3.13)
moment : Mpose = —qo[(ks — k1)m13 sin(2a) cos(%) + (Cd.)pJ2 sin asin |af]

where gy = pV2/2 is the steady-state dynamic pressure, « is the angle of attack, k; and
ks are respectively the axial and lateral added-mass coefficients, 7 is the hull efficiency
factor accounting for the effect of the fins on the hull, (Cd,), is the hull’s cross-flow drag
coefficient, (C'd. ) is the hull’s zero-angle axial drag coefficient and S}, is the hull’s refer-
ence area S, = (hull volume)?3. Also, the aerostat’s geometric properties are reflected in

the following four parameters:

I dA o dA
I = /0 Tk k- / €5 de

ln lh
Jy =/ 2rd¢ Jo =/ 2r&dE
0 0

where A is the local cross-sectional area of the hull, £ is the axial distance along the hull

(3.14)

from the nose and r is the local hull radius. The methods used to estimate the aerodynamic
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properties of BOB are presented along with the specific values for the relevant parameters

in [25]. A list of the current acrodynamic parameters for BOB is given in Section 3.3.4.
For our model, the pitch moment was calculated but not applied directly to the aerostat;

instead the hull’s lift L, was placed at an appropriate distance, x;, from the nose to generate

the desired moment (z;, = M5/ Lp).

Tail Fins

The aerodynamic forces generated by each tail fin are estimated by the following standard

relationships:

1
Li = §pAf‘/iQCL

1 (3.15)

Di = ipA f‘/iQC D
where Ay is the planform area of the fin, V; is the local velocity of each fin and C7, and
Cp are the lift and drag coefficients. The drag coefficient is the sum of two separate

components termed the parasitic drag and the induced drag. Parasitic drag is invariable

and the induced drag depends on the lift coefficient C', as shown in the following equation:

C2
Cp = Cp, + —& (3.16)
wAe

where Cp, is the parasitic drag coefficient, A is the aspect ratio of the fin and e = 0.86 is
Oswald’s efficiency factor [67]. The lift coefficient is proportional to the angle of attack o

and the slope of the 3-D lift curve, C7,_.
CL = CLaOé (317)

The initial values for C,, and Cp, were estimated using empirical data for the NACA
0018 airfoil [68]. Because the tail fins are not as slender as an airfoil, the parasitic drag
coefficient was modified to conform to the semi-empirical relationship for elliptical cross-
sections presented by Hoerner [69].

C’DO = Cfturb c

2
44 2% +120 <3> } (3.18)
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Length (m) | Diameter (mm) | Frontal Area (m?)
Flying harness 120 6.35 0.76
Tail lines 243 3 0.729
Handling harness 128 8 1.01
Other 117 8 0.93

Table 3.1: Summary of BOB’s accessory cables.

where c is the chord length of the tail fin, ¢ = 3.9 m, ¢ is the thickness, ¢ = 1.0 m, and for
the flow region above the critical Reynolds number, Cy,,, = 0.005. The pertinent tail fin

parameters are summarized in Table 3.3.

Accessories

For flight operations, BOB is adorned with a significant number of ropes and tether acces-
sories including its flying harness, tail-line supports and handling lines. Initially the aero-
dynamic effects of these accessories were neglected but after calculating the total frontal
area of all BOB’s associated cables to be in excess of 3 m, they were added to the model.
Table 3.1 gives a breakdown of the various accessory cables. The flying harness is a series
of ‘U-shaped’ cable lengths arranged in a manner that the leash load is distributed to the
aerostat’s 16 load patches along each side. The tail lines are thin ropes running fin to fin
to form a tension structure to keep the fins in their proper place. The handling harness
is similar to the flying harness but it is attached to a different series of load patches and
it is only used for fixing the aerostat to the winches on the trailer bed. The other various
accessory lines include two 50-m handling lines used to manually guide the aerostat during
launch and retrieval.

The inclusion of the accessory cables to the aerostat’s dynamics model is accomplished
by adding two separate drag components. Since the tail lines are located at the tail fins,
the extra drag due to the lines is reflected by an appropriate increase to drag coefficient
in eq. (3.15). The remainder of the accessory lines are summed into one drag force, Dyp,
applied at the centre of mass, calculated as:

1
Dy, = 5/)#ththde (3.19)
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where Agp, = 2.7 m? is the frontal area of the lines (both harnesses), Cj is the cable drag
coefficient used in eq.(3.1) and pp, = 0.55 is an efficiency factor to reflect that most of
the tethers are not oriented normal to the incident flow and the loose handling lines are not

rigidly secured in the flow field.

3.3.3 Added Mass and Added Moment of Inertia

Changes in the aerostat’s velocity cause fluid particles to accelerate as they move around
the exterior of the body. Therefore the fluid acquires kinetic energy through its interaction
with the aerostat. The conventional approach to incorporate this effect is to include ‘added
mass’ and ‘added moments of inertia’ to the equations of motion of the body [70]. This
effect is more pronounced in marine applications and it is often ignored in aeronautical
applications because the mass of the displaced fluid is much less than the mass of the
vehicle. Because of the aerostat’s large volume and low mass, added mass and inertia are

not negligible in lighter-than-air applications. The aerostat mass matrix and inertia tensor

are:
m+ Mgy 0 0 Iy + Iogs 0 —1Iy,
m= 0 m + Mgy 0 I.,.= 0 Iy + Loy, 0
0 0 m+ Maz —Izm 0 Izz + Iazz
(3.20)

where the added mass terms m, and added moment of inertia terms I, were found using
semi-empirical coefficients k,, and k; for ellipsoids [70]. The added mass as well as the

added moment of inertia were dimensionalized using the following equations:

Mg = kmm* I, = kiI* (3.21)

where m* and I'* are the mass and moment of inertia respectively of an ellipsoid of air with
dimensions matching the aerostat BOB. The calculated values for added mass and inertia
for BOB are given in Table 3.2. In the z-direction, k,, = k; of eq. (3.13) and in the y and

z-directions, k,, = ks.
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4672 kgm?
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4237kg | 0

ma:c
89.2 kg
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4237 kg

Lagy
4672 kgm?

Table 3.2: Added mass and added moment of inertia for BOB.
3.3.4 Summary of Physical Parameters

Table 3.3 summarizes the physical parameters estimated for the aerostat BOB. The vol-
ume and mass of the internal helium and air varied from flight to flight as helium purity

fluctuated. The values in Table 3.3 are from one specific flight on May 27, 2005.

Parameter Value Parameter Value
J 3184 kg-m? Helium volume | 467.6 m®
I, 10011 kg-m? Ballonet volume | 43.2 m3
L, 9808 kg-m? Total buoyant force | 6442.6 N

I,=1, | 641kgm? Helium mass 78.8 kg
-k 0.16 Air mass 88.9 kg
ks 0.76 Envelope mass 267.0 kg
un 1.27 Total mass 434.7 kg

(Cde)p 0.28 Net lift 21782 N
(Cdn)o 0.05
Sy, 59.4 m? Tail fins:
I 20.4 m? Ay 30 m?
I3 -170.5 m? A 2.18
J 1 75.8 m2 CL o 2.0
o 434.4 m? Cp, 0.098

Table 3.3: Summary of aerostat model parameters.

3.4 Instrument Platform

For simplicity the instrument platform was modeled as spherical shell that experiences
only aerodynamic drag forces. The actual platform and its associated instruments differ
from a sphere, but because its aerodynamics forces are expected to be small relative to the
aerostat’s forces and tether tensions, the spherical approximation is deemed to be adequate.

The drag force for the platform, D), is calculated using:

1
Dy = 5pAV}Co (3.22)

sph
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where A, is the cross-sectional area of the approximated sphere (based on the actual diam-
eter of the plate D, = 0.8 m) and Cp,,, is the drag coefficient of a sphere, which varies
between 0.4 and 0.15 depending on Reynold’s number [67]. The instrument platform’s

mass is 17.9 kg.

3.5 Control System

The original controller utilized in the dynamics model is based on PID control using feed-
back of the platform positioning error and was first presented by Nahon in 1999 [2]. The
PID controller issues individual winch commands in the form of a desired tether velocity,
which is calculated by feeding back the instantaneous estimate of the error of that particular

tether length. The error for the i-th tether is approximated using:
e; = |ltg — rwill — It — rwil| (3.23)

where r is the position of the payload, ry is the desired position and ry; is the position
of the ¢-th winch. A 2-D representation of the geometry is shown in Figure 3.6. The idea
behind this approach is that the only payload location at which e; = 0 for¢ = 1,2,3 is
where r = ry. Thus, we can rely on independent control for each tether, acting together,
to bring the payload to its desired location. The error e; does not correspond to the exact
error for each tether because it is calculated neglecting the curvature of the tether due to
sag, but because the error distances tend to be much smaller that the total tether length, this
estimate should suffice.

The PID controller acting on the tether length error is given by:
u; = Kpé; + Kpe; + K / e;dt (3.24)

where 4; is the control input and Kp, Kp and K are the derivative, proportional and
integral control gains. The control input i; was selected as a velocity so that it corresponds
to the experimental control system, which operates at the Veloc.ity level.

To achieve the desired control input while simulating the dynamics, the unstretched

length and the mass of the bottom-most tether element are adjusted at each integration
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Figure 3.6: 2-D representation of tether geometry the payload’s current position and de-
sired position.

time-step. Since the control input, %; is in the form of a velocity, it must be integrated to
give u;. The resulting equation for the unstretched length of the bottom-most element for
the ith tether is given by:

=l +u (3.25)

where lfm is the original length of the element. For the initial dynamics analysis and model
validation, the winches are assumed to be perfect actuators, i.e. the desired tethers lengths
are accomplished instantly and exactly. Although it is understood that the mechanical
components of the winches possess characteristics such as inertia and friction that influence
the dynamics of the closed-loop system, this influence is initially assumed to be negligible.
The question of whether to include estimated winch dynamics in the model is addressed in
Chapters 5 when the complete model is compared with closed-loop test results and again
in Chapter 6 when advanced controllers are developed and tested.

The support tethers are typically discretized into 10 elements, each about 40 m in
length, thus the method of specifying tether length changes in this manner is only valid
up to 10% of the total tether length. This is sufficient for the current study because the
regulator-type disturbance rejection control involves tether length changes well below 1 m.
When the positioining system is modified to perform tracking maneuvers, further research

is required to develop a suitable technique for accomodating large-magnitude parameter

47



variations of the discretized tether.

3.6 Wind Model

The wind field provides the disturbance to the dynamics model, and therefore the quality
of our dynamics model relies heavily on an accurate wind model. The basic wind model as
described in [2] contains a boundary-layer mean wind profile with superimposed turbulent
gusts. The mean wind, U varies with height, A according to the following power-law profile

representing the Earth’s boundary layer:

h Y
U=, (h—g> (3.26)

where the power law exponent v = 0.30 and the boundary layer height, 1, = 500 m were
used to reflect the region’s hilly terrain [71]. U, is the full wind speed at the top of the
boundary layer.

The stochastic turbulence is generated with desired gust properties including turbulence
intensity, scale length and spectra. The turbulence intensities o, g,, and o,, in the three
orthogonal directions were estimated from empirical data from Engineering Sciences Data

Unit (ESDU) [72] resulting in the following equations:

fUl‘- = 0.35 — 0.0635(h — 10)°%

Oy h

O'_U =0.8+ m (3.27)
Tw _ N

oy 05+ 350

The turbulent intensity, o;/U as a function of height is given in Figure 3.7. The profile for
the current turbulent intensity model is compared to the original model developed in [2].
The differences between the models are the result of an increase to the surface roughness
to reflect the hilly terrain near the test site, and a change in the extrapolation method for
the intensities above 300 m. The ESDU data set has a maximum height of 300 m, and
the original model assumed the intensities were equal above this height, whereas the new
model assumes that the intensities continue to vary up until the upper limit of the boundary

layer.
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Figure 3.7: Comparison of the turbulent intensity profiles.

The scale lengths L, L, and L,, of the turbulence are estimated using [73]:

L, =728

L,=14

|

0.35
'(x)
h’g
0.48
()
hg

0.35h
140

h <400 m
h > 400 m

(3.28)

Finally, the spectra for the three components of turbulence, ®,,, ®, and ®,, are taken from

a von Karman model [73] with:

2.(2) = (7
2, () = (7

) v

) v

v, (@) = () 0°

L_ 1

™ [1+ (aL,)?]
1+3 (aL,0)?

[1+ (aL,Q)?] 1

1+ 8 (aLy)?
11/16

8

5/6

Ly
2T
Lu
2m [1+ (aL,)?]

(3.29)

where (2 is the wave number and a = 1.339. The specific procedure for generating the gust

velocities based on eqs.(3.27) to (3.29) is provided by Nahon in [2].
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During the model validation process in Chapters 4 and 5, certain parameters in the
turbulence model, such as the turbulence intensity, were adjusted based on the statistical
properties of the measured wind during a particular flight. The details of approximating

the measured wind are covered in the next chapter.

3.7 Numerical Solution

The dynamics of each discretized tether node, the payload node and the aerostat node
are described by three second-order ordinary differential equations (ODEs) obtained using
the translational motion equations. The aerostat’s rotations are described by an additional
three rotational equations of motion and two kinematic equations. The original ODEs are
expanded in state-space form to yield first-order ODEs for the acceleration and velocity of
each node. Each support tether is typically discretized into 10 elements, while the leash is
split into two elements. Theréfore the total number of discretized nodes is 30 (27 for the
support tethers, one for the payload, one for the leash, and one for the aerostat) which gives
a total of 186 state variable and 186 first-order ODEs (six for each node plus an additional
six for the aerostat). The motion of the system is obtained by simultaneously solving the
ODE’s using a fourth-order Runge-Kutta numerical integration routine.

The initial conditions for the dynamics simulation are provided by a static model of
the system [26], which estimates the position of and forces acting on each node for any
specified tether geometry and steady-state wind conditions. This ensures that the dynamics

simulation starts from a static equilibrium configuration.

3.8 Linear Model

While the nonlinear simulation is central to predicting the dynamic behaviour of the multi-
tethered aerostat system, for certain analysis and for controller development, it is often con-
venient to represent the dynamics with a linear model. Instead of analytically linearizing
the numerous nonlinear equations describing the system, a numerical approach exploiting

the nonlinear simulation proves to be straightforward and effective.
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The nonlinear dynamics of the system can be represented as a set of functional rela-
tionships where the derivative of each state variable is dependent on the full set of state

variables and input variables. This is demonstrated by the following equation:
x =F (x,u) (3.30)

where the state vector x contains the position and velocity of all the discretized nodes in
the model (including the angular position and velocity of the aerostat node) with respect
to the inertial frame. The inbut vector u contains the winch input for each tether, which as
mentioned earlier, is the changé in length of the lower-most tether element.

Linearizing eq.(3.30) gives the linear time invariant (LTI) system:
x = Ax + Bu 3.31)

where the state matrix A and the input matrix B are defined as:

roh 8h .. Oh

Oz1 dzo Oxn

gF |2z on ... 9B
A= — dz1 Oz Ozn
ox SR

Ofn Ofn ... Ofa

L Oz o0za OZn

- oh oh ... 2 (3.32)

u u ou

op |22 9L ... &

B — = 8U1 6u2 8um
Ou . :

Ofn  Ofn .. Ofn

L Jui Oug Oum

and n = 186 is the total number of state variables and m = 3 is the number of tethers or
winches. The numerical approach for obtaining A and B is to approximate the nonlinear
differential equations by performing numerical differentiations using a cevntral difference
approach. From a reference equilibrium position, each state variable and each input vari-
able is individually perturbed by +A and the ensuing response of every state variable is
recorded. The difference between the responses to the positive and negative perturbations
are divided by twice the magnitude of the perturbation, 24, to complete the central dif-
ference calculation. For example, in the case of the first element in the first row of A we
have:
o0fi _ filzi, +A) = fi(z1, — A)

ox, 2A (3.33)
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Figure 3.8: Comparison of simulated linear and nonlinear zero-input response of platform
position.

where xy, is the equilibrium value for z;. The value for the perturbation, A, is typically
very small (107% was used). The reference equilibrium condition is one in which the teth-

ered aerostat system is in a steady state wind field in the absence of turbulence.

3.8.1 Linear Results

To determine how well the linear model approximates the nonlinear model, the simulated
response of the two models are compared. As a first step, the comparison is based on the
zero-input response with u = 0, as the system is subjected to non-zero initial conditions.
Figure 3.8 gives the motion of the platform relative to the equilibrium point, which was
" at the symmetric configuration (¢, = 0°) with a wind speed of U = 5 m/s. The initial

conditions, xq were all zeros except for the states of the platform position in all three
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directions which had a value of 0.05 m (z{%* = (% = z{* = 0.05 m). The results show
excellent agreement between the zero-input response of the nonlinear and linear models.
The resemblance between the two sets of results is not unexpected as the nonlinear
characteristics within the model are related to aerodynamics or geometry and thus only
become prominent during strong winds, extreme maneuvers or configurations far from the
equilibrium point. The comparison between the linear and nonlinear models is expanded in
Chapter 6 to include not only the zero-input response, but also the response with exogenous

input and closed-loop control.
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Chapter 4

Passive Response of System

Every dynamics model is a mere approximation of the true behaviour of a system, just as
any experimental measurement is only an approximation of the actual quantity. Measure-
ments, when performed properly, are expected to offer much better estimation than even
the most comprehensive dynamics model. Therefore, to evaluate the quality of a dynamics
model, it must be compared to experimental measurements of the dynamic behaviour in
question.

The objective of this chapter is to document experimental results from the first set of
flight tests, in which tether lengths were fixed, and assess the passive behaviour of the dy-
namics model for the multi-tethered aerostat system (without tether actuation) [74]. This is
accomplished at two different levels; the first focuses on an isolated tether structure, which
shows excellent agreement when its input is equal to the measured input, and the second
includes the aerostat and the wind model, which shows agreement only at a statistical level
because of uncertainty involved with matching the wind input. With the fidelity of the
dynamics model of the passive system established, a design application using simulation

results to evaluate two types of aerostats is presented.

4.1 Flight Tests

The first round of fully instrumented test flights of the tri-tethered aerostat system per-

formed at DRAO occurred during the spring of 2004. The objective of these flights was
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Figure 4.1: a) Layout of LAR multi-tethered positioning system, b) overhead view.

#1 March 11 | #2 March 23 | #3 April 21 | #4 June 15
Base radius, Rg(m) 250 250 400 400
Zenith, 0,.(deg) 2 29 29 2
Azimuth 6,,(deg) -101 -40 -40 -101
Platform height, 2z (m) 1754 155.7 150.2 172.8
Aerostat net lift (N) 1913 1717 1825 2325

Table 4.1: Summary of Spring 2004 test flights.

to study the passive or uncontrolled performance of the system in response to typical wind
conditions. Each test was performed with a different geometric configuration to assess how
the geometry affects the behaviour of the system. Two flights were near the central or sym-
metric configuration, while two others were at a zenith angle near 30°. The radius of the
~circle at which the tethers are anchored to the ground, termed the base radius or the winch
radius, Rp also varied between 250 m and 400 m. The layout of the experimental system
with its geometric parameters is given in Figure 4.1, and a summary of the four flight tests
is given in Table 4.1. The focal length for the flights was approximately R = 175 m which
is slightly higher than the intended 167-m focal length for the one-third scale system, but
the difference is not expected to affect the results. The net lift of the aerostat is included
in Table 4.1 because it has a significant impact on the performance of the system, and be-
cause it varies from flight to flight depending on the purity of helium in the envelope and

the atmospheric conditions.
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#1 March 11 | #2 March 23 | #3 April 21 | #4 June 15
Wind speed, U(m/s) 494 4.49 3.15 3.75
Wind direction, 6,,(deg) 185 203 174 185
Turbulence intensity, o /U 0.14 0.06 0.10 0.16
Horiz. position 0 gerpstq: (M) 4.26 3.31 2.63 3.32
Horiz. position opesform(m) 0.03 0.93 0.06 0.03
% reduction 99.3 71.9 97.7 99.1
Vert. position G gerestqer(M) 0.41 0.22 0.17 0.13
Vert. position opa¢ form(1m) 0.09 0.21 0.08 0.10
% reduction 77.4 5.5 54.7 29.1
Leash tension, 77, (N) 2473 1849 1897 2627
Tether 1 tension, 71(N) ' 1309 - 1036 1356 1238
Tether 2 tension, T5(N) 975 913 1287 1193
Tether 3 tension, T3(N) 805 173 717 - 1091

Table 4.2: Test results for mean wind speed, turbulence intensity, aerostat and platform
motion (standard deviation) and mean tether tension.

4.1.1 Passive Flight Results

Results for the four passive test flights are presented in Table 4.2. Mean values for the
wind speed and tether tension are included, while the standard deviation of the platform
and aerostat motion, in both horizontal and vertical directions is provided. The results are
based on tests with a duration of approximately 15 minutes. Also included is the percent
reduction in motion between the aerostat and the platform, which gives a rough estimate

of the stiffness of the particular configuration.

4.1.2 Motion Reduction

The station keeping abilities of the system can be evaluated by considering the standard
deviation of the platform position. With the exception of Flight 2, which was at an un-
favorable configuration, the system was effective in limiting the standard deviation of the
platform motion to within 5 cm horizontally and 10 cm vertically. The efficacy of the
system is also made apparent by the significant reduction in horizontal motion between
the aerostat and platform. During Flights 1 and 4, which are both at favorable low zenith

angles, the standard deviation of the horizontal motion of the platform was two orders
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Figure 4.2: Comparison of the motion of the aerostat (left axis) and the instrument platform
(right axis) about their mean positions during Flight #4.

of magnitude smaller than the aerostat motion. Vertical motion of the platform was also
smaller but the improvement was much less marked. Figure 4.2 presents a plot of the mo-
tion of both the platform and aerostat during Flight 4. There is obvious correspondence
between the motions of the two bodies in the x and y horizontal directions with the plat-
form lagging the aerostat slightly. Despite the significantly smaller magnitude of motion
in the horizontal direction, in the vertical z-direction, the motion of the platform and the
aerostat are of the same order of magnitude.

Figure 4.3 displays the statistical coherence between the motion variables of the two
bodies in the z, y and z directions. The coherence function, Cy(f), of two real-valued

signals, a(t) and b(¢), for a specific frequency, f, is given by [75]:

|Pab(f)‘2
Paa(f)Pbb(f)

where P,,( f) is the cross-power spectral density of the two signals and P,,(f) and Py (f)

Ca(f) = 4.1)
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Figure 4.3: Statistical coherence between aerostat position and platform position for Flight
#4.

are the power spectral densities of a and b respectively. The coherence function, which
ranges from zero to one, quantifies the correlation of two signals over a range of frequen-
cies. A coherence of zero indicates incoherent signals, while a value of one indicates full
coherence or correlation. Horizontally, there is coherence at only the lowest frequeﬁcies,
observed in the time histories in Figure 4.2, and above 0.1 Hz, there is negligible coherence.
Vertically, there is strong coherence between the two bodies beyond 1 Hz. The coherence
plots clearly demonstrate the tri-tethered system’s ability to filter out all but low frequency
horizontal motions, while highlighting its inability to filter out any vertical motions below

1 Hz.

4.1.3 Varying Geometry

It is difficult to directly compare the performance of the four different geometric config-

urations tested since several influential factors were not controlled during the tests such
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as wind speed, turbulence intensity, and aerostat lift. However, it is still possible to make
qualitative observations regarding the relative performance of these configurations. It is
clear that the worst performance was observed during Flight 2, which was tested at a small
base radius and high zenith angle. This geometry considerably reduced the stiffness of the
syétem by two different mechanisms. First, the structural stiffness of the tripod is reduced
in certain directions due to the asymmetry of the system. Secondly, the tether asymmetry
causes tension to drop in one tether, thus increasing its catenary, or sag, and reducing its
effective stiffness. During Flight 2, the mean tension in tether 3 was only 173 N and the
standard deviation of the horizontal displacement of the platform was almost 1 m, while
for all other flights it was less than 6 cm. It is clear that such a significant drop in tension
in any of the tethers leads to performance degradation. It should be mentioned that the net
lift of the aerostat was lowest during this flight, also contributing to the poor performance.

To ensure adequate performance of the system, a certain tension level must be main-
tained in all tethers at all times. Increasing the lift of the aerostat is one suitable method to
achieve this, although not practical for our experiments, but a second, more practical, solu-
tion is to increase the base radius Rp for high zenith configurations. The larger base radius
of 400 m significantly improved the performance of the system at a high zenith angle as
observed in a comparison of results between Flight 2 and Flight 3. For the tests near the
zero zenith, Flights 1 and 4, the wider base radius is observed to reduce the stiffness in the

vertical direction while having little effect on the horizontal stiffness.

4.1.4 Summary of Passive Flight Tests

Overall, the test results show that precise station-keeping is possible with a tri-tethered
aerostat system as a 18-kg platform was held to within 10 cm RMS error at heights ranging
from 150 m to 175 m. The geometry of the tether layout was shown to significantly affect
performance of the system, and the importance of maintaining sufficient tension in all
tethers was highlighted. Optimizing design parameters such as aerostat lift, tether size and

material, geometry, and the number of tethers could likely enhance performance further.
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As mentioned in Section 2.1, the preliminary design specifications for the functioning
LAR telescope (which would be three times larger than our experimental system) call for
maintaining a receiver position within 1.5-cm RMS of the reflector focus. It is expected that
this level of precision can be achieved with the use of a secondary mechanism, the CPM,
installed at the confluence point to perform fine corrections, if the tethered aerostat system
can achieve accuracy of roughly 0.5-m RMS. This translates to 17 cm for our one-third
scale experimental system. Our results suggest that even the passive system may deliver the
precision required, but the limited number of conditions tested precludes definitive claims
about performance of the telescope at this time. It should be mentioned that although
the passive system meets the rough design specifications for the required LAR system for
these four flights, closed-loop control of the tethers is still considered important as any
improvement to the 0.5-m precision will reduce the demands on the CPM, which could

lead to a less complicated and leaner design.

4.2 Validation of Passive Response

To simplify the overall model validation process, and gain a better understanding of the
possible sources of model discrepancies, an iterative approach is taken. First the model of
the tri-tethered support structure is validated, and once the accuracy of the tether model
is established, the entire model of the passive system including the aerostat aerodynamics

and the wind model is validated.

4.2.1 Tether Model Only

The tether model can be compared to the experimental data in isolation from the aerostat
provided that the dynamics input is accurately measured and reproduced faithfully within
the model of the tethered system. Prior simulations have suggested that the vast majority of
dynamics of the LAR payload or platform are the direct result of perturbations in the force
exerted by the aerostat’s leash. This is not surprising when the aerostat’s size relative to

the rest of the system is considered. Since the leash tension is measured during the flights,
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Figure 4.4: LAR system with aerostat removed and replaced by leash force.

it becomes possible to simulate the behaviour of the tethered system using the actual mea-
sured disturbance function, w(t). A schematic of this arrangement is given in Figure 4.4.
The load cell measuring leash tension is located at the aerostat/leash attachment point, and
therefore, within the dynamics model the measured force is applied at the top leash node.
The load cell measures the tension, 77 (t) which is a scalar quantity, but its direction is also
required to give the vector w(t). To estimate the direction of the leash force, a position vec-
tor from the platform to the leash/aerostat attachment point was calculated by subtracting
the GPS position measurements of the platform, r, from the aerostat position, r,.

r, —Tp

LA 4.2)
o — 1]

W:TL

A comparison of the flight data from the four Spring 2004 flights and simulated results
using measured leash tensions to replace the aerostat is presented in Table 4.3. The percent-
age difference between the standard deviation of the experimental and simulated platform
motion and tether tensions are given. The results for Flight 3 are presented in Figure 4.5 to
illustrate how well the tether model predicts the platform motion when the measured leash
tension is used as input. In the z-direction, an offset is required in the intitial conditions
for the simulation to match the position at the end of the test due to the vertical drift in the
measured position. The drift is believed to be caused by creep in the tethers, which is not

included in the model. For all calculations of the standard deviation of the experimental
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#1 March 11 | #2 March 23 | #3 April 21 | #4 June 15
Horiz. position 24 -1.6 3.8 -5.4
Vert. position -20.8 0.7 -3.7 -11.4
Tether 1 tension -2.6 0.4 1.2 -1.9
Tether 2 tension 0.9 0.2 3.0 3.1
Tether 3 tension 3.8 34 4.3 2.4

Table 4.3: Percentage difference between the standard deviation of the experimental data
and simulated data using the measured leash force.
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Figure 4.5: Measured and simulated platform position to validate the tether model for
Flight #3.

vertical motion, the creep rate was disregarded by removing the linear trend from the data.
Creep is not expected to be a problem with functioning winches as the creep rate of approx

0.1 mm/s can be corrected easily.

The values for the tether tension and horizontal motion are all within 6%, which is
indicative of a satisfactory tether model. For the vertical motion, the percentage difference

is as large as 21%; however, the values for the standard deviation of the measured vertical
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motion may be skewed slightly due to the observed creep. Although a linear trend is
removed from the motion prior to the calculation, if the creep rate is not constant, the

standard deviation of the measured results will be exaggerated.

4.2.2 Complete Model

Results are now presented for the validation of the complete dynamics model of the system.
The statistics of the measured wind conditions for each particular flight were provided as
input to the model and the motion of the system was simulated and compared to the actual
measured data. Because the wind speed was measured 150 m below the aerostat, the wind
field in the vicinity of the aerostat is not precisely known. This limits the extent of our
validation effort, as a direct temporal comparison to experimental data is not possible.
As detailed below, the modeled wind field, for our simulation, is spatially extrapolated
from the measurement platform based on statistical approximations of the actual wind
conditions. Since the wind speed at the aerostat, which is responsible for the majority of
the disturbances in the system, is modeled based on a statistical approximation of the actual

wind field, the validation of the dynamics model must be based on statistical results.

Recreating the Measured Wind

The following steps were taken to ensure that the wind field in the simulation was statisti-

cally similar to that in the field:

1. The low-frequency characteristics of the wind were approximated by fitting a curve

to the general trend of the wind speed at its measurement height.

2. The vertical profile of the basic wind field was generated using a power-law boundary

layer profile, as discussed in Section 3.6.

3. The mean wind-direction was estimated by averaging the mean wind-sensor mea-

surement at the platform and the mean yaw angle of the aerostat.
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Figure 4.6: The power spectral density for the measured and simulated horizontal turbu-
lence, along and transverse to the wind direction, for Flights #1 and #3.

4. Turbulent gusts were superimposed on the basic wind field, which are approximated

using Von Karman spectra [2] based on the measured turbulence intensity for the test

period. The vertical profile of the turbulence intensity, which decreases with height,

is extrapolated from the measurement location using empirical data [72].

A limitation of this approach arises because only the horizontal component of the wind

speed is measured, and thus the vertical turbulence is unknown. Although the vertical

component of the wind is not expected to be large, it can have a significant impact on the

motion of the aerostat [15]. An estimate of the vertical component of turbulence, relative

to the measured horizontal turbulence levels, is included in the model. However, since no

vertical wind speed measurements are available, there is considerable uncertainty in our

results pertaining to possible updrafts or downdrafts.

The frequency content of the measured and simulated turbulence is compared in Fig-

ure 4.6, which gives the power spectral density (PSD) in directions along and perpendicular
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Parameter Flight #1 March 11 Flight #3 April 21
Exp. Sim. | % diff. | Exp. Sim. | % diff.

Platform o, | 0.021 | 0.020 -6.7 0.039 | 0.047 19.8
Position oy | 0.030 | 0.048 | 60.7 | 0.042 | 0.044 | 3.18
(m) o, | 0.093 | 0.085 -84 | 0077 | 0.105 | 37.2

g | -19.94 | -15.67 | 214 | 62.26 | 57.43 -7.8
Yo | -9.85 | -7.17 | 272 | -58.82 | -56.48 | -4.0

Aerostat 2, | 337.36 | 337.73 | 0.1 312.66 | 312.57 | 0.03
Position(m) Oz 3.13 2.86 -8.6 2.33 1.28 -45.1
o, | 5.09 7.68 51.0 4.76 3.15 -33.8
o, | 0411 | 0388 | -5.6 | 0.170 | 0.150 | -11.4
Leash angle (deg) | v 6.9 5.7 -17.6 1.9 3.1 61.6

Aerostat oy | 2.11 2.35 11.0 1.70 0.95 -44.2
Rotation o’ 1.10 0.96 -13.0 | 0.59 0.40 -31.6
(deg) oy | 5.24 4.77 -9.1 11.78 | 2.41 -79.5
Tr | 2473 | 2220 | -10.2 | 1897 1882 | -0.87

Tether or, | 182 190 4.28 35 50 42.7
Tension on, 124 130 54 45 55 20.7
N) oT, 126 136 7.7 51 61 19.5

ory 89 - 113 26.5 30 33 3.8

Table 4.4: Comparison of experimental and simulated results for Flights 1 and 3.

to the mean wind direction. For brevity, only results for Flights 1 and 3 are presented. The
simulated turbulence appears to have the approximate characteristics of the measured tur-
bulence throughout the bandwidth of our sénsér, but it is clear that the turbulence _model
does not always recreate the actual wind spectrum, which varies significantly day to day.
The dropoff at high frequencies in the spectra for both experimental and simulated wind
data adhere to the expected -5/3 slope for isotropic turbulence [76]. The spike in the exper-
imental data of the lower plot is the result of a cooling fan onboard the platform that causes

small amplitude vibrations.

Statistical Comparison of Simulation and Experimental Results

For brevity, only two of the four passive test‘ﬂights are included in this comparison. Ta-
ble 4.4 presents a comparison of the measured and simulated data for platform position,

aerostat position and rotation, and tether tension for Flights #1 and #3. These two flights
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Figure 4.7: Comparison of experimental and simulated results of platform position and
wind speed for Flight #3.

were selected because they represent the extremes of the observed range of the validation
results. For all parameters except the aerostat position, leash angle and tension, the mean
values are omitted and only a comparison of the standard deviatioﬁ is presented. During
both test flights, the predominant wind direction was North, which is aligned with the z-
axis of our inertial frame. Thus, the lateral motion of the aerostat i_s represented by motion
in the y-direction along with the aerostat roll, ¢, and yaw, v, while the longitudinal motion
is described by motion in the = and z directions as well as aerostat pitch, 6.

Figures 4.7 through 4.9 compare time histories of measured and simulated results for
Flight 3. It is emphasized that the simulated results are not expected to directly follow
the measured results because the simulated wind turbulence was based only on the statis-
tical properties of the measured wind, not on the wind’s precise time history. The goal of
comparing time histories is to provide a general assessment of the simulation’s accuracy.

For Flight 3, the simulation results for the horizontal platform motion are within 20%
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Figure 4.8: Comparison of experimental and simulated results for aerostat position and
orientation for Flight #3.

of the actual results, which is encouraging considering this corresponds to accuracy of less
than a centimeter. For Flight 1, the predicted platform motion differs by as much as 60%
in the lateral or y-direction, which seems large, however, this corresponds to a difference
in motion of less than 2 cm. Considering the size of the positioning system: the platform
is 175 m high, anchored by tethers hundreds of meters long; a 2-cm discrepancy is more
than satisfactory for this analysis. There are several instances where our simulated results
diverge from the measurements, but these differences are not consistent across all the test
cases. During Flight 1, the simulation over-predicted the lateral position of the platform by
60% while the variation in yaw was withinIIO%. The reverse is observed during Flight 3,
as the standard deviation of the aerostat yaw angle differs by 80% while the lateral position

is predicted to within 5%.
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Figure 4.9: Comparison of experimental and simulated results of tether tension for Flight
#3.

In terms of the longitudinal motion of the aerostat, it is observed in Figure 4.8 that
during Flight 3, the simulated aerostat position in the z-direction is 4 m less than measured
corresponding to a larger blow-down angle, or leash angle, v (shown in Figure 4.1) in the
simulation. This suggests that either the wind spéed or the drag coefficient or both are over-
estimated. Conversely, during Flight 1, the leash angle of the simulated results is less than
the measured values suggesting that the wind speed or drag coefficient are underestimated.
Despite the discrepancies observed with the aerostat’s motion in Figure 4.8, the resulting
forces in the leash and the support tethers are similar for the simulation and experiment as

seen in Figure 4.9.

Comparison of Simulated and Experimental Results in the Frequency Domain

The power spectra of the experimental and simulation results for leash tension, horizontal

and vertical platform motion for Flight 3 are shown in Figure 4.10. For the two motion
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Figure 4.10: Power spectral density of simulation and experimental results; a) leash tension
b) horizontal and vertical position (results are also included from Section 4.2.1 for the tether
model).

plots, a third spectral density is given for the simulation results of the previous section
using the measured leash force in place of the aerostat model. The simulated leash tension
has a slightly larger magnitude over most of the bandwidth, but the similarity of the peaks
through the midrange of frequencies indicates that the model captures most of the important

modes affecting the leash tension. There is a noise floor for each of the measured quantities
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that prevents comparison at high frequencies. However, the simulation appears to have
some high frequency peaks that were not measured during the flight. The peak in the
simulated leash tension at 2 Hz suggests that a particular oscillation is overemphasized in
the model, but the magnitude is small enough that it is not expected to have much impact
on the statistical validation in Table 4.4.

The results for the vertical motion of the tether model show excellent agreement with
the experimental results, except at the lowest frequency and at a spike at about 0.7 Hz. The
low frequency discrepancy is due to tether creep, observed in Figure 4.5, but the source
of the spike at 0.7 Hz is not clear. The magnitude of the peak is small enough to not
significantly affect the results as good statistical agreement between the tether model and
the flight data can be seen in Figure 4.5 and Table 4.3.

In general, the discrepancies between the model predictions and experimental measure-
ments observed in both the time and frequency domain are likely due to the imprecision
involved with estimating the actual wind input. Because the wind model is based on mea-
surements taken 150 m below the aerostat in only fhe horizontal direction, it is improbable
that the extrapolated 3-D wind disturbance applied to the aerostat'accurately matches the
actual wind conditions. Lacking confidence in the wind model, it is difficult to reach defini-
tive conclusions as to the quality of the aerostat model. Overall, the dynamics model for
the passive system has been shown to agree satisfactorily with the experimental system at
a statistical level. To further validate the aerostat model, more precise knowledge of the

actual wind conditions near the aerostat is necessary.

4.3 Design Application

With a basic level of confidence established in the dynamics model for the tethered aerostat
‘system, it becomes a powerful design and analysis tool. An analysis of one of the most
crucial design parameters, the aerostat shape, is presented as an example of the model’s
proficiency as a design tool. Since nearly all the disturbances to the platform are due to

the aerostat’s aerodynamics, it is clear that its shape is an important design parameter.
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Streamlined | Spherical
Diameter (m) 7.7 10.15
Length (m) 184 10.15
Surface area (m?) 495 324
Volume (m?) 530 548
Mass (kg) 181 120
Net lift (kg) 299 375

Table 4.5: Physical properties of a streamlined and spherical aerostat.

Intuitively, a streamlined aerostat with minimal drag is the most attractive shape since its
aerodynamic forces will have a smaller magnitude compared to bluff bodies such as a
spherical acrostat. However, éarlier simulation work of the LAR system has suggested
that a spherical aerostat may have important advantages over a streamlined aerostat [3]. A
thorough comparison of simulation results using the two types of aerostats was conducted
with the goal of evaluating which class of aerostat is expected to lead to smaller platform

motion of the LAR system.

4.3.1 Aerostat Comparison

The potential advantage of a spherical aerostat arises from its uniform frontal area in all
directions. This means that its aerodynamic force consists strictly of drag, whereas an
aerodynamic streamlined aerostat has the potential to generate lift as as well as drag at
any non-zero pitch angle. This difference is significant with the LAR system because the
response of the leash tension to turbulent wind gusts is what provides the input disturbance.
The spherical aerostat will have a larger mean tension but its variance about that mean
should be less, which could possibly lead to smaller deflections of the platform depending

on the geometric configuration of the tethers.

Aerostat Specifications

The two aerostats that will be compared are fictitious and based on the estimated proper-
ties of aerostats produced by Aerostar International. The streamlined aerostat has the same

dimensions as our aerostat, BOB, but it is lighter as Aerostat’s proposed envelope material
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is significantly lighter than BOB’s envelope material. The physical properties of the two
aerostats are presented in Table 4.5. The volume of the aerostats is similar (the spheri-
cal aerostat has 3% more volume because its dimensions were optimized for the aerostat
hangar at DRAO), but the net lift of the spherical aerostat is 25% higher because of its
lower mass. The aerodynamics for the streamlined aerostat are identical to what has been
presented presented for BOB, but with a lower mass. The aerodynamics for the spherical
aerostat are much simpler as its rotational degrees of freedom are neglected and only a sin-
gle drag force is required, however, complexities arise when incorporating vortex shedding

behaviour and estimating the drag coefficient for a tethered sphere.

4.3.2 Spherical Aerostat Aerodynamics

The original dynamics analysis of the LAR multi-tethered aerostat system performed by
Nahon [2] included a spherical aerostat, but this model was incomplete as it did not con-
sider known vortex shedding effects. Vortex shedding is a well-documented phenomenon
affecting bodies with circular cross-sections such as cylinders and spheres. As vortices

form downstream of the body, a transverse oscillatory motion is produced.

A direct method for incorporating vortex shedding behaviour into the dynamics model
of a spherical aerostat is to add a transverse sinusoidal force to its motion equations [24].
The magnitude of the superimposed vortex shedding forcing function was determined by
trial and error, i.e. for a specified oscillation amplitude and frequency, the magnitude of
a sinusoidal force applied to the aerostat was adjusted until the desired amplitude was

reached.

The magnitude of the expected vortex shedding oscillations are estimated based on ex-
perimental work by Govardham and Williamson [77] and Coulombe-Pontbriand [78] [79].
The study of Govardham and Williamson tested the vortex shedding motion of a teth-
ered sphere over a range of controlled-flow conditions at relatively low Reynolds number
Re < 1.4x10%. Coulombe-Pontbriand tested a spherical aerostat in open-air over a smaller

range of conditions, but nearer to the Re of the flow conditions of our experimental system,
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314
Zenith angle, 6,.(deg) 60 | 60
Azimuth angle, 8,,(deg) | - | - | 60 | 60
Mean wind, U(m/s) 5|7

| —
(=]l 8]

9}
~

Table 4.6: Conditions for aerostat c‘omparisbn simulations.

which is approximately Re = 108 at moderate wind conditions.

The approach for this analysis is to use both se.ts of results to obtain conservative esti-
mates of vortex shedding behaviour. For instance, the amplitude of the vortex shedding os-
cillation of our spherical aerostat is based on dafa from Govardham and Williamson at low
wind speeds, but at high wind speeds the proportional relationship between amplitude and
wind speed observed by Coulombe-Pontbriand was applied (Govardham and Williamson
observed a saturation of amplitude with wind speed). Coulombe-Pontbriand also found
that the vortex shedding frequency did not increase with wind speed and instead remained
near the natural pendulum frequency of the system. However in this analysis, the vortex
shedding frequency increases slightly with wind wind speed as observed by Govardham
and Williamson, since this should lead to more conservative modeling of the vortex shed-
ding effects (higher frequency oscillations are a higher energy disturbance to the tethered

system).

Both of these vortex shedding analysis also documented that the drag coefficient for a
tethered sphere is significantly higher than for an ordinary fixed sphere due to the trans-
verse oscillations observed only with the tethered sphere. Coulombe-Pontbriand presents
an estimate of Cp,, = 0.55 for supercritical flow, Re > 3.5 x 10° while Govardham
and Williamson estimate Cp,,, = 0.65 for the subcritical region Re < 2 x 10%. These
results contrast the results found by Wieselsberger for a fixed sphere of approximately
Cpsph = 0.4 for subcritical Re and Cp,y,, = 0.15 for supercritical Re [80]. The original
spherical aerostat model for the LAR system used Wieselsberger’s drag coefficient [2], but
the current analysis uses the higher values determined for tethered spheres which experi-

ence vortex shedding.
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Figure 4.11: Simulation results for platform (left) and aerostat (right) for a spherical and
streamlined aerostat for test case #1.

4.3.3 Results

Simulation results for four different test cases are used to cdmpare the relative performance
of the aerostats. The cases include two different geometrical configurations at two different
wind speeds as summarized in Table 4.6. The two geometries represent the best case,
6. = 0° and the worst case at the maximum zenith angle, 6, = 60° and an azimuth angle
0., = 60° (worst case geometry found by trial and error). The two wind speeds, U = 5 m/s

and 7 m/s represent respectively typical and maximum operating conditions.

Results of the comparison for test case #1 are presented in Figure 4.11 for the position

of the platform and aerostat and Figure 4.12 for the tether tension. The vortex shedding
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Figure 4.12: Simulation results for tether tension for a spherical and streamlined acrostat
for test case #1.

oscillation is clearly observed in the y-direction of the spherical aerostat. The high drag of
the spherical aerostat is apparent by its position in the z-direction (wind angle was 180° or
in the negative z-direction) as well as in larger tether tensions. However, the fluctuations
about the mean tether-tensions appear to be smaller with the spherical aerostat. The overall
performance of the system is quantified by the magnitude of the resulting platform motion;
for the streamlined aerostat the motion is smaller iﬁ the two horizontal directions but larger

in the vertical direction.

A summary of the results for the four test cases is provided in Table 4.7. The general
trends observed for case #1 in Figures 4.11 and 4.12 are consistent with the three other
cases as the horizontal deviations of the platform are less with the streamlined aerostat

while the vertical deviation is less with the spherical aerostat. However, the magnitude of
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Parameter #1 #2 #3 #4
Sph. | Str. | Sph. | Str. | Sph. | Str. | Sph. Str
Platform | o, | 0.032 | 0.011 | 0.052 | 0.023 | 0.039 | 0.031 | 0.051 | 0.044
Position | o, | 0.042 | 0.030 | 0.054 | 0.038 | 0.061 | 0.055 | 0.078 | 0.079
(m) o, | 007 | 0.18 | 0.12 | 033 | 0.15 | 0.38 | 0.31 | 0.66
Tr, | 3742 | 2974 | 3880 | 3068 | 3730 | 2964 | 3846 | 3032
71 | 3006 | 1991 | 3389 | 2220 | 6008 | 4336 | 6281 | 4511
Tether | 15 | 2292 | 1879 | 2089 | 1858 | 5395 | 4239 | 5097 | 4317
Tension | 73 | 2301 | 1873 | 2103 | 1992 | 1794 | 1343 | 1793 | 1388
(N) oy, 71 127 141 313 56 134 120 233
o 93 160 164 274 115 146 232 433
or, 97 139 153 266 116 243 219 425
or, | 113 167 176 298 113 115 154 175

Table 4.7: Comparison of simulated results for a spherical and streamlined aerostat.

the vertical motion is much greater than the horizontal motion, and thus, the corresponding
advantage of the spherical aerostat vertically is much greater than the horizontal advantage
with the streamlined aerostat'(tens of cm opposed to tens of mm). Also favourable for
the spherical aerostat is that its larger magnitude horizontal deflections are relatively low

frequency and thus, should be manageable with a control system.

The distinct response to turbulent wind gusts is the cause for the divergent performance
between the two aerostats. The spherical aerostat, as already mentioned, is characterized
by a single drag force and therefore it only generates aerodynamic force in the direction of a
wind gust. In contrast, the streamlined aerostat generates lift as well as drag when its angle
of attack is non-zero. This causes the standard deviation of the leash tension to potentially
be greater for the streamlined aerostat when it has non-zero pitch or is exposed.to multi-
directional gusts. Furthermore, because the leash is near vertical and the tether structure
has lower stiffness in the vertical direction, the system is more sensitive to the streamlined
aerostat’s mostly vertical perturbations than the spherical aerostat’s perturbations which
have a smaller vertical component.

At high wind speeds (cases 2 and 4), it is interesting to note that the tension in certain
tethers increases while in others it decreases. For example, with case #2 at U = 7 m/s

the tension in tether 1 is higher than in case #1 with U = 5 m/s, while the tension in both
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tether 2 and 3 is lower. The wind direction is along tether 1 and hence it becomes tighter
with more wind, and the other two tethers, which are angled into the wind, see a reduced
tension. This effect is more pronounced with the spherical aerostat as it has a larger drag
force, and the effect would be much more profound at even higher wind speeds when the
spherical aerostat’s blowdown angle increases. The performance of the system degrades
significantly when the tension in any tether drops below a certain threshold and becomes
somewhat slack. Poor performance was observed with the experimental system on March
23 when the mean tension in tether 3 was only 173 N (Table 4.2), but the actual threshold
for a slack tether is expected to be near 600 N or 700 N depending on the specific tether
geometry. The aerostats compared in this section were selected to have enough excess lift
so that none of the tethers experiences slack tether conditions during normal operations,
but it is understood that at wind speeds beyond the operational limit of the LAR system,

the system would be much more susceptible to a slack tether with a spherical aerostat.

The minimum tether load is important when considering performance related to slack
tethers, while the maximum tether load is important when considering the system design
and safety. The maximum tether loading during the four test cases occurred during case #4,
which is expected since the tether geometry is asymmetric and it is a high wind case. For
the spherical aerostat the maximum tension was 6940 N and for the streamlined aerostat it
was 5480 N. The ultimate load for the 6-mm Plasma tethers used with the experimental
system is 35.6 kN [59], which results in a safety factor of 5.1 for the sphere and 6.5 for the
streamlined aerostat. The experimental system was designed with a safety factor of 5, thus,
either aerostat would meet the design criteria. However, the wind speed U = 7 m/s is only
the operational limit of the proposed LAR telescope, and the telescope must be prepared to
encounter more excessive winds. Therefore, for the detailed design of the actual telescope,

the effects of higher wind speeds on tether loading must be considered in greater detail.

Apart from the tether loads and the confluence platform motion, there are several logis-
tical factors to consider when evaluating an aerostat for the LAR system, including details

related to launching, retrieving and storing the aerostat. However, within the context of the

7



current work, the purpose of the comparison was to investigate and contrast the dynamics
behaviour of the tri-tethered system with a spherical aerostat and a streamlined aerostat.
Through simulation results it was demonstrated that the spherical aerostat, despite its high
drag and vortex shedding behaviour, outperforms a streamlined aerostat in terms of mini-

mizing platform motion.

78



Chapter 5

Controlled Response of System

During the spring of 2005, the second phase of testing of the tri-tethered aerostat system
at DRAO was conducted. This phase involved tether actuation with active winches. Like
the previous chapter, this chapter is divided into three distinct themes: first the experimen-
tal results are presented to demonstrate the performance of the positioning system, now
operating with control system input, next the model results will be compared to the mea-
surements to ascertain and validate the model’s accuracy, and finally a design application
will be presented where design parameters such as the the number of tethers and the base

radius are examined.

5.1 Controlled Flight Tests

Several challenges related to winch communication and power were encountered while
transitioning the test facility from a passive to active system. Because of the large distances
of the SERCOS loop that connects the winches in series (Figure 2.9), long runs (> 500 m)
of fiber-optic cables were required. Initially the cables were placed above ground inside
conduit piping but after several line failures, more robust fiber-optic cables were purchased
and buried below ground. The winches also required connection to high voltage power
lines which were also buried. The initial layout for the winches called for placement on
a circle with a radius, Rg = 400 m, but the location of the power lines limited the actual

radius to g = 364 m. This difference should not have a significant effect on the experi-
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mental results. Strict dynamic similarity to the full-scale LAR system is compromised and
thus any results are not directly scalable, but the validation of the dynamics model is not
affected as the geometry of the model is adjusted to match the experiment. The workspace
of the positioning system is reduced by the smaller base radius, and therefore the maximum

zenith angle tested is 6,, = 50° instead of 8, = 60°.

With the passive elements of the dynamics model validated in the previous chapter,
the incremental validation of the model continues with first a comparison to the open-loop
response of the experimental system, followed by a comparison of the total model with
measurements obtained during closed-loop control. The initial tests conducted at DRAO
with functioning winches were with open-loop control; a specific command was sent to a
winch and the system’s response was measured. For the second round of flights, feedback
control was implemented to regulate the platform position about a fixed point using the
PID algorithm described in Section 3.5. The closed-loop experimental results will initially
be presented on their own to demonstrate the effectiveness of the positioning system. This

will be followed by comparisons to the closed-loop behaviour predicted by the simulation.

5.2 Controlled Results and Model Validation

The first stage of validating the complete dynamics model of the multi-tethered aerostat
system, based on passive tethers with fixed lengths, gave encouraging results, however,
there was a certain level of imprecision due to uncertainty in recreating the precise wind
input. To validate the dynamic actuation of the tethered system, it was decided to remove
as much of the wind model uncertainty as possible. This was achieved first by analyzing
the open-loop performance of the complete system in calm conditions, thus minimizing
the influence of the wind, and second by simulating the closed-loop response of the model

with the aerostat aerodynamics replaced by the actual measured leash force.
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5.2.1 Open-loop

A convenient approach to assessing the model of the tether actuators is to compare its
open-loop response to that of the experimental system. The platform position in response
to open-loop sinusoidal winch inputs was measured on four separate flights. Each flight
was conducted in the early morning to ensure wind disturbances would be minimal (the
measured wind speed at the platform was less than 1 fn/s).

To facilitate the open-loop comparison, the dynamics model was linearized using the
numerical techniques of Section 3.8 to generate the magnitude and phase relationship be-
tween winch inputs and platform pbsition outputs over a range of frequencies, known as a
Bode diagram. The resulting Bode diagram from the linear model can be directly compared
to approximate Bode plot for the experimental results obtained using open-loop flight data.
Figure 5.1 gives separate Bode plots for each of the three Cartesian coordinates of the iner-
tial frame. The input to the system is a sinusoidal length change in tether #1 and the system
is in the symmetric configuration, 8,. = 0°. Due to acceleration limits of the winch motors,
the highest frequency tested was 2.5 Hz. For the high frequency tests, particularly in the
z-direction, it was not possible to estimate the phase angle satisfactorily as the motion was

of small magnitude and corrupted by noise.

The results in Figure 5.1 show a good match between the linear model and the measured
frequency response. The general shape and the main features of the Bode plot are present
in both sets of results. The main peak .of the Hnear model for the magnitude of the z and y
horizontal directions may be shifted slightly toward lower frequencies, but they appear to
have the appropriate magnitude.

In the vertical direction; there is good agreement at low frequencies but the results di-
verge at higher frequencies. For most of the divergence region, the magnitudes are quite
low, so the discrepancy could be attributed to insufficient measurement resolution. How-
ever, even if it is a real discrepancy in the model, the magnitude is low enough that it will
not degrade the results. The exception is the peak at 2 Hz, which crosses the 0-dB line. The

response at this frequency appears to be overstated in the model and as a result, the vertical
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Figure 5.1: Bode plot comparison of simulated and experimental payload position in re-
sponse to input at winch #1 with 6,, = 0°.
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zenith, 6,, = 0° | zenith, 6,, = 30° | zenith, 4,, = 50°

Control No Yes No Yes No Yes
# of trials 5 5 2 2 3 3

| Wind (m/s) U 3.37 2.35 2.43 2.34 3.51 2.44
Turb. intensity | oy /U | 0.16 0.21 0.42 0.32 0.24 0.23
Aerostat oz | 2.41 1.97 | 2.54 3.06 3.36 2.88
Position oy 4.97 5.62 4.88 4.17 5.24 4.75
(m) o, 0.23 0.26 0.29 0.19 0.31 0.18
-Platform o, |0016| 0.004 |0.042| 0.013 |0.074| 0.038
Position oy 0.030 | 0.010 |0.035| 0.012 |0.063| 0.031
(m) o, 0.113 | 0.062 |0.138 | 0.076 0.24 0.084
Reduction(%) Oz - 63 - 69 - 49
Reduction(%) Oy - 68 - 54 - 51
Reduction(%) o, - 45 - 45 - 65

Table 5.1: Summary of experimental results with and without control at three different
configurations.

motion in the simulation may have a larger amplitude at this frequency (as observed in Fig-
ure 4.10). The lower frequency region of the Bode plots is far more critical when assessing
the quality of the simulation as the bulk of the input forces are low frequency due to the
substantial size of the system. During the closed-loop test flights, the peak in the vertical
magnitude near 0.15 Hz has been observed to dominate the overall motion of the platform
and was shown to become unstable with high gains (Figure 5.4). Based on open-loop test
data near this frequency, which shows a peak near 0.13 Hz in the vertical Bode plot of
the magnitude, it appears that a vertical bounce at a similar frequency is prominent during
both closed-loop and open-loop operation. Figure 5.1 shows that both the amplitude and
phase of this open-loop bounce mode is characterized well by the linear model relative to

the experiments.

5.2.2 Closed-Loop Test Results

A summary of the results during 10 controlled and uncontrolled trials is presented in Ta-
ble 5.1. Three different zenith angles were tested: 6, = 0° (symmetric configuration),
0, = 30°, and 6,, = 50° (edge of the workspace for the experimental system with

Rp = 364 m). The results in Table 5.1 are averaged values over the several trials at
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Figure 5.2: Experimental results for platform position during May 6 test with and without
PID control at 8, = 0°.

each zenith angle. The effectiveness of the closed-loop winch control is clearly demon-
strated as the platform deviation for each case is smaller with the control active than with
no control. This result may seem intuitive as feedback control is routinely used to improve
performance of mechanical systems, however, the large dimensions of the system, which
employs tether actuators half-a-kilometer long controlled by winches located hundreds of
meters away from the position sensor, and the low control-bandwidth (10 Hz) introduces
considerable challenges to the controller’s overall effectiveness.

The percentage reduction between the controlled and uncontrolled standard deviation
of the platform motion, also included in Table 5.1, ranges from 45% to 69%. The reduc-
tion at each of the three zenith angles tested are comparable in terms of percent, but the
magnitude of the motion clearly increases with zenith angle.

Figure 5.2 shows the platform positioning during a flight on May 6, 2005, which

visually demonstrates the effectiveness of the controller. A PID controller with gains
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Figure 5.3: Power spectral density of platform position during May 6 test at 8, = 0°.

Kp = 0357}, K; = 0.05s72, and Kp = 0.05, was used for the first portion of the
tests and at ¢ = 2200 s, the winch control was turned off and the tether lengths were fixed.
The gains were manually tuned at the start of the testing period. The low frequency motion
is clearly reduced while the controller is active, but in the vertical direction, high frequency
vibrations appear to have a slightly higher amplitude with control. This is confirmed by
examining the performance of the controller across the frequency spectrum. The PSD of
the May 6 results are given in Figure 5.3; results are presented for a third proportional-only
(Kp = 0.3 s71) controller as well as the PID control and no control cases from Figure 5.2.
The PSD in the z-direction was omitted since it was similar to the plot in the y-direction.
The proficiency of the controller at reducing platform motion at low frequencies is con-
firmed in the PSD plots, but the bandwidth of effectiveness varies between the horizontal
and vertical directions. Horizontally, the controller is effective up to 0.3 Hz, while verti-

cally it appears to only be effective up to 0.05 Hz.

The high frequency vertical oscillations observed in Figure 5.2, which appear to be

larger with the feedback controller, correspond to the peaks near 0.2 Hz in the PSD plot.
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Figure 5.4: Platform position during instability on March 22 with Kp = 0.75 s

Indeed, the controller appears to amplify the response near this frequency, which suggests
that one or more vertical modes of the closed-loop system are susceptible to excitations.
This vertical bounce mode near 0.2 Hz was observed to lead to instabilities if the feedback
gains were too high. For example, the proportional gain for the test shown in Figure 5.4
was turned up to Kp = 0.75 s71, and the vertical bounce mode was observed to grow until

it exceeded 1 m and the controller was powered down.

Reéults for the PSD of a high zenith case 0,, = 50°, are provided in Figure 5.5. For
this test, the controller had only a proportional gain, Kp = 0.4 s~'. At the high zenith
angle the controller is also effective at low frequencies (< 0.05 Hz) while exciting the
system and adding energy near 0.1 Hz. A notable difference in Figure 5.5 compared to its
low zenith counterpart in Figure 5.3 is in the midrange frequencies (0.04 Hz to 0.1 Hz) of
the y-direction, where the amplitudes in Figure 5.5 do not drop off until 0.1 Hz. Because
the large amplitude motion extends past the effective controller bandwidth, the horizontal

motion at 6,, = 50° is much greater than at §,, = 0°. This was also observed in Table 5.1
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Figure 5.5: Power spectral density of platform position during May 27 test at §,, = 50°.

where the horizontal deviation at §,, = 50° was several times greater than the deviation at

8. = 0°, while the vertical deviations were of comparable magnitudes.

Overall, the closed-loop results are encouraging from the perspective of the LAR tele-
scope as the approximate design goal of 17 cm RMS platform error for the scaled system is
exceeded during the experimental trials, which produced RMS errors of less than 10 cm. It
is possible that a PID controller with optimally tuned integral and derivative gains could im-
prove on the test results performed thus far; however, the inability of the PID controller to
improve the response past 0.05 Hz and its contributions to the problematic vertical bounce
mode suggest that a more sophisticated controller is necessary to further improve the per-
formance of the positioning system. Once the dynamics model for the entire closed-loop
system is validated in the remaining sections of this chapter, the model will be used in
Chapter 6 to develop and evaluate advanced controllers that outperform the basic PID con-

troller.
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5.2.3 Closed-loop Validation

The model of the feedback control system can be validated by comparing simulation and
experimental output with matching input disturbances. This procedure assumes that the
majority of the disturbances are generated by the aerodynamic forces on the aerostat and

transmitted to the platform through the leash, which was confirmed in Section 4.2.1.

The results from two specific flights will be used to validate the dynamics model and
clearly demonstrate the effectiveness of the actual control system. The flights correspond
to the two configurations éxamined in Figures 5.3 and 5.5 at zenith angles 6, = 0° and
0,. = 50° respectively. During the tests flights at each configuration, two separate trials
were performed; the first is with the feedback control activated and the second is with no
control. The two trials for the first flight at §,, = 0° are labeled as A (with control) and B
(without control) and the two trials for the second flight 6., = 50° are labeled as C (with

control) and D (without control).

The experimental results for each trial are presented along with two sets of simulation
results, one with the same control scheme tested during that trial and one with the oppo-
site control scheme (if a controller was tested, the opposite scheme is with no controller
and vice versa). With matching control, a comparison of the simulated and experimental
results appraises the accuracy of the model predictions, while the results with the opposite
control scheme provide an estimation of the effectiveness of the actual control system. For
the experiments with control, the simulated results without control provide a benchmark to
quantify how much improvement can be attributed to the controller. For the experiments
without control, the simulated results with control provide a prediction of how much the
controller might have changed the results had it been active. This approach to controller
evaluation assumes that the aerostat’s response to control ihputs is relatively small com-

pared to its response to the wind input (an assumption that is qualified in Section 6.2).

The results for the four trials are summarized in Tables 5.2 and 5.3 and plotted in
Figures 5.6 to 5.9. The tables include the standard deviation of the platform position and

the mean and standard deviation of the tether tension. Only tensions in tethers #1 and #3 are
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Trial A, U = 1.2m/s | Trial B, U = 0.9 m/s
Control Yes Yes No No No Yes

Type Exp. | Sim. | Sim. | Exp. | Sim. | Sim.
Platform o, | 0.002 | 0.001 | 0.003 | 0.005 | 0.005 | 0.002
Position o, | 0.003 | 0.004 | 0.011 | 0.012 | 0.014 | 0.004

(m) o, | 0.022 | 0.027 | 0.054 | 0.053 | 0.067 | 0.026
Ty | 1495 | 1415 | 1415 | 1489 | 1424 | 1424
Tether o, | 36 37 37 47 48 48

Tension (N) | 75 | 1312 | 1328 | 1328 | 1296 | 1300 | 1299
or, | 36 37 36 49 52 52

Table 5.2: Comparison of experimental and simulated results at 8, = 0° with control
(A) and w1th0ut (B) for tests on May 6, 2005. The PID galns used were Kp = 0.3 s71,
K; =0.05s"2, and Kp = 0.05.

Trial C,U = 4.0m/s | Trial D, U = 3.8 m/s
Control Yes Yes No No No Yes

Type Exp. | Sim. | Sim. | Exp. | Sim. | Sim.
Platform o, | 0.056 | 0.043 | 0.082 | 0.073 | 0.072 | 0.036
Position oy | 0.046 | 0.036 | 0.077 | 0.064 | 0.065 | 0.030

(m) o, | 0.092 | 0.107 | 0.215 | 0.156 | 0.184 | 0.084
Ty | 2160 | 2170 | 2171 | 2241 | 2264 | 2262
Tether or, | 136 141 138 112 117 119

Tension (N) | T5 | 492 | 529 | 531 516 | 538 | 536
or, | 55 54 52 42 44 46

Table 5.3: Comparison of experimental and simulated results at 6, = 50° with control
(C) and without (D) for tests on May 27, 2005. The PID gains used were Kp = 0.4 s7%,
K;=Kp=0.

reported as the load cell for tether #2 malfunctioned during the tests. The z, y, 2-position
of the platform is plotted against time and the power spectral density of the position in
the z and z directions are included in the figures (the PSD of y was omitted as it strongly
resembles the PSD of x).

The simulation results with the matching control schemes correspond well to the ex-
periments for all four trials, but the agreement is clearly better for the trials A and B with
the system in the symmetric configuration. There is substantial noise with the GPS mea-
surements, which is most noticeable in the z-direction of Figure 5.6 for trial A, where the

motion was small. The presence of noise is also apparent in the experimental PSD plots as
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Figure 5.6: Comparison of experimental and simulated results for platform position for
trial A, a) time history, b) PSD.
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Figure 5.7: Comparison of experimental and simulated results for platform position for

trial B, a) time history, b) PSD.
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Figure 5.8: Comparison of experimental and simulated results for platform position for
trial C, a) time history, b) PSD.
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a flattening of the curves is observed at high frequencies. Despite the measurement noise, it
is observed that the simulation clearly predicts the low frequency motion accurately which
can be seen in both the time histories and the PSD plots. It should be noted that any dif-
ference in the mean value of the positions is not significant as it is due to inexact initial
conditions. The simulation starts from a static equilibrium position whereas at ¢ = 0 of the

measurements, the actual system has dynamic motion.

For trial A, the standard deviation of the simulated vertical motion is within 5 mm
of the measured motion and the difference between the horizontal deviations is less than
1 mm. For trial B, the system is uncontrolled and the difference between the simulation
and experiment is 14 mm vertically and less than 5 mm horizontally. Considering the scale
of the system, the accuracy of simulation strongly validates the tether model. The passive
or unactuated lumped-mass tether model was previously validated in Chapter 4 and in prior
studies [43] [44], but this work represents the first experimental validation of the actuated
or length-varying lumped-mass tether described by Kamman [39] and Nahon [2]. The good
agreement with the experimental results suggests that the parameter-varying discretization

method is suitable for long actuated tethers.

During trial B, a horizontal oscillation at 0.2 Hz was measured that cannot be attributed
to sensor noise. The oscillation does not show up in the simulation results, which can
be seen toward the end of the time histories and in the PSD with the missing peak at
0.2 Hz. It is difficult to ascertain what is causing the oscillation, but it does not appear to
originate from the disturbance force transmitted through the leash. The slack central tether
used during deployment and retrieval, which is attached to the tether confluence point, is
not included in our dynamics model and it is possible that it can have a small impact on
the platform motion. Because the magnitude of the oscillation is relatively small (about
1 cm) and the simulation accurately predicts the higher-amplitude low-frequency motion,

the results are deemed satisfactory.

The simulation results for the high zenith case, trials C and D in Figures 5.8 and 5.9,

do not match the measurements as well as at the previous trials at the zenith. The general
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characteristics of the motion are predicted well, as observed by the similarity in the PSD
plots, but the amplitude of the oscillations are not always accuraté, which is observed in
the time histories and the statistics in Table 5.3. One explanation for the reduced accuracy
of the simulation at high zenith angles is that in this configuration the system is less stiff
and therefore more sensitive to estimation errors. The system loses stiffness as the three
tethers become asymmetric because the tension in at least one tether inevitably drops. For
the configuration tested in trials C and D, the tension in tether 3 drops substantially below
the other two. The stiffness of an individual tether can depend greatly on its tensile load
as the amount of sag in the tether profile drastically affects its stiffness. Therefore, at the
high zenith configuration, any errors in the tension distribution among the tethers in the
model will result in greater discrepancies than for the symmetric case at the zenith. This is
confirmed by the results of trials A and B, as the simulated mean tether tensions differed
from the measured tensions by larger amounts than in trials C and D, while still producing
excellent agreement in the motion (discrepancy in the standard deviation < 15 mm in
each direction for the platform position). Although the mean tensions have a DC error,
the standard deviation of the tensions are similar i‘ndicating the disturbing functions were

similar.

The imprecision in the model’s distribution of forces to the three support tethers could
be caused by assuming that all three tethers and the leash meet at a single point-mass
or node at the confluence point. The entire platform weight and the associated weight
of the slack central tether are applied to this node whereas in the real system the weight
of the platform and the central leash are likely to be distributed unequally to the three
tethers. Despite the discrepancy in mean tether loading and its implications at the high
zenith angle, the simulation has proven effective at predicting the response of the system

with and without a controller.

With the first set of simulation results vefifying the reliability of the model, the second
set of simulation results can be utilized to confirm further the effectiveness of the controller.

This approach is more direct than comparing the two separate time histories of the motion
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that were exposed inevitably to different wind disturbances as in Section 5.2.2. The dash-
dot lines in Figures 5.6 to 5.9 show the predicted response of the system if the opposite
control scheme would have been used. It is clear that the controller is very effective at
limiting low frequency motion in all three directions and in terms of its standard deviation,
in all four trials, the controller reduces the motion in all three directions by roughly 50%.
Improved performance can be achieved in the simulation by using higher gains, namely
proportional and derivative. However, during the test flights, instabilities occurred if the
gains were increased beyond the values given in Tables 5.2 and 5.3. The experimental
limit of the gains is likely imposed by the GPS measurement noise, which is not included
in the model. From the PSD plots, it is observed that the controller is most effective at
the lowest frequencies, and has little impact beyond about 0.05 Hz. Efforts in Chapter 6
will focus on expanding its effective bandwidth with the use of more advanced controllers
than the simple PID. The complete and validated dynamics model becomes a useful tool

for evaluating and testing controllers before implementation on the experimental system.

5.3 Modal Analysis

A dominant vertical mode has been observed during both open (Figure 5.1) and closed-
loop (Figure 5.4) results. Characteristics of this vertical bounce mode observed at 0.13 -
0.2 Hz can be identified by performing a modal analysis on the linearized system described
in Section 3.8. The modal analysis consists of studying the eigenvalues and eigenvectors of
the system matrix, A. The unruly Size (186 x 186) of A makes a comprehensive analysis
of all the modes difficult; however, since the motion during flights and in simulation can
be dominated by a single vertical oscillatory mode, this mode is the exclusive focus of
this analysis. The results of this analysis are strictly only applicable to the uncontrolled
behaviour of the system, but it may be possible to determine some of the mode’s general
characteristics from the modal analysis of the uncontrolled system.

A summary of the modal information for this mode is provided in Table 5.4 for the sys-

tem at 6, = 0°. The damped natural frequency, wy; = 0.137 Hz is similar to the frequency
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Eigenvalues | 715 | —0.145 4 0.850¢
Frequency (Hz) | wy 0.137
Damping ratio | ¢ 0.17
Tp 0.001 £ 0.0001%
Eigenvector zp | 0.011 £ 0.0003:
Elements Up- | —0.001 & 0.0004%
(platform) Up 0.005
Zp 0.012 £ 0.0702
zp | —0.0829 £ 0.0002:
T4 | 0.0034 £ 0.0005:
Eigenvector x4 | —0.0001 £ 0.0040:
Elements Ua: 0
(aerostat) Ya 0
Za 0.010 £ 0.094:
za | —0.11 £ 0.0068:

Table 5.4: Characteristics of vertical bounce mode.

of the vertical mode observed during controlled tests. The modal damping is appreciable at
¢ = 0.17, but when the input disturbance is near the mode’s natural frequency, resonance
amplifies the mostly vertical motion as seen in the Bode plot of Figure 5.1. The elements
of the eigenvectors indicate the relative amplitude and phase of the state variables. The
magnitude of a complex eigenvector is a measure of the relative amplitude of its oscilla-
tory behaviour, while the angle between eigenvectors in the real-imaginary plane indicates
their phase angle difference. For brevity only the eigenvector values for the aerostat and
platform’s motion variables are included in Table 5.4. It is clear that this mode consists of
mostly vertical motion as the horizontal eigenvectors are much smaller than their vertical
counterparts. It is also interesting fo note that the vertical motion of the aerostat and the
platform are essentially in phase, which is what was observed .during flight tests (see Fig-
ure 4.2). The amplitude ratio between the vertical position of the platform and the aerostat
2plz4 = 0.0829/0.1093 = 0.76 is similar to the amplitude ratio observed in Figure 4.2 and
Table 4.2 for the open-loop system dﬁring flight 4.

The overall performance of the system could be improved if certain chaiéicteristics of
this mode such as the damping ratio and the amplitude ratio between the platform and

aerostat could be altered. However, adding damping to the system is not trivial and would
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likely involve adding some type of passive damping system, as the damping characteristics
of the tethers are not easily manipulated. Perhaps the most direct and practical means to
improving the behaviour.of this mode is to reduce the stiffness of the leash. This does not
alter the overall stiffness of the tension structure, but it does benefit the modal characteris-
tics. The leash has relatively high stiffness as its strength member is.comprised of Spectra,
which has a modulus of elasticity of F = 23.8 GPa. If the elasticity of the leash is re-
duced to E = 5 GPa, the modal damping ratio increases to ( = 0.19 from 0.17. Although
this seems like a modest gain, the amplitude ratio between the platform and the aerostat
position decreased to z,/z4 = 0.49 from 0.76. The benefits of using a low-stiffness leash
and other leash damping strategies were investigated in greater detail by Deschenes and
Nahon [81]. This brief study of the vertical bounce mode provides insight into the features
of the mode and suggests a simple approach to reducing the problematic motion observed

during tests.

5.4 Design Application

As demonstrated in the prévious chapter, once the dependability of the dynamics model
is established, it becomes a valuable design tool to evaluate and compare modifications
to the positioning system. To illustrate the proficiency of the dynamics model complete
with closed-loop tether actuation, the system is evaluated while changing two important
design parameters; the number of support tethers and the size of the winch perimeter or
base radius, Rp. Increasing the number of tethers> beyond three potentially improves the
positioning system as the additional tethers have the ability to stiffen the structure by main-
taining tension during highly asyinmetric configurations at extreme zenith angles. On the
other hand, adding tethers also édds weight to the system, which reduces the amount of
aerostat buoyancy that serves to tension the system. To analyze the precise implications of
using more tethers, simulations were performed using 3, 4, 5 and 6 tethers.

Simulation results are presented for two configurations: the symmetric case (6, = 0°)

and at the worst case (0, = 6,, = 60°). The leash disturbance force implemented in the
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Zenith angle, 0, 0° 60°

# of tethers 3 4 5 6 3 4 5 6
Error in f.p. (m) 0.002 | 0.002 | 0.002 | 0.002 | 0.070 | 0.045 | 0.038 | 0.036
Error out of f.p. (m) | 0.028 | 0.027 | 0.028 | 0.033 | 0.041 | 0.034 | 0.031 | 0.032

Table 5.5: Summary of simulated results with different numbers of tethers for configura-
tions with a base radius, RB =400 m

Zenith angle, 0., O 0° 60°

Base radius (m), Rp 240 | 320 | 400 | 240 | 320 | 400
RMS error in f.p. (m) 0.002 | 0.003 | 0.002 | 0.007 | 0.018 | 0.036
RMS error out of f.p. (m) | 0.009 | 0.017 | 0.033 | 0.018 | 0.021 | 0.032

Table 5.6: Summary of simulated results with different numbers of tethers for configura-
tions with 6 tethers and base radii of Rg = 240, 320, and 400 m

simulation was taken from trial #3 on May 27 because of high winds during that test. A
base radius, R = 400 m was used, which is greater than the experimental base radius
of 364 m (at 364 m it was not possible to reach a zenith angle of 60°). A proportional

1 was used for all simulations in this section. The

controller with a gain of Kp = 0.4 s~
results are summarized in Table 5.5, which gives the standard deviation of the position
error. The error presented is separated into the error in the focal plane and out of the focal
plane of the proposed radio telescope. The focal plane is tangent to the hemisphere of
desired platform locations and the error in this plane is of primary importance for telescope

operation.

At the zenith, there is a not significant difference between the results although the six-
tether case has the largest errors. This suggests that at the zenith the additional weight
from the three extra tethers impedes performance more than their added stiffness improves
it. For the 60° zenith cases, the opposite is true as the position error is clearly reduced as
the number of tethers increases, with the best performance in the focal plane achieved with

six tethers. A plot of the results for the high zenith cases is given in Figure 5.10.

To fully take advantage of using more than three tethers, it is helpful to reduce the
base radius, which reduces tether weight and hence increases tension. It is only possible to

reduce the base radius if extra tethers are added as they provide the geometric configuration
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Figure 5.10: Comparison of simulated position error for system at 6, = 60° with 3, 4, 5,
and 6 tethers.

necessary at high zenith angles. To study the effect of reducing the base radius, further
simulations were performed with six tethers at base radii of 320 m and 240 m. The results
for both zenith angles are summarized in Table 5.6 and the 60° zenith case is plotted in
Figure 5.11. At 8,. = 0°, reducing the base radius has little effect in the focal plane but
out of the focal plane the error decreases. This is not surprising as at the zenith, out of
the focal plane corresponds to the vertical direction and as the base radius shrinks, the
tethers become more vertical and hence stiffer in the vertical direction. At 4,, = 60°, the
improvement in the focal plane is significant as the mean error is reduced to from S cm to

1 cm.

Coupling both the improvement from increasing to six tethers and reducing the base
radius to 240 m, the RMS error in the focal plane with a zenith angle of 60° improved by
an order of magnitude from 70 mm to 7 mm. Based on these results, six tethers with a base

radius of 240 m appears to be the most logical choice for the design of the telescope. The
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Figure 5.11: Comparison of simulated position error for case at 6, = 60° with 6 tethers
and a base radius, Rg = 240, 320, and 400 m.

actual telescope will have a substantial feed or antenna structure located at the platform
and using six tethers also enables the system to achieve some level of orientation control

of the feed.
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Chapter 6

Advanced Control

6.1 Introduction

Thus far the control of the multi-tethered aerostat system, both in experiments and in simu-
lations, has been achieved using position feedback with a rudimentary PID algorithm. The
selection of the PID controller for the initial investigation was based on the algorithm’s
simplicity with respect to both implementation and tuning. Although satisfactory closed-
loop performance was observed with basic PID control, its performance is limited by the
following three factors: 1) the tuned PID gains are sub-optimal, 2) it does not exploit the
dynamics model of the system, 3) it uses only position measurements for feedback and
does not take advantage of other measured parameters. Therefore, to advance the analysis
of the positioning performance of the aerostat system, it is essential to study the poten-
tial enhancements of utilizing more advanced control techniques that overcome the major

limitations of the PID controller.

The existence of a comprehensive dynamics model that has been thoroughly validated
against experimental results, steers the controller development toward strategies that effec-
tively exploit that model. Furthermore, because linear approximations of the full nonlinear
model appear to adequately characterize the system, this study will be limited to linear con-
trol strategies. Optimal control techniques solve the sub-optimality problem as the linear
model of the system can be used to algebraically solve for optimal gains. Earlier results

for the aerostat positioning system indicated that the vast majority of undesired motion
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was caused directly by fluctuations in the leash tension, which is a measured quantity.
Therefore, to extend the controller beyond simple position feedback, control strategies that
capitalize on the knowledge of the measured leash force are investigated.

This chapter begins with the development of the linear model accompanied by results
confirming its similarity to the nonlinear model. An optimal controller employing full
state feedback is presented first, showing impressive results compared to the original PID
controller. For more practical implementation, this controller is combined with a state
estimator or observer, which requires characterization of the stochastic properties of the
disturbance and sensor noise. A feedforward component of the controller using the leash
tension was added to the control system and this significantly enhanced the performance
of the system. Practical issues concerning instrumentation such as measurement noise and
bandwidth are shown to impact heavily on the performance of a combined feedforward and
LQG optimal feedback controller. Finally, the applicability of this type of controller over
a range of geometric operating conditions is evaluated. |

Unfortunately the testing life of our aerostat BOB has lapsed and currently DRAO’s
LAR testing program is suspended. Therefore, the controller evaluation presented here
will be based only on simulated results, however due to strength of the model validation in

the previous chapter, confidence in the simulation results is justified.

6.2 Linear Model

As presented in Section 3.8, the linear approximation of the nonlinear system was obtained
numerically using a finite difference technique. Expanding the linear model of eq.(3.31)
to include an exogenous input, w, which is the disturbance acting on the platform from the

aerostat’s leash, gives the following LTI system:
%X = Ax+Bu+ Gw
6.1)
y =Cx

where x is the state vector, u is the control input vector. The disturbance input, w, is the

leash force divided by the mass of the platform. The outputy = [z y z]¥ is the position of
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the platform. Because the aerostat is replaced by the leash force acting on the platform, the
linear system has three less nodes and 18 less state variables than the nonlinear simulation
(168 instead of 186).

The state and input matrices, A and B, are computed numerically from the nonlinear
simulation, whereas G is defined according to the node that the disturbance force is applied
to. For our system, the disturbance, w is applied to the platform’s node or point mass. This
is a convenient method to characterize the disturbance since the leash force is a measured
quantity during flight tests that can be converted to a vector in the inertial frame using
position measurements as described in Section 4.2.1. To directly apply the disturbance, w,
to the platform’s equations of motion, G is defined as:

[ O162><3 1
1/my, 0
0
1/my,
0
0 1/m,

L 0 0 |

where the non-zero rows correspond to the platform’s velocity state variables, i.e. Ti63 =

(6.2)

OO OO

oo o oo

Tpy Ti65 = Up, and z167 = Zp. Dividing by the platform mass, m, gives the disturbance
input in units of acceleration.

The control input, u, required by the linear model is the commanded tether length
change (deviation from its equilibrium length) for each of three base tethers. However, to
match the experimental controller and to attain greater control over the winch speeds, it is
desirable to use the tether velocity, 1, as the control variable instead of tether length, u.
The modifications to the linear model to use 11 as the control variable while incorporating
winch dynamics are presented in the next section.

The approach for analyzing the response of the system, with the aerostat replaced in the
model by the measured leash force, neglects the effect of the control input on the aerostat.
To quantify the neglected aerostat dynamics, two sets of simulation results were compared:
one with control and one without control. The difference between the resulting leash ten-

sion and aerostat motion indicate the impact of the dynamics introduced by the control
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Figure 6.1: Comparison of simulation results with and without control to show the con-
troller effects on the aerostat dynamics. Plots are given for the vertical platform and aero-
stat position as well as leash tension.

input. Figure 6.1 presents a comparisbn of results for the vertical platform and aerostat
positions as well as the leash .tension obtained using the complete nonlinear model (with
aerostat and turbulent wind). A PID controller was used duﬁng the simulation that effec-
tively limits the platform’s vertical motion (this PID performs better than the experimental
PID because the feedback frequency was 1000 Hz instead of 10 Hz), and at the same time
reduces the aerostat’s vertical motion. However, the controlled response comes at the ex-
pense of larger fluctuations in the leash tension. This confirms that the control input does
have an impact on the aerostat’s dynamics, and neglecting it from the controller evaluation
analysis reduces the reliability of the simulation and likely leads to nonconservative re-
sults. This is considered acceptable for this work as the primary aim is to develop and test
controllers that have the potential to improve on ouf PID control, and thus, the controllers

simulated throughout this chapter will be assessed based on their performance relative to
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the field-tested PID.

6.2.1 Incorporating Winch Dynamics

The dynamics model used up to this point has assumed that the winches were perfect
actuators, i.e. the desired tethers lengths are accomplished instantly and exactly. Although
it was understood that the mechanical components of the winches possessed characteristics
such as inertia and friction that influence the dynamics of the closed-loop system, this
influence was assumed to be negligible. The results presented in Chapter 5 showing good
agreement between the closed-loop response of the experimental system and the model,
confirm that the winch dynamics are not a significant factor in the closed-loop response
with the 10-Hz PID controller.

However, the first efforts at studying an optimal controller produced feedback with
much higher demands on the winches. To ensure that any controller developed would not
involve an unrealistic response from the winches, the model was modified to incorporate
the dynamics of the winch system. For simplicity, the winch response for each winch was

modeled by a second-order system with the following transfer function:

Au(s) w?
At (s) 824 2(wps + w? ©3)

where A1, is the change in commanded velocity, A« is the actual change in velocity, and
¢ and w, are the darhping ratio and natural frequency of the winch dynamics. A series
of tests were conducted with an isolated winch in attempt to estimate its second-order
responée. The experimental set-up for the winch tests is similar to the configuration of
the winch damping experimerit with a plilley and suspended load as shoWn previously in
Figure 3.3. Several velocity step-response tests were performed and Figure 6.2 gives the
results of one such step test. Both the measured step-response and the the second-order
approximation are shown in Figure 6.2. The parameters for the model are ¢ = 0.44 and
wy, = 200 rad/s. Both the rise time and the setﬂing time for the second-order model are
similar to the measured system, but it is clear that the exact dynamics are not matched

with the second-order approximation as the measured response oscillates quicker and with
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Figure 6.2: Winch velocity step response—input, measured response and second-order ap-
proximation.

more undershoot after the initial overshoot. The measured response is not exclusively due
to the winch as the dynamics of the tether and the support boom inevitably contribute to
the response as well. In fact the natural frequency for the vertical portion of the tether
in the test is similar to oscillation measured during the step response. Therefore, it is
acknowledged that the second-order approximation for the winch dynamics is based on
results not exclusively due to the winches, but for the purpose of controller development,
this second-order winch model should represent a conservative estimate of the actual winch
dynamics.

To incorporate the winch model into the overall linear model of the system, it must be
cascaded with an integrator to provide the tether actuation in units of length. The scalar
form for one particular winch input in shown in Figure 6.3. The overall transfer function
from 2. to u is:

Ue(s) 8%+ 2Cwps? +wis

To amalgamate the combined third-order transfer function with the plant of the original

state-space system, it must first be converted to state-space form. There is not a unique
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state-space representation for the winch dynamics, but one possible form is as follows:

U 22w, —w? 0 i w2
u | =] 1 0 O o |+ 0 |
u. | .0 1 0 U 0
' " (6.5)
' i
y=[00 1] a
u

The dynamics of each of the three winches are described by this SISO system, which

is readily expanded to a MIMO system that includes all three winch actuators.

u, = A,yu, + Byt
(6.6)
Yuw = Cuuy

r

where u,, is the total state vector for the winch system, W, = [ii 01 uy dig U Uy iig Us us|T
and the output vector, y,, = [u; us u3]T. The 9 x 9 winch state matrix, A, 9 X 3 input
matrix, B,,, and 3 x 9 output matrix, C,,, are simple concatenations of the state space
description of a single winch in eq. (6.5).

Figure 6.4 shows a simplification of two state-space systems in series by appending
the intermediate output/input variable, u,, to the original state vector, x, to create the
augmented 177 x 1 state vector, X = [x” u’]. The resulting state space system is given by:

X = A% + Ba, + Gw
] 6.7)
y =Cx

where the matrices A, B, (~'J, and G are related to previously defined matrices given by:

X _ A B* X 0168><3 . G .
[ﬁw:l_[09x168 Aw:| [uw}+|: B, ]UCSX1+[09x3]W

ele o[

w

(6.8)
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Figure 6.4: Concatenation of two state-space plants, one for the winch dynamics and one
for the tethered system.

where 0, ; represents a null matrix of dimensions ¢ x j. All the matrices are as previously
defined with the exception of B*, which is the original B matrix with 6 null columns added

(the original 3 columns of B are 3rd 6th and 9th columns of B*).

Linear Simulation

Matlab’s Simulink is used to simulate the response of the LTI system. The sole disturbance
to the system is the input, w(¢), which was obtained from the time history of the measured
leash force from a flight on May 27, 2005. The vector components of the leash force in
units of acceleration (measured force divided by the payload mass) are shown in Figure 6.5.
This case was chosen because of its high wind speed (=~ 4 m/s) relative to the other closed-
loop flights. A comparison of linear and nonlinear simulations for an uncontrolled case
in the symmetric configuration, (6, = 0°), is provided in Figure 6.6. The results show
that the linear model slightly underestimates the motion in the horizontal directions while
slightly overestimating the motion vertically. The discrepancies in the linear results can be
attributed to the omission of certain nonlinear effects such as aecrodynamic drag. However,
the difference between the two sets of results is not significant enough to discourage usage

of this linear model to develop and test controllers. Because linear controllers are easier
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Figure 6.5: Leash disturbance measured during May 27, 2005 flight.

to implement and evaluate with the linear simulation, it is used during this first stage of
the controller development process. Only promising controllers will make it through to the
second stage which involves more complex implementation with the nonlinear simulation
(beyond the scope of this work). The final stage is field testing, which is the most resource
intensive, so only thoroughly analyzed controllers that perform well with the nonlinear

simulation should make it to this stage.

6.3 Optimal Control

As discussed in Chapters 3 and 5, PID was the first control algorithm to be tested in both
simulation and experiments due to its ease of implementation. To improve on the limited
performance observed, an optimal controller is developed and tested. A linear quadratic
regulator (LQR) is a suitable feedback mechanism for our application which requires ef-

fective disturbance rejection about an equilibrium state. A quadratic objective function is
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Figure 6.6: Comparison of nonlinear and linear simulation results for platform position
with no control.

defined based on the output, y, of the system (the platform pbsition error) and the control

input, 1, as follows:

J= / (y'Qy + I Ri,)dt (6.9)

where Q and R are 3 x 3 weighting matrices corresponding to the output and input re-
spectively. In general, we are concerned more with minimizing the platform error, so the
elements of Q will be greater than those of R. |

A common approach to finding the controller that minimizes the LQR objective func-
tion is based on solving the algebraic Riccati equation (ARE) to obtain the gain matrix, K,
used in feedback with the full state as 11, = —KX. Matlab’s lgry function was utilized to
solve the ARE and determine K for our state-space system defined by A,B,and C. A
block diagram of the LQR feedback control system is given in Figure 6.7.

This method of calculating optimal control gains neglects any exogenous input that
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Figure 6.7: Block diagram of full-state feedback control system.

may be acting on the system, and therefore the controller is only optimal for the zero-input
response where any perturbation is the result of nonzero initial conditions. This determin-
istic controller will not be optimal for this application as perturbations are caused by the
disturbance, w(t). An alternative stochastic approach to the LQR regulator can recuper-
ate optimality for a specific class of stochastic inputs [82]. The study in the present work
represents a first step toward the development of an optimal controller and therefore only
the deterministic LQR controller is considered. It is understood that the LQR results are
not optimal in the strict sense, but perhaps optimal without assuming a priori knowledge

of the disturbance.

6.3.1 LQR Stability

It is known that an LQR closed-loop system is asymptotically stable provided the following

three conditions are satisfied [83]:
* the system is controllable,
* Ris positive definite,

e Q can be factored as Q = CqTCq, where C, is any matrix such that (C,, A) is

observable.

The stability can also be determined by studying the poles of the system, which are the

eigenvalues of the matrix ( A = BK). The poiés for the optimal controller presented in the
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following sections were found to lie exclusively in the left hand plane, confirming stability.

6.3.2 LQR Results

To test the performance of the LQR controller, simulations of the closed-loop system were
performed first with the linear system via Simulink to assess its relative performance, and
secondly with the full nonlinear model to confirm its behaviour. Figure 6.8 shows both non-
linear and linear simulation results using the same LQR feedback matrix K and the same
disturbance forcing function (from May 27 flight) for the system at the symmetric config-
uration, #,. = 0°. The output weighting matrix, QQ, was a diagonal matrix with identical
entries 10° while R was a 3 x 3 identity matrix. The results show that the LQR controller is
quite effective as the platform motion is roughly one order of magnitude smaller than the
uncontrolled case in Figure 6.6. The differences between the linear and nonlinear results
are consistent with the uncontrolled case and are deemed similar enough to proceed with
the linear controller development.

Although the cost function weighting greatly favours the output (Q >> R), the re-
sulting control inputs are not excessive. For the results in Figure 6.8, the winch velocities
were below 12 cm/s (all but occasional spikes were below 10 cm/s), which is less than the
23 cm/s capability of our winch system. A portion of the winch velocities for the linear
results are given in Figure 6.9 (the case with equal weighting in Q matrix).

During our prior experimental and simulation work, it was revealed that the system was
more susceptible to disturbances in the vertical direction. This problem can be directly
approached with LQR feedback by adjusting the output weighting matrix, Q, to place a

greater penalty on vertical deflections as:

10° 0 0
Q= 0 10° 0
0 0 10°

Linear simulation results in Figure 6.9 show improved performance in the vertical direction
with this Q, while the horizontal motion remains the same. From the input tether velocities,

U1, U and g in the lower plot, it is observed that the improved performance comes at the
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Figure 6.8: Comparison of nonlinear and linear simulation results for platform position
with an LQR controller.

expense of higher velocities and accelerations. Although the maximum velocity is still
within the permissible range, the acceleration (from a maximum of 3 m/s? to 10 m/s?)

exceeds the approximate winch acceleration limit of 5 m/s?.

Although the LQR controller results presented-are encouraging in terms of preéision
of the positioning system, the demands on the sensor and actuator hardware in terms of
full-state measurement, high bandwidth and large accelerations are unrealistic. Controller
development that respects the practical limitations of our system will be presented in the

subsequent sections.
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6.3.3 State Estimation

Because it is not reasonable to measure the entire state vector, implementing an optimal
LQR controller must involve state estimation. In the experimental system, the platform po-
sitions are is the only state variables measured, and therefore the remaining state variables
must be estimated based on those measurements. An optimal approach to state estimation
commonly known as a Kalman filter, was first introduced by Kalman and Bucy in 1960.
Using the separation principle of splitting the optimal feedback into two distinct steps, opti-
mal state estimation and multiplication with the LQR feedback gain, is known as the linear
quadratic Gaussian (LQG) problem. The term Gaussian refers to the statistical distribution
of the plant noise, n and measurement noise, v represented in the following description for

a generic state-space system:

x=Ax+Bu+ Gn
(6.10)
z=0Cx+vVv

the main differences between our LTI system of eq. (6.7) and eq. (6.}10) are the introduction
of the measurement noise, v, and the replacements of the disturbance, w, by the Gaussian
plant noise, n, and output, y, by the measurement output, z. The structure of the Kalman
filter presented is based on the generic description of eq. (6.10); however it will be applied
to the system of eq. (6.7), which will be modified in the following sections to accommodate
the filter’s requirements. Specifically, the plant model within the filter must be adapted so
that it is driven by a zero-mean white-Gaussian '(ZMWG) process, n, instead of the actual
disturbance, w. | |
The state estimator for the Kalman filter is given by the following differential relation-
ship: |
% =A%+ Bu+L(z - CX) (6.11)
where % is the estimated state and L is the Kalman gain. The Kalman gain is calculated by
solving an algebraic Riccati equation that uses an estimate of the state covariance matrix,

P. The state covariance, P, is central to the operation of a Kalman filter and it is estimated

along with the gain, L, at each iteration of the algorithm. Embedded in the algorithms
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Figure 6.10: LQG regulator with Kalman filter state estimation and LQR feedback.

solving for the gain, L and state covariance matrix, P, are the dynamics model parameters,
A, B, C, and G, as well as the covariance matrices, Qj and Ry, of the the plant noise, n,

and measurement noise, v, respectively.
Qi = E(nn?) Ry = E(wT) | (6.12)

where n and v are both assumed to be ZMWG processes. A block diagram of the general

operation of the LQG regulator is shown in Figure 6.10.

L.QG Implementation

For simulations with the linear Simulink model, Matlab’s kalman function is used to cal-
culate the Kalman gain, L, and Iggreg is used to combine the Kalman filter with the LQR
gain, K, of Section 6.3 into a single LTI system. The state-space description of the generic
system is presented in continuous time in eq. (6.10), but the Kalman filter implemented in
Simulink is discrete. Therefore Matlab performs an implicit conversion of the system from
continuous to discrete state-space forms.

The measurement vector, z, for the tethered aerostat system contains the platform po-
sition and the length change for each tether, i.e. z = [F164 Z166 T168 171 174 E177]7 OF
z = [T, Y, 2p U1 uz us]” . The tether length was not measured during our experimental tests,

but it becomes a necessary feedback variable when estimating the extra states introduced
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with the winch dynamics. It is feasible to measure the tether length using existing sensors
like motor encoders, but for high accuracy, it may be necessary to add sensors. For the
initial implementation of the LQG regulator, sensor noise is assumed to be zero, v = 0,
and the estimated covariance matrices, Qi and Ry, are chosen such that the variance of the

measurement noise is much smaller than the variance of the plant noise.
Qr=Isxs Ry =10""Tgx (6.13)

By choosing the covariance of Qy to be significantly higher than Ry, the filter will assume
that the dynamics observed in the measured output, z, are wholly due to the plant noise,
which in the simulation is represented by the leash disturbance, w.

Figure 6.11 presents simulated results of the LQR and LQG control schemes. The
results are similar with slightly higher position error with the LQG controller, which is
expected since it involves state estimation prior to feedback. These results demonstrate the
observability of the system and the disturbance rejection capabilities of the LQG regulator,
provided its state estimation is based on noise free measurements.

The results also assume that the plant model used in both the filer estimation algorithm
and the optimal gain calculation is identical to the actual plant whose dynamics are driving
the simulation. This will clearly never be a valid assumption in practice as no model can
perfectly describe a real system. This preliminary investigation is based on ideal conditions
and depending on the results of this ‘best case’ performance, decisions can be made as to
how to proceed with developing a practical controller. Practical concerns will be addressed
in subsequent sections related to controller bandwidth, measurement noise and robustness

to plant uncertainty.

6.3.4 Feedback Frequency and Discrete-Time Control

The linear system studied thus far is based on continuous-time equations such as eq. (6.7).
Solving this system of equations requires some form of numerical discretization, but if the
integration time-step, ts.p, i small enough, then the controller based on continuous-time

equations provides the desired results with a discrete implementation. When simulating the

118



x 10
0 T T T T T T
—_ -1F ) <
£ LQR T .
><a 2+ | LQG -
_3 1 ! 1 ! Il 1 ! 1 1
0 10 20 30 40 50 60 70 80 90 100

002 T T T T T T T T T
—~ 0.01
E
o
N 0
_001 1 1 1 Il 1 [l L ) 1 1
0 10 20 30 40 50 60 70 80 90 100
Time (s)

Figure 6.11: Comparison of simulation results with an LQR controller with full state feed-
back and an LQG controller with estimated states.

closed-loop linear system, it is assumed that measurements are available at each integration
time step (i.e. the sampling time, T, = tgep), but in practice measurement bandwidth is

limited by sensor hardware.

The remote nature of our instrumentation system, deployed at a height of 170 m,
severely constrained the bandwidth of its position measurement system. Relying on GPS
sensors, with a maximum frequency of 10 Hz or a sample time of 75 = 0.1 s, our measure-
ment frequency is not sufficiently fast relative to the dynamics of the system. Therefore,
the LQR controller development must be based on a discrete-time model of the system
that is dependent on the feedback or sampling time-step, 7. The equivalent discrete-time

model of the system of eq. (6.7), neglecting the exogenous input, w, since it is not included
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Figure 6.12: Block diagram of discrete-time LQG controller and continuous plant.

in the controller development, can be written as:
x(k + 1) = Apx(k) + Bpu(k)
(6.14)

y(k) = Cx(k)
The discrete state and input matrices, A and By, can be solved for using the continuous
matrices A and B as follows [84]:

A D= GATS
L .. (6.15)

Bp = (AT ~1) A7'B
For convenience Matlab’s ¢2d function was used to convert the LTI system from continuous-
time to discrete-time based on the specified sampling time, 7,. The discrete-time state-
space system is used to calculate a suitable gain matrix, K, and discrete-time Kalman filter
within the LQG regulator.. Both Matlab functions lgry and kalman accept continuous or
discrete state-space systems as input. To obtain simulation results using the controllers
based on discrete time, the actual plant remains a continuous LTI system, and the discrete
control input, 1., passes through a zero-order hold (ZOH) before entering the plant. Fig-

ure 6.12 depicts the schematic arrangement of a continuous plant receiving feedback from

a discrete controller.
Discrete-Time Results

Results were obtained for LQG regulators (state feedback gain K) designed and operated

at three frequencies, 10 Hz, 100 Hz and 2000 Hz. The lowest frequency, 10 Hz corresponds
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Controller | 0, | 0y | 0. | Tz | Ymaz | Zmaz
None 42197661 | 143 | 263 | 189.1
10 Hz 36{81(19.1| 119 | 215 | 559
100 Hz 0819 50 | 28 | 50 | 147
1 2000Hz |07|16| 44 | 24 | 43 | 130

Table 6.1: Summary of standard deviation and maximum displacements (in mm) for dis-
crete LQG regulator.

to our experimental system, while the upper frequency, 2000 Hz, approaches the behaviour
of the continuous time LQG, ‘and the 100-Hz intermediate frequency provides an example
of the performance at a bandWidth that is not altogether impractical. Figure 6.13 displays
the position output for the three different control frequencies, and Table 6.1 shows the
RMS and maxima of the results for platform position. The uncontrolled response is also
included for comparison. The performance of the 100-Hz regulator is comparable to the
2000-Hz results, but when the sampling rate is reduced to 10 Hz, the effectiveness of the
controller degrades significantly. In the horizontal x and y-directions the 10-Hz controller
barely improves on the uncontrolled case. It performs better in the vertical z-direction as
the standard deviation and maximum displacement at 10 Hz are a factor of three less than

with no control.

The power spectra of both the platform motion and the winch input are given in Fig-
ure 6.14. Results are given for winch 1 only as its spectrum is similar to the other two
winches, and the motion in the y-direction is omitted as its spectrum closely resembles the
plot for the x-direction. It is interesting to observe the peak near 2 Hz for the 10-Hz LQG
regulator in the PSD of both the winch input and the z-direction. Although the control
frequency at 10 Hz is five times greater than the frequency of this mode, the regulator is
not able to control the system without exciting it. At the higher frequencies of 100 Hz and
2000 Hz, this mode does not appear.

The relatively large amplitude perturbations in the platform position during the uncon-
trolled test are below 0.5 Hz horizontally and below 1 Hz vertically. The 10-Hz LQG

controller is not effective at reducing this relatively low frequency motion in the horizon-
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Figure 6.13: Comparison of simulation results with discrete-time LQG control at three
different sampling frequencies.

tal direction. Although it is more successful in the vertical direction, the improvement is
offset by the excitation of the vertical bounce mode. The 100-Hz controller is much more
successful at reducing this low frequency motion both horizontally and vertically. This
outcome is somewhat surprising as a 10-Hz controller was expected to be more efféctive

controlling motion with frequencies one or two orders of magnitude lower than its own.
Comparison of LQG and PID

Table 6.2, Figure 6.15 and Figure 6.16 present results comparing the 10-Hz LQG regula-
tor to the 10 Hz PID controller tested and tuned with the experimental system. Table 6.2
presents the standard deviation and maximum platform position error during the simula-
tions, Figure 6.15 plots the time history of the platform motion and winch inputs in the

form of tether lengths, and Figure 6.16 gives the PSD for the winch input and position in
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Figure 6.14: PSD of (a) platform motion in the x and z directions and (b) winch input at

various discrete-time LQG control frequencies.
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Controller Oz | Oy | 02 | Trmaz | Ymaz | Zmaz
LQG10Hz | 3.6 8.1 [19.1| 11.9 | 21.5 | 55.9
PID1O0Hz |1.5]3.1|373| 4.7 59 | 935

Table 6.2: Summary of standard deviation and maximum displacements (in mm) for 10 Hz
discrete LQG and PID controllers.

the x and z directions. The PID controller results are from the nonlinear simulation using
the algorithm presented in the previous chapter with gains, Kp = 0.4s7!, K; = 0.05s72,

Kp =0.05.

The results show that the PID controller is more effective than LQG in the horizontal
plane as its standard deviation in x and y is roughly half that of the LQG, while in the
vertical direction, the situation is reversed as the standard deviation for the LQG is half as
high as with the PID. In terms of overall position error magnitude, the LQG controller is
considerably better as the vertical perturbations of the platform position are much larger
than the horizontal. The winch commands produced by the PID controller lag those of the
LQG controller and have a smoother profile indicating less high-frequency content, which
is confirmed in the PSD plot of Figure 6.16. The LQG controller is certainly more active at
high frequencies, but both controllers have a peak in their command inputs near 1 Hz. The
LQG peak has a larger amplitude and occurs at a higher frequency, approx. 2 Hz versus
0.8 Hz for the PID. The spectrum of the vertical position of the platform shows peaks
at the same respective frequencies for each case, however, the amplitudes of the peaks
are inversed with respect to the winch input. In summary, the smaller magnitude PID
winch commands create greater vertical platform motion than the larger amplitude LQG
commands, which suggests that the PID commands are closer to the open-loop bounce

mode’s natural frequency.

Overall, the optimal LQG regulator outperforms the basic PID controller, but at the low
10-Hz sampling frequency of our experimental system, both feedback controllers excite a
vertical mode that effects their overall performance. At a feedback rate of 100 Hz, the LQG

controller approaches the behaviour of a continuous-time optimal controller.
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Figure 6.15: Comparison of 10-Hz PID and LQG simulation results:
(b) tether length change from winches.
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Figure 6.16: PSD comparison between LQG and PID controllers for winch input and plat-
form position.

6.3.5 Measurement Noise

The simulations presented thus far have relied on perfect reporting of the measured state
variables (v = 0). Realistically, all measurements have some level of intrinsic inaccu-
racy or noise, which should be considered when designing practical control systems. The
Kalman filter state estimation within the LQG regulator is designed to anticipate sensor
noise and minimize its impact on the control process. The required assumptions are that
both the plant noise and measurement noise are ZMWG processes, and reasonable esti-
mates of their respective covariance matrices, Q; and Ry, are available. The more accurate

the covariance estimates are, the more accurate the estimation process will be.

The LQG regulator in the preceding sections performed well, despite the fact that the
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exogenous plant input was not ZMWG, only because of the absence of measurement noise
and the specification that Q; >> Ryj. When even modest levels of measurement noise
are present in the feedback output, z, the state estimation within the LQG regulator de-
grades severely as the Kalman filter expects all the perturbations in the measurement to
originate exclusively from the plant noise, which with noisy measurements is clearly not
the case. Therefore because of the presence of measurement or sensor noise, accurate state
estimation is only possible if the Kalman filter contains proper characterization of the ex-
ogenous plant input (plant noise) as a process driven by ZMWG noise with covariance Q.
The sensor noise itself must also be characterized as a process driven by ZMWG noise
or a ZMWG process itself with covariance R. For our system the measurement noise

covariance matrix, Ry, is:

-2
IGps,
0 o

(6.16)

oo OO
OO O OO

o O O O

o
Q
3R &)

3 J

Noise estimates are available for most sensors and alternatively, they can often be directly
quantified during calibration. For the GPS sensors used for our position feedback, the noise
can be estimated by observing output signals during static testing. Based on several tests, it
was found that the average noise signal had a standard deviation of 0.005 m and a variance
0% ps =(0.005 m)%. The tether length change for each tether must also be measured, and
although no specific sensors have been implemented to measure this, it is assumed that it
can be measured more precisely than the platform position with GPS and its variance was
chosen as o2 =(0.001 m)? Although the actual noise inherent in the measurements will
not be strictly white nor Gaussian, if its time-correlation is relatively small, the ZMWG
assumption may produce acceptable results.

The plant noise for our system, represented by the leash force disturbances on the
platform, w(t) was given in Figure 6.5. The disturbance is-clearly not white noise, and

therefore a pre-filter, referred to as a shaping filter, must be added to the dynamics model
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Figure 6.17: Representation of closed-loop LQG system with the leash force disturbance
driven by a ZMWG process n.

of the system within the Kalman filter. The technique of filtering white noise to create
a time-correlated process is known as colouring the noise. The concept is illustrated in
Figure 6.17 where w* represents the disturbance force driven by the ZMWG process, n(t).
It is important to state that the actual disturbance to the system remains the measured leash
force, w, and w* is only a fictitious output of the shaping filter that should have the same
stochastic properties as w. To include the shaping filter in the filter dynamics, the state-
space description of the system within the Kalman filter must be modified to include the

dynamics of the pre-filter.

Plant Noise Pre-Filter

A common approach for designing a pre-filter to colour a ZMWG process is to approximate
the pre-filter output, w*, as a first or second-order Gauss-Markov (GM) process. The first-

order GM process is defined by the following differential equation:

*
—1) .
w ,

W = +n(t) (617)
T

where n(t) is a ZMWG process with a known intensity, () and 7 is the correlation time of
w*. The intensity is related to the covariance of the output signal, w*, by Q = 202 /7 [85].
The parameter identification for the pre-filter and the ZMWG input, n(t), is accomplished

by fitting the autocorrelation function of the GM process to the measured autocorrelation
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Figure 6.18: Typical autocorrelation function W(¢) for first and second-order Gauss-
Markov processes.

function of the coniponerits of w. The features of a sample autocorrelation function, ¥, for
first and second-order Gauss-Markov processes are shown in Figure 6.18.

An attempt was made to characterize the three vector components of w(t) as first-order
GM processes, but the y-component of the disturbance, w, (t), was clearly better defined by
a second-order GM process. Figure 6.19 gives the autocorrelation function, W(t), for the
components of the disturbance, w, with the fitted autocorrelation functions for the virtual
disturbance, w*.

A second-order Gauss-Markov process is generally expressed by the following transfer
function [85]:

as+b

H(s) = - 6.18
(s) 82 + 2Cwns + w2 (©.18)

which leads to a state-space description of:

W=[—iz —i‘szwul}*“}"(t)

2[1. 01{%]

where the parameters a, b, and c can be solved for using the following relationships:

(6.19)

a = (20%w, sin @) 172
c=b—2alw,

b= ( w sma)1/2 (6.20)

a =tan~! #
Vi-@
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Figure 6.19: Autocorrelation for the leash disturbance input to the simulation, i.e. the plant
noise. A fitted autocorrelation approximation for a process driven by ZMWG noise is also
given.

The covariance, o2, damping ratio, ¢, and frequency, w,, of the output, w*, are determined
by fitting the autocorrelation function for a second-order GM process to the experimental
data. Table 6.3 summarizes the GM parameter estimation for the disturbance, w.

The dynamics of the pre-filters must be incorporatéd into the state-space description of

the system used by the Kalman filter. The total state vector must be expanded to include

*
Y

% A G* % B ]. 0177
(B[R N3] [ e [ )

- T ox
Z:[C O6x4!lvz,(*:|+v

w* = [wy wy wy, w}]T as the overall state-space system becomes:

(6.21)

where G* is similar to G, but with an extra null column corresponding to the wy, variable.
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1st-order GM 2nd-order GM
o | T Q o? a c
w, | 1.15 120 | 0.015 | w, | 3.26 | 0.0255 | 0.0227 | 0.1 | 1
w, | 6.66 | 15 | 0.888

Iy
L

Table 6.3: Summary of the GM parameters for the shaping filter for the disturbance w.

The remaining matrices are defined as:

w10 0 0 100

.o o 1 o0 . loao

=10 —w? —2w, 0 H=10 ¢ o0 (6.22)
0 0 0 Tt 0 01

N

The state-space description of eq. (6.21) is in the required form of eq. (6.10) for the Kalman

filter. The filter also requires Ry from eq. (6.16) and the following Q) to perform its state

estimation.
@, 0 0
Qr = 0 @y O (6.23)
0 0 Q.

where the variance of a stationary ZMWG process is equal to its signal strength.
Results with Measurement Noise

For this preliminary analysis, precise knowledge of the actual disturbance and the mea-
surement noise are known. This is a luxury not available during operation of a practical
system, however as mentioned before, ideal conditions are used to first simulate the ‘best
case’ results in order to gauge the potential of the control system.

The noise, v(t), added to the measurements during the simulation was generated using
Matlab’s randn function, which outputs a pseudo-random ZMWG signal with a standard
deviation ¢ = 1. The random noise signal is multiplied by the desired variance.for each
type of sensor as given in eq. (6.16).

Simulations were run using an LQG .regulatdr with the modified state-space description
of eq. (6.21) within the Kalman filter estimator. Figure 6.20 shows a comparison of LQG
results for 10-Hz controllers both with and without measurement noise. The results are
summarized in Table 6.4 along with results for a high-frequency 2000-Hz LQG controller

and 10 Hz PID controller. The time history of the PID results are given in Figure 6.21.
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Controller Oz oy 0, Loz Ymaz Zmaz

LQG 10 Hz 3.4(3.6) | 7.9(8.1) | 19.9(19.1) | 11.7(11.9) | 21.3(21.5) | 57.9(55.9)
LQG 2000 Hz | 1.4(0.7) | 2.5(1.6) | 6.9(4.4) 4.5(2.4) 7.2(4.3) | 19.9(13.0)
PID 10 Hz 1.8(1.5) | 3.3(3.1) | 37.7(37.3) | 5.3(4.7) 7.7(5.9) |93.5(92.4)

Table 6.4: Summary of standard deviation and maximum displacements (in mm) for dis-
crete controllers with measurement noise; the results without noise are presented in brack-
ets for comparison. ' '
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Figure 6.20: Comparison of simulation results for 10-Hz LQG controllers with and without
the presence of measurement noise.

Overall, the measurement noise does not have a significant impact on the performance
of the controllers. The 2000-Hz controller is the most sensitive to the noise as its platform
motion nearly doubled. For the slower 10-Hz controllers, the effect of the noise was minor.
For the LQG 10-Hz controller, the standard deviation of the vertical position increased

slightly. A ringing effect is observed in the results which corresponds to the 2-Hz frequency
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Figure 6.21: Comparison of simulation results for 10-Hz PID controllers with and without
the presence of measurement noise.

observed in the 10-Hz LQG results in Section 6.3.4. From the PID results in Figure 6.21,
the effects of the noise are observed as a low-amplitude high-frequency component of the
platform position.

Relative to PID control, the LQG implementation is a much more complex and lengthy
procedure as accurate models of the system, the disturbance and sensor noise are required.
The advantage of the PID controller, although lacking optimality, is its adaptability as
its gains are readily tuned prior to operation. In the presenée of measurement noise, the
LQG controller is observed to reduce the vertical motion by about 50% compared to the
PID controller, which is encouraging and warrants further analysis for this application.
However, the improvement in performance must be tempered with practical considerations

associated with implementing the controller on the actual system.
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Because the LQG results were based on ideal conditions that assumed: 1) the precise
stochastic properties of the disturbance were available during the Kalman filter design stage
and 2) the LQG’s plant model exactly equals the real plant, further analysis of the LQG

regulator is required.

Non-Ideal LQG Control

To further assess the LQG controller from a practical perspective, additional simulations
were performed where the controller was not ideal in the sense mentioned in the previous
section. The first set of simulation res_ults are with an alternative disturbance, which has
different stochastic properties than the filter was specially designed for, and the second set
uses an alternative plant for the LQG design. The alternative disturbance implemented is
from a flight on March 11, 2004 and is shown in Figure 6.22. This disturbance was chosen
because of its obvious differences with the previously tuned disturbance of Figure 6.5.

Simulation results for 10-Hz optimal controllers are given in Figure 6.23 for the re-
sponse to the alternative disturbance. One set of results are with an optimal LQR regulator
with full-state feedback in the absence of noise, while the second set of results are with
the previously developed LQG regulator performing state estimation with noisy measure-
ments. The motion observed in Figure 6.23 is considerably greater than with the previous
disturbance in Figure 6.20, which can be attributed to the larger magnitude disturbance.
However, the performance of both controllers is similar, indicating that the Kalman filter
estimation is effective for this disturbance, despite being specifically designed to anticipate
a different disturbance. |

To investigate the sensitivity of the Kalman filter to plant uncertainty, a simulation was
performed where the LQG’s plant model differs from the actual plant whose dynamics are
being simulated. The same noise and disturbanvce‘from the previous results (Figure 6.22)
were applied to the system. The difference now is that the controller design is based on
alternative plant dynamics to the actual plant. The alternative plant model is provided by
linearizing the system about an operating point at a configuration that differs from where

the controller will be tested. The configuration selected for the alternative model is at a
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Figure 6.22: Leash disturbance measured during March 11, 2004 flight.

zenith angle of 30° and azimuth angle of 60°, which represents a departure across half
the operational workspace from the zero zenith configuration where the controller will be
tested. Both elements of the controller design including solving for the optimal gain as in
Section 6.3, and the Kalman’s filter’s internal dynamics, (A and B, from eq. (6.21) were

based on the alternative plant.

The results for a 10-Hz alternative plant LQG controller are given in Figure 6.24 along
with the LQR results from the previous plot and the uncontrolled response of the system.
As with the previous results with an alternative disturbance, the results with the controller
based on an alternative plant gives similar results to the ideal full-state feedback LQR con-
troller. This suggests that the LQG can accommodate a certain level of plant uncertainty.
Although not a comprehensive robustness analysis, these results suggest that good perfor-

mance is possible with unknown disturbances and inexact plant modeling. It should also be
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Figure 6.23: Simulation results for 10-Hz optimal controllers; LQR is with full-state feed-
back and LQG is with Kalman filter estimation without a prior: knowledge of the March
11 disturbance. '

mentioned that the simulations assumed that the use of accurate, low-noise sensors whose

noise characteristics were precisely known.

Overall, the LQG optimal control demonstrated its potential to effectively limit plat-
form motion while exhibiting some robustness in the presence of measurement noise, and
disturbance and plant uncertainties. Prior to irhplernenting the LQG controller on the actual
system, robustness should be investigated thoroughly, as a common drawback of optimal

control is its lack of robustness.
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Figure 6.24: Simulation results with March 11 disturbance; LQR is with full-state feedback
and LQG is with feedback based on an alternative plant for the system (6,. = 30°).

6.4 Feedforward Control

Both the field-tested PID controller and the LQG controller tested in the simulation, relied
exclusively on feedback of state variables. This has led to satisfactory results in terms of
PID and LQG control, but it is possible that other measured quantities can be integrated
into the control scheme to further improve the results.

Recognizing that the vast majority of motion disturbances to the platform are caused
by the aerostat’s leash, whose tension is a measured quantity in the experimental system,
leads to the consideration of feedforward control strategies that exploit the knowledge of
the disturbance force. Figure 6.25 gives a block diagram of controller that utilizes both
feedback and feedforward control elements. The goal of the feedforward controller is to

counteract the dynamics introduced by the disturbances. Revisiting the LTI model for the
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Figure 6.25: Block diagram of control system with feedback and feedforward control input.

system from eq. (6.7)
% = A% 4 Bu, + Gw
y= Cx

it becomes apparent that to completely cancel the disturbance, w, the input 11, must satisfy:
Bu. = -Gw (6.24)

Exact cancellation of the disturbance is not possible for our system because of the non-
collocation of the actuators and the disturbance force (B and G are sparse matrices that
give their respective inputs, 11., and w, direct influence over only a few uncommon states,
i.e. B and G are both matrices with dimensions of 177 x 3 that have three non-zero rows
each that are not common to both). This is also demonstrated by considering the direct

solution of eq. (6.24).
i, = —-B"Gw (6.25)

where ]~3§X177 is a left pseudoinverse of B. The generalized or Moore-Penrose pseudoin-
verse (which minimizes the least squares solution x = A*b for a system of linear equa-
tions described by Ax = b) does not offer a meaningful solution to eq. (6.25) as it gives

B+G = 0.
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Figure 6.26: Block diagram of control system with feedback and feedforward gain matri-
ces.

An alternative pseudoinverse B+, proposed by Friedland [86] can be calculated that
gives a non-trivial solution to eq. (6.25), which effectively reduces the effects of the distur-
bance. A typical state-feedback controller is retained for this development to further reduce
the effects of the disturbance. Expressing the input, 0, as the sum of both feedforward and
feedback control gives:

ilc = —KffW — Kx (626)

where K is the feedforward gain given by:
K;; =B*G (6.27)

and K is the feedback gain. A block diagram showing the gain matrices is given in Fig-
ure 6.26. This controller development assumes the full-state vec.tor, X, is used for feedback,
but when implemented it could be the estimated state, X. It is also currently assumed that
there is no measurement noise, v = 0, but noise will be addressed following the initial
controller development.

To solve for B and eventually K, it is assumed that the feedback gain, K, is already
determined (using optimal or other techniques). The development starts with substituting

eq. (6.26) into the state equation.

X = A% + B(-K;;w — K%) + Gw (6.28)



which can be simplified to:
X = (A - BK)x — (BK;; — G)w (6.29)

The desired controller should attempt to eliminate platform displacement, y = Cx=0

and system dynamics X = 0. Satisfying both conditions, eq. (6.29) becomes:

C(A-BK) '(BK;; —G)w=0 (6.30)

The disturbance, w, can be removed from the equation because the controller should be

independent of w, resulting in:

C(A -BK) '(BK;-G)=0 (6.31)

which can be rewritten as:

C(A - BK)™'BK,; = C(A - BK)"'G (6.32)
Finally, the feedforward gain can be solved for by:
~ -~ ~ ~1-1 - ~
Ky = |CA-BK)'B| CA-BK)'G (6.33)

The collection of terms in front of G is recognized as a left pseudo-inverse of the input
matrix, B.

- - - - -1

B* = [C(A _ BK)—IB] G(A - BK)! (6.34)
Friedland shows that the matrix C(A — f}K)_lf} will possess an inverse if A is nonsin-

gular and ’CA — E‘ = 0 [86]. The specific value of the inverse clearly depends on the

feedback gain, K, but the existence of an inverse is independent of K.

6.4.1 Results with Optimal Control

Simulations were performed with the additive feedforward/feedback controller. Initially
the optimal gain matrix, K, was based on the same output weighting matrix used in the

previous sections (Q = 10%I5,3), but the results required control inputs that exceeded the

140



X, (m)
&

——LQR
....... FF+LQR

-15 ] i 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 920 100

0.01

~_ -0.01

-0.02

~0.03 L i M L | I I L I

0.1 T T T T T T T T T

__0.05 1 1 1 L 1 1 1 L i
0 10 20 30 40 50 60 70 80 90 100

Time (s)

(a)

10 20 30 40 50 60 70 80 90 100

Figure 6.27: Comparison of simulation results for 10-Hz LQR controllers with and without
feedforward input: (a) platform position (b) tether length change from winches.
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23 cm/s velocity limits of our winches. Therefore, new gains were found using lighter
weighting on the output (Q = 10%I3y3), which produced favourable results without requir-

ing unrealistic winch performance. The feedforward gain matrix, Ky, for this case is:

0.112  0.048 —0.220
Kjp=| —0015 —0.124 —0.213
—0.097 0.078 —0.214

The entries of Ks; have relevance to the physical layout of the system as the columns re-
late to the disturbance in the z, y, and z-directions, and the rows relate to the three winch
inputs. For example, the large magnitude of the similar entries in the third column sug-
gests that the control inputs of all three winches are most sensitive to vertical disturbances.
Also, the large magnitude of the diagonal elements in the first and second rows/columns
indicates that winches #1 and #2 will react mostly to disturbances in the z and y-directions
respectively, which can be confirmed in the overhead view of the system in Figure 4.1 as

winch #1 is near the z-axis and winch #2 is near the negative y-axis.

Figure 6.27 shows results for discrete 10-Hz controllers with and without feedforward
winch commands. The platform displacement appears almost nonexistent for the feed-
forward case relative to the feedback only. The tether displacement is also shown, which
shows that the improvement is not due to large amplitude winch inputs. The ringing ob-
served in the control input and the platform’s vertical position is also significantly reduced
with the feedforward case. Results are summarized in Table 6.5 for various 10-Hz con-
trollers. The displacement for each case is approximately an order of magnitude smaller

than the noise-free LQG results reported in Table 6.4.

Although the extraordinary precision observed during the simulations of the feedfor-
ward/feedback controller is not likely realizable in practice due the full-state feedback as-
sumption and unmodeled effects such as sensor noise and time delays, the results sug-
gest that millimeter-level precision is approachable with the mechanical components of the

aerostat positioning system.
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Figure 6.28: Simulation results for feedforward/feedback LQR and LQG controllers at
10 Hz.

Results with LQG Feedback

Adding the feedforward controller to the more practical LQG feedback controller that in-
volves state estimation adds complexity and uncertainty to the control process. The state
estimation performed by the Kalman filter requires inherent knowledge of the feedforward
gain in its plant model of the system. The state equation of eq. (6.29) with feedforward and

feedback components can be re-written as follows:
X = Ax + Buy + (G - BK;))w (6.35)

The matrix (é - BK 77) must replace the G matrix that leads to G* in the Kalman filter’s
state-space description of the plant, i.e. eq. (6.21).

Simulations were performed for the feedforward/LQG system with the appropriate
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Controller | v=0| o, | 0y | 0; | Tmaz | Ymaz | Zmaz
FF+LQR | Yes [ 006|011 16 | 02 | 0.2 | 5.6

LQG No 34 1791199 117 | 21.3 | 579
FF+LQG | No 04 (05|17 | 13 | 13 | 67
PID No 1.8 133|377 53 | 7.7 | 924

FF+PID No 08 1.1 68 ] 29 | 33 ;203

Table 6.5: Summary of standard deviation and maximum displacements (in mm) for vari-
ous 10-Hz feedforward + feedback controllers.

state-space model of the system within the Kalman filter. Results are given in Figure 6.28
for 10 Hz-controllers that compare the LQG results, with the same measurement noise used
in Section 6.3.5, to the LQR results of the previous section. A summary of the results are
provided in Table 6.5. The measurement noise and state estimation is observed to decrease
the controller’s performance, but the results are encouraging as sub-centimeter precision is
achieved. This is approximately a five-fold increase over previous results with LQG feed-
back only for the same disturbance and noise (Figure 6.20), which limited the platform

position to deflections of less than 5 cm.

6.4.2 Results with PID Control

Although the feedforward controller, K¢, was developed specifically for controllers using
full-state feedback with the gain matrix, K, the advantages of using the feedforward input in
conjunction with PID feedback was also investigated. Initially the same feedforward gain,
Ky, from eq. (6.27) and the same PID gains from Section 6.3.4 (Kp = 0.4 sUKp =
0.05 s72,Kp = 0.05) were used and it was observed that the PID feedback was not
sufficiently responsive to compensate for the feedforward input. Therefore, alternative
feedforward gains were determined that anticipate a less responsive feedback controller.
This was achieved by altering the output weighting, Q of the LQR objective function of
eq. (6.9) in search of a suitable K for the PID feedback. Reducing the output weighting
relative to the input leads to a less responsive feedback controller, which in turn resuits

in a feedforward gain, K/, that expects less from the feedback input. Using an output

144



weighting matrix of Q = 10%I3, 3 produced a K s that worked well with this PID controller,

which is:
0.068 0.029 —0.149
K= | —0.009 —-0.077 -0.144
—0.059 0.048 —0.145

The pattern is similar to the K, for the optimal control, but the magnitudes of the entries
are reduced. | |

This heuristic controller design process is able to produce favourable simulation re-
sults, but it should be noted that it is achieved by calculating a feedforward gain based
on a fictitious optimal feedback controller. It is likely that the feedforward gain could be
better tuned if the actual characteristics of the PID controller were incorporated in the cal-
culation of K¢, however, this calculation becomes complicated because the PID feedback
involves a nonlinear equation of the state variables for platform position, see eqs. (3.23)
and (3.24). Instead of attempting to include the PID controller when determining Ky,
results are presented which demonstrate the effectiveness of combining the heuristically
tuned feedforward gains with PID feedback.

Figure 6.29 gives PID results at 10 Hz with and without feedforward input and a sum-
mary of the results is included in Table 6.5. For these results measurement noise was added
to the feedback (v # 0) as in the previous sections. The platform displacement is clearly
smaller with feedforward control and again the improvement is not due to large amplitude
tether length variations. The feedback-only winch input lags the much quicker feedfor-
ward controller, which explains the difference in performance. The maximum winch tether
speed is higher in the feedforward case but at 10 cm/s it is well b¢10W the 23 cm/s. limit.
The results for the feedforward PID results and the feedforward LQG results are similar in
the horizontal directions, but vertically the optimal feedback outperforms the PID by more
than a factor of three. .

Although the PID with feedforwafd control does not match the precision of the bptimal
feedback/feedforward controllers, the PID remains attractive fof sveveral reasons. It is easy
to implement, insensitive to modeling errors, and it is easier to tune and readapt if problems

with the controller are encountered in the field. It was demonstrated that exploiting the
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Figure 6.29: Comparison of simulation results for 10-Hz PID controllers with and without
feedforward input (a) Platform position (b) Tether length change from winches.
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readily available knowledge of the primary disturbing force, the aerostat leash tension, in
the form of an additive feedforward component to the control input has the potential to

drastically improve the performance of the controller and the overall positioning system.

6.5 Covering the Operational Workspace

For a fully operational telescope, the platform/receiver traverses set trajectories along a
hemisphere at a very slow rate (equiValent to the Earth’s rotation rate when tracking a
celestial object). Because of the slow trajectory following, the control problem within the
context of this study has applied exclusively to regulating the output about a fixed point,
instead of tracking a specified trajectory.

Thus far, all controller development and analysis in this chapter has focused on only
one location within the desired workspace for the 3-dof positioning system. The central,
symmetric, or zero zenith configuration is the natural starting point for analysis, however,
it is imperative to verify the extent to which controllers developed for this configuration
apply to other fixed points within the desired workspace. To accomplish this, a controller
will first be developed at the extreme zenith angle based on a LTI model about that point.
Next, controllers will be tested at locations other than their equilibrium point to assess the

controller sensitivity to changes in configuration.

6.5.1 Extreme Zenith Angle

For the experimental closed-loop system the maximum zenith angle achieved was 50°,
which is less than the desired 60° zenith workspace because the base winch radius in the
field was 364 m instead of 400 m. To maintain consistency with all the previous closed-loop
results, both experimental and simulated, the extremity of the workspace will be considered
at 0, = 50° with the assumption that results here can be applied to #,, = 60° with a base
radius of 400 m.

It is understood that the system at high zenith angles is more challenging to control

than at the zenith as its stiffness is reduced. As observed in the experimental results, the
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Controller Oy oy o, Loz Ymaz Zmaz
none 9.4(4.2) | 21.3(9.7) | 118(66.1) | 24.8(14.3) | 54.5(26.3) | 324(189)
PID 10 Hz 5.0 9.9 67.7 12.0 26.0 169
FF+PID 10 Hz 2.8 10.1 12.3 6.9 28.2 30.0
LQG 10Hz 2.9 93 21.9 9.6 23.5 56.8
FF+LQG 10 Hz 0.5 0.5 2.0 1.5 1.5 7.2

Table 6.6: Summary of standard deviation and maximum displacements (in mm) for dis-
crete controllers with system at §,, = 50° controllers (values in brackets are for uncon-
trolled case at 8,, = 0°).

platform motion is significantly larger when 6., = 50°. Simulations were performed at
0, = 50°, ,, = 60° (which was previously found to be among the configurations with the
worst performance [24]) with the identical May 27 disturbance force. For the uncontrolled
response, the platform position approximately doubled the previous results at 6, = 0°.
Figure 6.30 gives the time history of the passive or uncontrolled response and shows the
improvement with 10-Hz LQG feedback. Table 6.6 compares the uncontrolled response at
the two configurations and also the controlled response including PID and LQG feedback
control and feedback/feedforward control. Both the feedback gain, K, and the feedforward
gain, K, were recalculated using the linear model obtained at this high zenith config-
uration. The PID feedback gains are unchanged from previous sections. Attempts were
made during several high-zenith flight tests to obtain more appropriately-tuned gains, but
these efforts were unsuccessful. Because the effectiveness of the PID feedback control is
weaker at higher zenith angles, the feedforward gain used with the PID controller had to be
designed with a more lightly weighted matrix Q (Q = I3y instead of Q = 10%I53.3 used
previously).

The effectiveness of the feedback/feedforward.co.mbination is demonétrated at this con-
figuration as considerable motion reduction is achieved with both PID and LQG feed-
forward control over their feedback only counterparts. .The feedfofwérd/LQG controller
nearly matches its precision at 8, = 0° from Table 6.5, whereas the feedforward/PID
results are weaker at this high zenith angle, especially in the y-direction. The weaker per-

formance of the feedforward/PID control arises from its less effective feedback control
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Figure 6.30: Comparison of simulation results for uncontrolled response and 10-Hz LQG
feedback for system at 6, = 50°.

and less aggressive feedforward gains. Overall, this analysis shows that the system has the
ability to achieve sub-centimetre precision at the edge of the workspace despite an inherent

loss of stiffness.

6.5.2 Non-Local Controller

The effectiveness of a locally designed controller at the center and edge of the workspace
has been established. However, because there are infinite workspace locations and the sys-
tem may pass through a large number of them, albeit slowly, while following a trajectory, it
is essential to quantify the relative size of the region at which a locally developed controller
is valid or effective. One example of using a controller based on a non-local linear model

was provided in Section 6.3.5 when plant uncertainty was investigated.
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Figure 6.31: Overhead view of the LAR workspace with the eight locations of locally
developed controllers.

Stability can be assessed with a non-local optimal controller from the eigenvalues of

the modified state matrix A’, given by:
A/ - A1 - B1K2 (636)

where A; and B are the local state-space matrices and Kj is an optimal feedback gain
based on an LTI model linearized about a different operating point. When the local LTI
system is the symmetric configuration at 8,, = 0°, and the feedback gain is based on the
LTI model at the extreme zenith angle, 6, = 50°, or vice versa, all the real parts of the
eigenvalues of A’ have negative real parts. Although not a rigourous proof, by exchanging
controllers with two local systems representing the minimum and maximum zenith angles,
this may imply that any local LQG can be applied anywhere within the workspace without
inducing instability.

Multiple simulations were performed at the extreme zenith, §,, = 50°, 6,, = 60° con-

figuration with optimal LQG feedback with gains based on LTI models at several other
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Case | O,(deg) | ba.(deg) | 02 | 0y | 0. | Tmar | Ymaz | Zmaz
1 50 60 29193 [219] 9.6 | 235568
2 0 - 46| 174284 | 114 | 523 | 86.4
3 30 60 3.61132 1297|102 | 41.6 | 89.4
4 40 | 60 32111312721 96 | 347 | 782
5 45 60 30101011253 93 | 290 | 73.6
6 50 0 4911992511172 | 727 | 75.1
7 50 30 3.6 1501270 10.8 | 485 | 76.7
8 50 50 271 11.1 1252 94 | 145 | 799

Table 6.7: Summary of standard deviation and maximum displacements (in mm) for 10-Hz
LQG controllers designed at various locations and implemented at the operating point of
.. = 50°, 6,, = 60°).

locations within the workspace. The locations of the local controllers are given in Fig-
ure 6.31, which gives an overhead view of the workspace. Table 6.7 summarizes the re-
sults. All the controllers tested are generally better at limiting vertical motion, which had
a maximum value of 324 mm with no control, than horizontal deflections, which had a
maximum value of 25 mm and 55 mm in the respective z and y directions (see Table 6.6).
Not surprisingly, the best pérformance;apart from the actual local controller of Case 1, is
observed with controllers designed at conﬁguratioﬁs nearest to the operating point—Cases 5
and 8. This trend continues with the performance deteriorating as the local controllers de-
viate further from the operating point, culminating in the worst performance at the furthest

locations of Case 2 and Case 6.

These results suggest that some type of adaptive controller is necessary to achieve good
precision while traversing the workspace. One possible approach, termed gains scheduling,
involves using different gains depending on the location of the platform. The results in
Table 6.7 indicate that for favourable results, controllers should be applied while the system

is within 5 to 10° of its design point.
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6.6 Implementation Issues / Options

The study and design of controllers for the LAR positioning system has revealed several
potential approaches to improve performance beyond the PID controller tested in the field.
However, some of the most significant improvements are not only due to a superior algo-
rithm, but also to improved sensor bandwidth and to making better use of existing sensors.
The control strategies investigated can be separated into two paths in terms of complexity
and potential payoff. |

The first option requires less effort both computationally and in terms of new hardware
as it involves modifying the existing PID controller to include feedforward input. Current
sensors can be used and the PID algorithm only needs a few lines of code to accommodate
the feedforward gain multiplication. The plots in Figure 6.29 show that the combined
controller responds more quickly to disturbances resulting in enhanced precision. The
strength of this approach stems from the combination of the PID’s ease of implementation
and the predictive qualities of the feedforward term which utilizes the dynamics model of
the system. The drawbacks are related to the heuristic nature of the control development
and to the PID controller’s known performance limitations.

The second option involves LQG regulators which demonstrated encouraging precision
and some robustness in response to plant uncertainty. The optimal feedback controller was
also shown to benefit from feedforward input based on measured leash tension. The ac-
curacy and bandwidth of the position measurements limits the performance of the control
system. Depending on available resburces and the required precision of the positioning sys-
tem, an instrumentation upgrade involving replacing the GPS measurement system may be
suitable for future developments. For instance, ground-based laser measurements systems
offer superior bandwidth and accuracy over GPS, though they may also be more sensitive

to weather conditions.
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Chapter 7

Conclusions

The focus of this work is the study of a novel tethered aerostat position system, which
is specialized for the operation of the large-scale LAR radio telescope. The study en-
compasses comprehensive dynamics modeling, experimental demonstrations with model
validation, and advanced state-space controller development and analysis.

The experimental testing facility, built at one-third scale of the. LAR telescope, was
constructed to test the accuracy of the positioning system and verify our computational
model. The dynamics model of the multi-tethered system was achieved by discretizing the
tethers into a series of lumped-masses and estimating the aerodynamic properties of each
of the physical elements, such as the aerostat, the tethers and the payload. The disturbance
to the model is provided by a turbulent wind input with specified gust properties. A control
system was included in the model that uses position feedback to actively adjust the length
and mass properties of the discrete tether element nearest to the ground.

A series of experimental flight tests were conducted over a two-year period to determine
the precision of the aerial positioning system and the reliability of the dynamics model.
Both the experimental testing program and the simulation validation can be divided into
passive and active results. The initial flight tests, analysis, and validation involved fixed
tether lengths to study the passive response of the system. The second round of testing
involved active tether control achieved with the ground-based winches operation with a
PID controller using position feedback. |

The effectiveness of the passive tripod structure in limiting motion of an airborne pay-
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load was demonstrated experimentally as the horizontal platform motion was as much as
two orders of magnitude smaller than the ensuing motion of the aerostat (approx. 10 m for
the aerostat and 10 c¢m for the platform). The stiffness of the system decreased when the
system was configured for higher zenith angles, but the stiffness improved when the tethers

were spread out radially.

The passive components of the dynamics model such as lumped-mass tethers, the aero-
stat aerodynamics and the wind model, were assessed by comparing simulated results to
experimental measurements. Initially the comparison involved only the tether model as the
leash force measured during flights tests replaced the simulated disturbance of the aero-
stat in response to the wind. The predicted motion of the tether model was shown to have
excellent agreement with the measured motion, and confidence in the tether model was
established. Validation of the aerostat and wind model was only achieved at a statistical
level because our recreation of the wind disturbance was only a statistical approximation
of the actual wind field. Overall, the passive model corresponded well to the measurements
as the standard deviation of the simulated platform position was estimated to within 3 cm
of the measured response. Considering the large scale of the system, the results create
an adequate level of confidence that the model is capable of predicting realistic behaviour
for a general wind condition. To demonstrate the utility of a validated dynamics model
as a design tool, simulations were performed to evaluate the relative effectiveness of a
streamlined and spherical for the LAR system. The comparison showed that the spherical

aerostat, despite its much higher drag forces, results in smaller platform deflections.

For the second round of testing, computer-controlled winches were installed and oper-
ated in both open and closed-loop. The open-loop tests consisted of applying sinusoidal
winch inputs over a range of frequencies while measuring the platform position as the out-
put to create a Bode diagram for the system. The closed-loop tests were performed by ac-
tuating the winches according to simple PID feedback of the position error of the platform.
This regulator-type control was designed to limit the platform motion about any specified

location within the operational workspace of the positioning system. The platform’s posi-
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tion was measured using differential GPS at a rate of 10 Hz, which limited the PID control
fréquency to 10 Hz as well. The closed-loop response of the system was encouraging as
the standard deviation of the platform motion was between 45% to 69% lower than un-
controlled tests performed at various geometric configurations within the workspace. The
precision achieved with the positioning system over a range of tests in terms of RMS error
was less than 5 cm horizontally and less than 10 cm vertically. It was also observed that
the system was susceptible to a vertical bounce mode near 0.15 Hz that occasionally led to

instabilities when gains were tuned aggressively.

The validation of the active or controlled behaviour of the system was conducted for
both open and closed-loop control. For the open-loop response, the input/output relation-
ship of a linear version of the dynamics model compared favourably to the experimental
Bode diagram. Next, the closed-loop model was validated by subjecting the payload to
the actual measured leash force disturbance and comparing the predicted behaviour to the
measured response. The simulation results correspond well to the measurements in both
the time and frequency domain; the maximum discrepancy between the standard deviation
of the simulated and measured platform position in any direction is 15 mm. The complete
dynamics model was used in a second design analysis which evaluated the advantages of
changing the radius of the tether’s ground terminations and increasing the number of tethers
beyond three. This analysis concluded that using six tethers and a reduced winch perimeter
radius of 240 m, the mean error could be reduced by an order of magnitude relative to using
three tethers. As the LAR radio telescope design advances, the model will be an important

tool in fine-tuning important design variables and controllers.

To improve on the closed-loop performance of the basic PID controller tested in the
field, various control strategies with potential to exploit our validated dynamics model
were investigated. Optimal control was the focus of the analysis as LQG regulators were
developed and applied in simulation to linear state-space versions of our dynamics model.
The LQG controller was observed to approximately double the precision of the system

compared to PID control, but the LQG design procedure is far more complex and assumes

155



relatively accurate models of the system, disturbance and sensor noise are available. A lim-
ited robustness analysis showed that the LQG’s performance was only modestly affected
by model uncertainty. Simulations also showed that the effectiveness of both the PID and
LQG significantly improved if the control frequency was increased from 10 Hz to 100 Hz,

suggesting that for future tests an upgrade in sensor bandwidth should be considered.

To take advantage of measurable quantities that are not state variables, a feedforward
control scheme was developed that utilizes the measured tension in the aerostat’s leash.
It was previously known that the vast majority of the exogenous disturbances felt by the
platform were transmitted through the leash. Therefore, the measured disturbance was
incorporated with the feedback control system by adding a feedforward term to the winch
input. The feedforward term consists of the disturbance vector multiplied by a control gain,
which is calculated based on the linear model of the closed-loop system. The feedforward
input was applied to both PID and LQG feedback control systems and exceptional results
were observed. For PID control, the RMS platform error for the system in the symmetric
conﬁgurationv dropped from approximately 4 crh to less than 1 cm, while with LQG the

RMS error dropped from about 2 cm to to 2 mm.

Most of the control system design and analysis focused on the system in the symmet-
ric configuration, but simulations were also performed at the extreme zenith angles at the
edge of the workspace, where the system is inherently less stiff. The feedforward/LQG
controller was nearly able to match its precision at the symmetric configuration, but the
precision of the feedforward/PID controller decreased by approximately 50% at the ex-
treme zenith angle. To consider the need for some type of adaptive control to achieve con-
trol during tracking, several controllers designed at various locations within the workspace
were tested during operation at the extreme zenith angle. The results showed that the best
results were obtained when the >contrc.)ller applied was within 5 to 10° of the extreme zenith
operationg point, suggesting that some fofm of adaptive control is required to achieve high

precision while traversing the workspace.
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7.1 Recommendations for Further Research

Extending from the study presented in this work, several avenues have been identified for

future research.

e Although the total dynamics model was satisfactorily validated against experimental
data, é certain level of uncertainty persists with the wind model and the aerostat
model due to inéomplete Awind data. To overcome this limitation; efforts should be
made to obtain wind fneasuremehts closer to the aerostat and in all three directions,
not just the horizontal components. With a better understanding of the characteristics
of the wind disturbance, a more detailed and precise model validation process could

be performed.

* Simulation results in Chapter 4 suggest that a spherical aerostat should outperform
a streamlined aerostat for this type of tethered positioning system, however, efforts
should be made to test this hypothesis in the field. Uncertainty related to the vortex
shedding behaviour and the aerodynamic drag of a tethered sphere suggest that the
aerostat should be tested with the system before definitive claims of its superiority

over the streamlined aerostat can be asserted.

* The controller development for the tethered positioning sysiem is still in a premature
stage. Benefits and limitations of a PID and optimal controllers were documented,
however, several other control strategies should be investigated for this application.
Because of the known variability of the plant over the Workspaice, an adaptive or
a linear parameter varying controller could prove effective. Robustness was only
superficially addressed in this work although it is an important consideration for any
practical control system. Prior to implementation in the filed, a robustness analysis
should be performed and depending on the outcome, synthesis of a robust controller

could be considered.

» To accomplish the tracking maneuvers required by the operational telescope, the

tether actuation model in this work, which involves changing the parameters of
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only one discretized element, must be modified to accommodate larger variations
in length. Also with respect to tracking maneuvers, adaptive control strategies such
as gain scheduling should be evaluated since tracking represents a significant depar-

ture from fhe_regulator-type control of this study.

The results in Chapter 6 clearly show that performance of the system can be im-
proved not only by changing the control algorithms, but also by increasing the sam-
pling frequency of the feedback variables. Therefore, upgrades to the sensors and
instrumentation should be considered prior to any future testing of the scaled exper-

imental system.

The advantages of increasing the number of tethers from three to six should be stud-
ied further, preferably at both theoretical and experimental levels. The dynamics
behaviour of the system becomes much more complex when tethers are added and
the platform is modeled as a rigid body instead of a point mass, and any modeling of

the system should be checked against measured tests.
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