
ABSTRACT

YODER, CHRISTOPHER DOOLIN. An Investigation into Trajectory Control Systems with
Applications to High-Altitude Scientific Ballooning. (Under the direction of Dr. Andre
Mazzoleni).

NASA has a goal of achieving 100+ day mission duration for their Long Duration Balloon

(LDB) program. Previous work on modeling the flight path of ballons have shown that the

ability of a balloon to modify the trajectory is critical in achieving a 100-day flight, due to

the need to avoid cities around the world. This work examines three Trajectory Control

System (TCS) concepts: an air ballonet, a propeller, and a tether-sail system. First, this

work demonstrates the viability of the tether-sail system as a candidate by studying the

performance of the system. Next, an experimental study of the same tether-sail system is

performed to validate the system performance at a subscale level. Finally, building on the

new understanding of the tether-sail performance, a comparison of all three systems is

completed. It is found the air ballonet system is prohibitive from a mass and power perspec-

tive. The remaining two (propeller and tether-sail) have benefits for a LDB mission, which

is demonstrated by two case studies. Overall, a TCS is shown to be viable and achievable

for NASA’s LDB program.
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CHAPTER

1

INTRODUCTION

"Essentially, all models are wrong, but some are useful."

-George Box, 1987

1.1 Scienti�c ballooning

High-altitude scienti�c balloon missions constitute one-third of NASA's suborbital mis-

sion portfolio. With up to 20 missions each year [37], balloons provide a low-cost mission

architecture for access to the edge of space to the science community. The current stan-

dard array of balloons offers masses up to 3,600 kg and altitudes ranging from 30 to 52

km[56], depending on the balloon. NASA's balloon �ights enable investigators to (among

other things) search for exoplanets [24], study the corona of the Sun [45], and investigate the

origins of the universe [27].

The Long Duration Ballooning (LDB) project is currently working towards an opera-

tional goal of 100 days at a �oat altitude of 110,000 ft (33.5 km) for a mid-latitude balloon
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Figure 1.1: A NASA 18.98mcf SPB during in�ation prior to launch from Wanaka, New
Zealand.

mission [20]. Currently, the record for a NASA balloon with a full-sized payload is 42 days [96],

however this was set using a Zero Pressure Balloon (ZPB) in Antarctica (in constant sun-

light). The mid-latitude requirement proves to be too stringent for ZPBs, which lose Helium

(and consequently altitude) during diurnal �uctuations, which requires a different style of

balloon. The current LDB vehicle designed speci�cally for mid-latitude �ights is the NASA's

18.8mcf (million cubic feet) Super Pressure Balloon (SPB), which is seen prior to launch in

Fig. 1.1.

The SPB design has the distinction of being a closed volume (as opposed to ZPBs which

are open at the base of the balloon similar to hot air balloons). The recent innovations

leading to �ights of NASA's SPB have allowed altitude �uctuations wihtin a kilometer,

even in the presence of diurnal cycles, due to the internal pressure. These incremental

improvements have enabled more science at higher altitudes for longer duration [94, 20, 19].

Extensive work has gone into studying the performance of these balloons, which includes

the design of balloons and aerostats [70], the deployment [12] and stability [84, 13, 11] of the

structures, and the oscillations of the �ight train during �ight [78].

In general, the mass that a balloon can cary is set for a given altitude by the volume

of the balloon and the density of the air at that altitude (from a balance in buoyancy and
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Figure 1.2: Mass and power for previous ULDB missions.

weight). With a portion of the mass allocated for support systems (telemetry, recovery

system, command / control, etc), the remaining mass is allocated to the science experiment

to use to conduct the science. Some experiments are mass heavy, while others are power

heavy, as well as everywhere in between. A variety of balloon missions have been found in

the existing literature and their respective masses and powers have been compiled into Fig.

1.2. As seen, there is tremendous variety between missions with no strong correlation with

campaign location or region. Regardless, both mass and power are critical for experimental

design and neither is wasted.

1.2 Balloon trajectories

The vertical trajectory of a balloon �ight is well understood [72] and is governed by the

buoyancy of the balloon, the thermal environment, and the weight of the payload. Warren

was one of the �rst to tabulate the �oat altitude for a given unit mass of Helium and

Hydrogen [109]. Morris then expanded on this relationship several years later by detailing all

phases of balloon �ight and operations [72]. Carlson and Horn, under contract from NASA's

Balloon Program, developed the THERMTRAJ program to simulate the vertical motion of

a balloon [18]. This advance allowed operators to better predict the vertical motion of the

balloon �ight prior to launch; something which was lacking in the early 1950s.
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Over the years, more developments were made to advance the modeling capabilities

of balloons. Raque continued development based on the work of Carlson, now termed

SINBAD[90]. Farley generalized the SINBAD program with his creation of BalloonAscent,

which added (among other things) a GUI and a horizontal trajectory model based in steady-

state drag on the balloon [40]. Others have continued development based on these initial

formulations, generalizing for various model uncertainties [92, 66], the largest of which is

the wind uncertainty. Palumbo, Morani, and Corraro derived an analytical relationship

between atmospheric model forecast uncertainty and the predicted balloon trajectory

dispersion [85]. However prediction capabilities do not mitigate undesirable ground tracks,

but rather assist in the choice of launch day and time. At a high level, undesirable ground

tracks are those where the balloon �ies over populated cities, into countries which have

not granted over�ight privileges to the balloon operators, or into locations which make

payload recovery infeasible (e.g. mountain ranges, remote ice shelves, and over large bodies

of water).

Often, balloon launch sites are chosen based on long-term wind trends which allow

for payload recovery in areas free of dense populations. For NASA, �ights are limited by

over�ights of population centers [41] and can result in a premature termination. This fact

has led to the identi�cation of a Trajectory Control System (TCS) as instrumental to achieve

the goal of a 100-day mid-latitude �ight [57]. According to Jones[56], the ability to control

the latitude of the balloon using a TCS would mitigate some of the risks associated with

high-altitude ballooning, including accidental �ight over populated areas (see an example

of a modi�ed ground track in Fig. 1.3). To date, several methods of providing ground-track

authority have been investigated, as discussed below.

1.3 Trajectory control solutions

There have been multiple concepts developed to control the motion of a balloon, including

systems which modify the balloon shape [106], use mass ballast (as done for conventional

NASA balloon missions) or air ballast [6], and change the energy state of the lift gas (e.g.

heating the gas similar to a hot air balloon) [67]. This work focuses instead on the most

developed concepts to date: air ballonet, propeller, and tether-sail concepts (shown in Fig.

1.4). Each one is discussed below.
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Figure 1.3: Example ground tracks for an unguided and guided balloon demonstrating
the ability of a TCS to avoid populated areas around South America (left) and South Africa
(right) with markers denoting each day of �ight. See Appendix A for the methods used to
simulate the guided trajectories.

1.3.1 Altitude modulation (air ballonet) concept

The �rst technique for trajectory control involves modulating the balloon's altitude into

favorable wind currents in the atmosphere. This technique has been investigated and its

feasibility has been demonstrated by several groups [69, 26, 6]. For example, WorldView is

a recent startup who control the altitude of a balloon using an anchor balloon [38]. This

anchor balloon is suspended beneath the gondola and is in�ated with ambient air. As

the anchor balloon is �lled, the system mass increases and the balloon descends in the

atmosphere. If the vent port on the anchor balloon is opened, or the compressor is run

with air �owing in the opposite direction, air mass leaves the balloon and the balloon rises.

A second company to recently demonstrate altitude modulation is Loon, formerly of

Google. Loon balloons used an internal balloon, termed an air ballonet [106], in order to

modify the system mass [6]. The advantage here is that the air ballonet is self-contained

(does not interfere with other systems). The primary challenge with this system is increased

fabrication cost (due to challenges �tting a second balloon inside the �rst) and keeping

higher pressure gas from permeating through the �lm (issue for 100 + day missions).

While promising, altitude modulation has only been demonstrated for small balloons
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Figure 1.4: A compilation of Trajectory Control System (TCS) concepts at various stages of
development.

(� 1250m3[75, 60]) at pressure altitudes [4] ranging from 100 mbar to 30 mbar [26]1. Balloons

with a large volume, such as NASA's 18.8mcf SPB (internal volume of � 532,200 m3[37])

capable of sustained altitudes up to � 33.5 km (� 6.95 mBar), may struggle with an altitude

modulation trajectory control system due to the long in�ation / de�ation times and the lack

of wind shear at altitudes above 24 km (wind shear is essential to the altitude modulation

concept, since changing altitudes allows the balloon to be carried in a different direction

by different wind currents).

1.3.2 Propeller concept

The second system proposed for latitude control consists of a large propeller ( � 20 ft)

mounted on the scienti�c gondola (balloon payload) [77]. Propeller technology has ad-

vanced over the past century, especially with designs for long-endurance vehicles [89] and

high-altitude applications [23, 22]. In addition, research into propellers for low Reynolds

number �ow has increased in popularity given the success of Ingenuity, the helicopter to

complete the �rst powered �ight demonstration on Mars [16, 46]. Such a propeller could be

pointed in the desired direction (for example, using a gondola coarse pointing system) in

order to steer the balloon.

The challenges associated with propeller-driven latitude control begin with the required

1� 16.1 to 23.8 km, according to the 1962 Standard Atmosphere [109]
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