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SUMMARY

Inrecent years, there has been an increase in the number of small multi-mission plat-
forms such as CubeSats, in an attempt to reduce costs of space missions. CubeSats have
been used for different purposes including Earth observation, research and technology
demonstration.

However, a key technology that is still under development is the micropropulsion
system that has the potential to significantly increase the capabilities of CubeSat mis-
sions. Micropropulsion has been recognized as one of the key development areas for the
next generation of highly miniaturized spacecraft such as CubeSats and PocketQubes.
It will extend the range of applications of this class of satellites to include missions that
require, for example, orbital maneuvering or drag compensation.

An interesting option for CubeSats and PocketQubes is the Vaporizing Liquid Mi-
crothruster (VLM) which has received increasing attention due to its ability to provide
high thrust levels with relatively low power consumption. The thruster uses the vapor
generated in the vaporization of the propellant to produce thrust using a nozzle. The va-
porization is usually done by applying power to resistive heaters that could be integrated
into the device or externally attached to it. The nozzle is usually a convergent-divergent
nozzle that can accelerate the propellant to supersonic velocities.

This thesis aims to develop modeling and control concepts for micropropulsion sys-
tems to allow the spacecraft to perform maneuvers of position and attitude control. The
Vaporizing Liquid Microthruster has been selected due to its characteristics that suit the
needs of very small spacecraft.

The first part of the research is dedicated to an in-depth literature study of the cur-
rently available micropropulsion systems. Those that are manufactured with silicon and
MEMS (Micro Electro-Mechanical Systems) technologies have been analyzed and com-
pared in terms of their thrust, specific impulse, and power. A classification in terms of
complexity is introduced in an attempt to identify the suitability of the devices for the
current trend towards simplifying architectures. The analysis of development levels of
different types of micropropulsion systems revealed that although the actual thrusters
are significantly developed, the interfacing and integration to other components of the
system are still to be further developed.

The second part of the research focuses on the characterization and modeling of
VLM systems. This is an extremely important step in the development of such systems
since a proper model, i.e., one that sufficiently represents the dynamics of the system,
is required during the design phase to help, for example, in designing controllers, and
also during the operational phase to help reproducing the events happening when the
satellite is in orbit. A comprehensive model has been developed using theoretical and
empirical relations.

The third part of the research addresses the problem of controlling multiple redun-
dant devices allowing failures to occur. This is very important to guarantee the success-
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Xii SUMMARY

ful operation of VLM systems with many thrusters while performing combined attitude-
position maneuvers. A fuzzy control system was developed introducing an automatic
rule generation algorithm that allows the fuzzy controller to solve control allocation
problems.

Finally, the last part of the research investigates the possible applications of VLM sys-
tems. An example scenario is considered to analyze the performance required to execute
different maneuvers and missions.

The key contributions of the work presented in this thesis are related to the mod-
eling and control of Vaporizing Liquid Microthrusters. A comprehensive model of the
complete system has been proposed and used to develop control algorithms for indi-
vidual thrusters and for a set of thrusters. A fuzzy control system has been developed to
solve the problem of controlling multiple devices with redundant outputs. Finally, an in-
depth literature study and an analysis on the possible applications allowed to put VLM
systems into perspective offering a glimpse into the future development of such systems.
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De laatste jaren is het aantal kleine multi-missieplatforms zoals CubeSats toegeno-
men in een poging de kosten van ruimte missies te reduceren. CubeSats worden voor
verschillende doeleinden gebruikt inclusief aardobservatie, onderzoek, en technologie-
demonstratie.

Toch is er een belangrijke technologie die nog in ontwikkeling is: het microvoortstu-
wingssysteem dat de potentie heeft om de prestatiemogelijkheden van CubeSat missies
sterk te verhogen. Microvoortstuwing is erkend als een van de belangrijkste ontwikke-
lingsgebieden voor de volgende generatie sterk geminiaturiseerde ruimtevaartuigen zo-
als CubeSats en PocketQubes. Microvoortstuwing gaat het toepassingsgebied van deze
klasse van satellieten uitbreiden voor missies waarbij bijvoorbeeld baanmanoeuvres of
weerstandscompensatie benodigd zijn.

Een interessant alternatief voor CubeSats en PocketQubes is de Vaporizing Liquid
Microthruster (VLM), die meer aandacht heeft gekregen dankzij de hoge stuwkracht die
opgewekt wordt met relatief laag elektrisch vermogen. De raketmotor gebruikt water-
damp, geproduceerd bij het verdampen van de brandstof, om stuwkracht via een straal-
buis te genereren. De verdamping wordt meestal veroorzaakt door elektrische stroom
door een weerstandsverwarming te leiden die of geintegreerd in het apparaat of extern
bevestigd kan worden. De straalbuis is meestal een convergente-divergente straalpijp
die de brandstof tot supersonische snelheden kan versnellen.

In dit proefschrift worden concepten voor het regelen en modelleren van microvoort-
stuwingssystemen onderzocht om de positie en oriéntatie van het ruimtevaartuig te re-
gelen. De Vaporizing Liquid Microthruster is gekozen door zijn eigenschappen die pas-
sen bij de behoeften van zeer kleine ruimtevaartuigen.

Het eerste deel van het onderzoek is toegewijd aan een grondig literatuuronderzoek
over de verkrijgbare microvoortstuwingssystemen. Systemen vervaardigd met silicium
en MEMS (Micro Electro-Mechanical Systems) technologie zijn geanalyseerd en hun
stuwkracht, specifieke stoot, en vermogen zijn vergeleken. Een classificatie in termen
van complexiteit is ingevoerd in een poging om de geschiktheid van de apparaten voor
de huidige trend naar meer eenvoudige systemen te identificeren. De analyse van het
ontwikkelingsniveau van microvoortstuwingssystemen maakte het duidelijke dat, ter-
wijl de raketmotoren inmiddels goed doorontwikkeld zijn, de interfaces met andere on-
derdelen van het systeem meer ontwikkeling vereisen.

Het tweede deel van het onderzoek is gericht op het karakteriseren en modelleren
van VLM-systemen. Dit is een heel belangrijke stap in de ontwikkeling van deze syste-
men omdat een goed model, namelijk een die voldoende is om de dynamica van het sys-
teem toereikend te modelleren, nodig is om bijvoorbeeld regelaars te ontwerpen, maar
ook gedurende de operationele fase om het gedrag van de satelliet te reproduceren. Een
uitgebreid model is ontwikkeld op basis van theoretische en empirische relaties.

xiii
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Het derde deel van het onderzoek gaat in op het probleem meervoudige redundante
apparaten te besturen rekening houdend met defecten. Dit is zeer belangrijk om een
succesvolle werking van VLM-systemen met meervoudig raketmotoren te garanderen bij
gecombineerde positie en houding manoeuvres. Een fuzzy regelaar is ontwikkeld waar-
bij een algoritme voor geautomatiseerde regelgeneratie geintroduceerd is. Dit algoritme
staat de controller toe om het probleem van control allocation op te lossen.

Tot slot dekt het laatste deel van het onderzoek de mogelijk toepassingen van VLM-
systemen. Een voorbeeldscenario is gebruikt om de prestatie van de systemen in ver-
schillende manoeuvres en missies te beoordelen.

De belangrijkste bijdragen van dit werk zijn gerelateerd aan het modelleren en de
regeltechniek van Vaporizing Liquid Microthrusters. Een uitgebreid model van het com-
plete systeem is geintroduceerd en gebruikt om regeltechnische algoritmen voor een en-
kele of een verzameling van raketmotoren te ontwikkelen. Een fuzzy regelaar is ontwik-
keld om het probleem van het regelen van meervoudige redundante apparaten op te
lossen. Tot slot werden VLM-systemen in perspectief gezet door een grondig literatuur-
onderzoek en een analyse van de mogelijke toepassingen, en een blik op de toekomstige
ontwikkeling van deze systemen is gegeven.



INTRODUCTION

There is a freedom that everyone deserves.

From the song The lost boy by Greg Holden

The use of propulsion systems in nano- and pico-satellites has gained increasing attention
due to its potential to improve the performance related to mission lifetime and mission
capabilities. Size, mass, and power are important constraints that set a great challenge
for developing micropropulsion systems for these classes of spacecraft. Such a system will
significantly improve the functionality of the satellite by allowing the execution of attitude
and position maneuvers creating the possibility to perform applications such as station
keeping, orbit transfers or even enabling deep space missions. This chapter introduces the
research context in which the work of this thesis was developed. The motivation and goals
for studying and researching control aspects of micropropulsion systems are presented as
well as a brief literature review and theoretical background.



2 1. INTRODUCTION

1.1. MOTIVATION

T HE space sector is currently following a trend towards miniaturization to reduce
costs and the development time of space missions. The mass is usually used to clas-

sify artificial satellites. In this work the definitions below are used to categorize very

small satellites:

Table 1.1: Small satellites categories.

Category Range of mass
Nanosatellite 1-10kg
Picosatellite 0.1-1 kg

The concept of miniaturization also involves standardization and use of commercial
off-the-shelf components. Such features are extensively used in the development of a
class of small satellites called CubeSats. These spacecraft are composed of one or more
cubic units (abbreviated as 1U, 2U, etc.) with volume equal to 10 x 10 x 10 cm?® and a
mass of less than 1.33 kg. A similar concept that has recently been developed is the Pock-
etQube which also embraces the miniaturization idea however in an even smaller form
factor of 5x 5x 5 cm® in volume and 180 g in mass per unit. A CubeSat unit typically pro-
duces about 2 W of power in low Earth orbits (Silva et al., 2018) whereas a PocketQube,
which has an area four times smaller than that of a CubeSat, can produce around 0.5 W
on average.

An important feature to improve the capabilities of these categories of satellite is the
propulsion system which will increase the range of applications where they can be used
enabling new kinds of missions to be executed. For this small scale, the thrust levels are
desired to be in the range of micro- to milli-Newton (Silva et al., 2018). Such systems are
called micropropulsion systems and they are designed to generate thrust in the men-
tioned range and also to fit within the constraints of nano- and picosatellites in terms of
size, mass, and power consumption.

A micropropulsion system may significantly increase the capabilities of a micro- or
nanosatellite. It gives the satellite the ability to perform attitude maneuvers for appli-
cations such as reaction wheel desaturation, attitude control, or compensation of small
perturbations. Also, the propulsion system might provide the ability to change the orbit
in which the satellite was inserted. This can be used in a wide range of applications that
need station keeping or orbit transfers such as removal of space debris and formation
flying.

In order to be able to fully perform the described functionalities and applications,
a required feature of micropropulsion systems still needs to be developed is the thrust
control which is important to allow the satellite to perform precise orbital and attitude
maneuvers where precisely regulated forces and torques are necessary. Thrust control
encompasses the ability of controlling the magnitude and the direction of the thrust vec-
tor. These two features are required to be very precise in order to effectively allow the
execution of the mentioned applications. The magnitude control is different for each
type of thruster depending on the type of the thruster and its propellant, however, it is
always related to the propellant mass flow and exit velocity. The direction control can
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be achieved in several ways, and for spacecraft it is usually realized by using an array of
thrusters or a gimbal assembly in which the thruster is fixed. Also, such system is ex-
pected to keep its whole functionality until the end of the mission which can be affected
by improper use of propellant or even improper design.

1.1.1. OBJECTIVE

The objective of this thesis is to investigate concepts of thrust control in a way to
improve the performance of micropropulsion systems that use green propellants. The
use of green propellants has received increasing attention over the last few decades in
an effort to reduce the use of toxic materials that are hazardous to the environment and
requires increased efforts in handling (Gohardani et al., 2014). The choice of green pro-
pellants is also crucial to the development of miniaturized spacecraft because it helps in
reducing costs related to handling these dangerous substances.

This thesis aims to develop modeling and control concepts for micropropulsion sys-
tems in order to allow the spacecraft to perform maneuvers of position and attitude con-
trol. The major focus is given to the thrust control problem, i.e. controlling the magni-
tude and direction of the thrust-vector, considering the constraints imposed by the size
of the satellites. The magnitude control is concentrated in the control of the propellant
flow. In contrast, the direction control is focused on the control allocation of a set of
thrusters and also on the control by means of altering the shape of the nozzle.

The Vaporizing Liquid Microthruster (VLM) has been selected for developing the
concepts presented here. The VLM is very interesting for very small spacecraft due to its
ability to provide high thrust levels with relatively low power consumption. The thruster
uses the gases generated in the vaporization to produce thrust using a nozzle. The va-
porization is usually done by applying power to resistive heaters that could be integrated
into the device or externally attached to it.

METHODOLOGIES

In order to achieve the proposed objective, the work described in this thesis was
structured in such a way to address different parts of a conceptual VLM system (Fig.
1.1). Water is used as the propellant and this choice will be further discussed in Chapter
3.

The magnitude control can be achieved by changing the main parameters of the pro-
pellant flow that relate to the thrust: pressure, temperature, and mass flow rate. These
parameters are related to the valve and the resistive heaters. The direction control can
be achieved by actively changing the flow direction at the nozzle exit or by controlling a
set of thrusters.

These points have been investigated with an approach combining theoretical and
practical development in order to create a solid basis for the development of models and
control algorithms. This method is important as it supports with facts the assumption
making process and the creation of novel theories. Most importantly, the experiments
help to better understand the dynamics of the system. The experiments were performed
with VLM chips which have been manufactured in the Else Kooi Laboratory (EKL) of
Delft University of Technology (TU Delft). The chips are made out of silicon wafers that
are processed in one of the cleanrooms (class 100) of EKL.
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Figure 1.1: Concept of the microresistojet considered in this work. It contains a tank (1), a solenoid valve (2),
and a thruster (3).

The work of this thesis can be divided into four strongly connected parts. The first
part is an extensive analysis of the state-of-the-art literature regarding MEMS (Micro
Electro-Mechanical Systems) microthrusters that is aimed at positioning the chosen sys-
tem, i.e. VLM, with respect to other technologies. The second part regards the design,
manufacturing, and experimental characterization of VLM chips. The third part is fo-
cused on the development of a complete model of the VLM system. The last part is ded-
icated to the development of control systems for the fine regulation of the thrust levels
as well as the allocation of actuation efforts in a multi-thruster configuration.

The experimental data are combined with fundamental theory to arrive at a hybrid
model of the complete system which allows the simulation of the system dynamics and
its use in the design of controllers to precisely operate the thrusters or in the modeling
of the complete spacecraft for a multitude of purposes. The models and controllers de-
veloped are tested in simulation scenarios to assess the performance of the system in
missions with very small satellites.

This thesis is structured around the following research questions that were proposed
in order to achieve the main objective. What are the aspects that bound the state-of-
the-art MEMS micropropulsion systems? This question aims at defining the current
development status and comparing the different types of micropropulsion systems. It
is focused on MEMS devices which are the most promising in terms of miniaturization
and applicability to very small spacecraft. More than just defining the current status, this
question also focuses on the future developments regarding features or technologies that
are still missing and could advance the development of miniaturized space missions.

In order to approach the problem of controlling the thrust magnitude of a microthrus-
ter, another question was formulated: What is the best way of controlling the mass flow
of a microthruster? This question treats the challenges of controlling a liquid flow in
a micro-scale environment where friction forces play a major role in the dynamics of
the system. It aims at developing mathematical models that represent the behavior and
are used in the design of controllers to regulate the mass flow rate. This question has
been developed using the hybrid approach combining experimental data and theoreti-
cal models.

A third research question has been formulated to address the specific characteristics
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of a VLM system: How can we describe the dynamic behavior of a Vaporizing Liquid
Microthruster? This question is intended to guide the development of a mathematical
model that can reproduce the dynamics of a VLM system. The experiments with the pro-
totype devices are crucial to the success of this modeling due to the stochastic nature of
the main process taking place in a VLM which is the vaporization. This question focuses
as well on the analytical modeling of the thruster where it is possible to derive such a
model. It is also intended to lead to recommendations to future designs including those
for real missions.

The last question approaches the problem of controlling the direction of the thrust:
What are characteristics of controlling the thrust direction of microthrusters? It cov-
ers the aspects related to actively changing the direction of the flow exiting the thruster
and also the control allocation problem in systems with more than one thruster.

As the focus of this thesis is on MEMS micropropulsion, the next section is dedicated
to a short overview of other systems that are suitable of very small spacecraft.

1.2. MICROPROPULSION OVERVIEW

Micropropulsion is defined here and throughout this thesis as any system that gen-
erates thrust in the range from micro- to milli-Newton and satisfies the constraints re-
lated to nano- and picosatellites in terms of size, mass, and power. Fig. 1.2 presents the
classification used in this thesis to differentiate the types of micropropulsion systems.
These systems are all suitable for at least nanosatellites in all aspects (mass, size, and
power consumption). A secondary classification separates the systems that can be man-
ufactured (in their totality or the most important component) using MEMS and silicon
technologies from the ones that are made using conventional methods. In principle, all
the systems might be manufactured with conventional methods however some systems
gain a lot of advantages by using MEMS while others, e.g. solar sail, have little to gain
from the use of such advanced technologies.

As mentioned before, this thesis focuses on MEMS thrusters as these are the most
promising in terms of miniaturization and applicability to nano- and picosatellites. The
following sub-sections discuss the conventionally manufactured systems that are suit-
able for very small spacecraft. A complete review of MEMS thrusters is presented in the
next chapter.

1.2.1. CONVENTIONALLY MANUFACTURED MICROPROPULSION SYSTEMS
PULSED PLASMA THRUSTERS

This type of thruster contains two electrodes that generate a spark close to the pro-
pellant that is heated creating a plasma. This plasma is accelerated by the Lorentz force
and expelled with high velocity creating thrust. Due to the generation of a spark, it can-
not be operated continuously, thus the name pulsed.

PPT is highly suitable for CubeSat missions due to its simplicity in manufacture and
good reliability. It has been tested and successfully operated in space since 1964 and
recently has been developed for CubeSat missions (Ciaralli et al., 2016, 2015; Coletti et al.,
2015, 2011) and for micro-satellite missions (Kisaki et al., 2013; Tanaka et al., 2012).

The most common devices use solid propellant (Teflon) that is pushed towards the
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MICROPROPULSION
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Figure 1.2: Classification of micropropulsion concepts. The concepts highlighted in red are manufactured with
conventional methods whereas the ones in blue are made using MEMS and silicon technologies.

ignition place by a set of springs. In this case, the devices suffer from the lack of control in
the amount of propellant used in each shot which might cause differences in the levels
of thrust during its operational life. The use of liquid propellant, as in Szelecka et al.
(2015), might reduce this issue but, on the other hand, bring other issues as the intrinsic
complexity of flow control and propellant storage schemes.

FIELD EMISSION ELECTRIC PROPULSION

Devices that operate by ejecting liquid propellant have to use high-density substances
in order to maximize the efficiency of the thruster. The most common types are the Field
Emission Electric Propulsion (FEEP) and the colloid thruster which uses liquid metal as
the propellant that is ionized and ejected in very small droplets accelerated by an electric
field (Mitterauer, 2004; Rudenauer, 2007; Tajmar et al., 2004).

This type of propulsion has already been used in space missions and is able to pro-
vide thrust in the range suitable for CubeSat missions. Thus, miniaturization is the key
point to develop in order to use it as the main propulsion system for CubeSats.

ION THRUSTERS

This type of device produces thrust by ejecting ions at very high velocities. Gener-
ally, they produce small thrust levels but with high specific impulse. There are mainly
two different types: Hall thruster and ion-thruster. The first uses the Hall effect to trap
electrons in a ring and then ionize the propellant which is accelerated due to an electric
field and exhausted producing thrust. The second uses two charged grids to accelerate
the ionized propellant (Leiter et al., 2009; Polzin et al., 2007; Smirnov et al., 2002).
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1.3. THESIS OUTLINE

This thesis is split into seven Chapters (including introduction) that approach dif-
ferent parts of the work. Following the introduction in Chapter 1, the second Chapter
is dedicated to a deep review of micropropulsion systems that are manufactured using
MEMS and silicon technologies. The review embraces aspects of the development and
the theory related to different types of MEMS micropropulsion systems. It also com-
pares the different categories using data collected from the literature and analyzes the
complexity of each system which is very important when it comes to miniaturization.
The third chapter presents the design details of the micropropulsion system used in this
work and also the results of an extensive experimental campaign that was carried out in
order to characterize the devices. The fourth chapter shows the modeling of Vaporizing
Liquid Microthrusters. The developed model combines theoretical with empirical rela-
tions derived from the characterization of the thrusters. The fifth chapter presents an
approach to solve the control allocation problem for thrusters on board of a spacecraft.
The control allocation approach is applied to an example mission of active space debris
removal. The sixth chapter presents an analysis on the possible applications of Vapor-
izing Liquid Microthruster systems. The seventh chapter ends this thesis presenting the
conclusions and the outlook on future development of micropropulsion systems.







REVIEW OF MEMS
MICROPROPULSION

People hate what they don’t understand — Martha Kent

From the movie Batman v Superman: Dawn of Justice

CubeSats have been extensively used in the past two decades as scientific tools, technology
demonstrators and for education. Recently, PocketQubes have emerged as an interesting
and even smaller alternative to CubeSats. However, both satellite types often lack some
key capabilities, such as micropropulsion, in order to further extend the range of appli-
cations of these small satellites. This chapter reviews the current development status of
micropropulsion systems fabricated with MEMS (micro electro-mechanical systems) and
silicon technology intended to be used in CubeSat or PocketQube missions and compares
different technologies with respect to performance parameters such as thrust, specific im-
pulse, and power as well as in terms of operational complexity. More than 30 different
devices are analyzed and divided into seven main categories according to the working
principle. A specific outcome of the research is the identification of the current status of
MEMS technologies for micropropulsion including key opportunities and challenges.

Parts of this chapter have been published in:
Silva, M. A. C., Guerrieri, D. C., Cervone, A., Gill, E., A review of MEMS micropropulsion technologies for Cube-
Sats and PocketQubes, Acta Astronautica 143 (February 2018), 234-243, 2017.
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Figure 2.1: Diagram of a VLM showing the variables and their indexes.

2.1. INTRODUCTION

This chapter is dedicated to an extensive review of MEMS micropropulsion systems
that are suitable for nano- and picosatellites. As mentioned in the previous chapter,
the use of MEMS represents a promising way to develop highly miniaturized spacecraft
as it fabrication of very small features and integration of electronics. The next section
presents the theoretical background, used throughout this thesis, regarding the equa-
tions related to propulsion and to spacecraft dynamics.

2.1.1. THEORETICAL BACKGROUND
PROPULSION

The performance of micropropulsion systems can generally be analyzed using ideal
rocket conditions. However, it is important to note that those conditions are based on a
set of assumptions that might not be applicable to micropropulsion systems as, for ex-
ample, the assumption of negligible friction forces (Sutton and Biblarz, 2010). A deeper
analysis on this point will be done in chapter 4. Thus, the following set of equations (the
indexes correspond to those shown in Fig. 2.1) are used only to give insights into the
ideal performance of such micropropulsion systems. In this case, two parameters are
of major interest when analyzing the performance of the thruster: specific impulse and
thrust. The thrust (F in equation 2.1) is the force generated by the gas accelerated and
expelled through the nozzle.

F=mVe+ (pe—pa)Ae (2.1)

where ri1 is the mass flow rate, V, is the exhaust velocity, p. and p, the exit and ambient
pressures, and A, is the exit area. The exhaust velocity can be calculated by 2.2 where
M, is the Mach number at the exit, y is the ratio of the specific heat at constant pressure
and constant volume, T, is the exit temperature, and Ry is the specific gas constant

V, = Mo\/YR; T 2.2)

The mass flow rate can be written as a function of the chamber (stagnation) pressure
and temperature (p; and 77) and the area of the throat A;:

(2.3)
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Equations 2.4 to 2.6 are used to calculate the Mach number, temperature, and pres-
sure at the exit as follows

Y+1 y+1
A +1\" 2 -1 \@m
Ze _ L) ! M;1(1 + Y—Mﬁ) ! 2.4)
A, 2 2
-1 -1
T, = Tl(l + %MQZ) 2.5)
Y1)  ,\7a
pe = m(l + YTMeZ) : 2.6)

The specific impulse I, is a measure of efficiency regarding the propellant con-
sumption:

Jo Fdt
g Jo mat
where g = 9.80665 m/s? is the gravitational acceleration on Earth at sea level. Although
the unit is given in seconds, it does not represent a measure of time but a measure of
thrust per unit weight of propellant and it should be as high as possible for best propel-
lant consumption efficiency.

Equations 2.1-2.7 are used to estimate the performance of the thrusters given the
conditions of the experiments and the mechanical characterization of the devices.

s 2.7)

SPACECRAFT DYNAMICS

The spacecraft is modeled as a rigid body with constant mass, i.e. the mass of propel-
lant ejected is considered negligible compared to the mass of the body. Then the angular
and linear accelerations, with respect to the body reference frame located at the geomet-
ric center of the spacecraft, can be calculated based on the conservation of momentum.
The angular acceleration is calculated by:

®=I"[—(@xIw)+ Tex] (2.8)

where w is the rotation rate of the body, I is the inertia matrix, and Ty, is any external
torque. The linear acceleration is calculated as follows:

R 1
V=—Us—-wxV (2.9)
m
where V is the linear velocity, m is the mass, and U, is any external force.

In this thesis, the external torque and external force are composed by any distur-
bance (indicated with index d) and the thrust generated by the thrusters

Tex; =T+Ty (2.10)

Ui =U+U,. 2.11)
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Finally, the attitude of the spacecraft with respect to any arbitrary reference frame
can be represented using quaternions. Using the angular velocity defined in (2.8) we can
calculate the change in the attitude represented in quaternions g (Wie and Barba, 1985):

0 -wxy -wy -w;
. Wy 0 w; -~y
= 2.12
q Wy —Wg 0 Wy q ( )
w; Wy —Wy 0

where wy, wy, and w, are the components of the vector w. By knowing the initial atti-
tude of the spacecraft one can integrate (2.12) in order to have the time evolution of the
attitude.

2.2. MEMS MICROPROPULSION

This category consists of systems that use MEMS and silicon technologies in the
production of the thruster component of the system. Other systems might have other
MEMS components (e.g. sensors) which do not qualify the entire system as MEMS mi-
cropropulsion. The systems that do fall into this category and will be analysed in the
following sections are: resistojets, cold-gas thrusters, solid propellant thrusters, liquid
propellant thrusters, and electrospray thrusters.

The term MEMS refer to systems that have feature sizes in terms of micro-meters
and integrates mechanical and electrical parts into a single device. In the case of mi-
cropropulsion, features such as fluidic channels and structural components are in the
mechanical side whereas components such as resistive heaters, sensors, etc. are in the
electrical side. However, the boundaries between mechanical and electrical components
in MEMS are often hard to set due to the nature of the processes taking place in the de-
vice.

The manufacturing processes used in MEMS are often derived from those used in the
production of silicon microelectronics. The fabrication of such devices often involves a
series of repeated steps, starting from a silicon wafer, of the following processes:

* Deposition: used to deposit thin layers of materials on the surface of the wafer.

e Patterning: used to transfer a pattern to the surface in order to protect some parts
while exposing other to form the features of the device.

* Etching: used to remove material from the exposed areas either isotropically or
anisotropically.

These three basic processes are used to create a multitude of devices that have ap-
plications in many different areas. A specific example will be shown later in Chapter 3
describing the manufacturing of the microthrusters.

2.2.1. RESISTOJETS

The working principle of this type of micropropulsion is based on heating the gaseous
propellant with a resistance and then accelerating and expelling it to space. Some de-
vices use propellants stored in liquid or solid phase, therefore phase-change accompa-
nies the heating of the gas. The phase-change is done by heating a resistance in contact



2.2. MEMS MICROPROPULSION 13

with a part or all the propellant that is kept in certain conditions of pressure and tem-
perature to allow the specific process (sublimation or vaporization) to occur.

Considering the type of phase-change within the devices we can identify two main
types of micro-resistojets which also differ regarding the governing flow regime: Vapor-
izing Liquid Microthruster (VLM) and Low-Pressure Microresistojet (LPM also known
as Free Molecule Micro-Resistojet). The VLM accelerates the vaporized gas by means
of adiabatic expansion in a convergent-divergent nozzle. In this case the flow can be
modeled in the continuum flow range (Knudsen number Kn < 0.1 ) although Ivanov
et al. (1999) suggest that a statistical method such as DSMC (Direct Simulation Monte-
Carlo) is better than the usual approach using Navier-Stokes equations for the flow in
the nozzle exit because the Knudsen number in that region is high. Thus, for simula-
tions, a combination of methods is apparently the most suitable approach to help and
guide the design. The LPM works in a very low range of pressure and high Knudsen num-
ber (0.1 <Kn =< 10) in which the flow has to be modeled in the transitional flow regime.
Usually, these devices use nitrogen as the propellant to evaluate the performance of the
nozzle and water to prove the concept in terms of vaporization or even as the actual
propellant (Lee et al., 2008).

VAPORIZING LIQUID MICROTHRUSTER — VLM

This is one the most frequently found microresistojet concepts generally manufac-
tured using MEMS technologies in silicon or ceramic wafers. It consists of an inlet chan-
nel through which the propellant is fed, a chamber where the propellant is vaporized
by a heating element, and a convergent-divergent nozzle to accelerate the gases to su-
personic velocities. Most of the work concerning this device has been focused on the
numerical analysis of flow in micro-nozzles and in the design of the chamber that con-
tains the heating element (Cheah and Chin, 2011; Haris and Ramesh, 2014). However,
the boiling process in the chamber is a complex and important factor to be analyzed in
order to optimize the design of the chamber thus improving performance (Cen and Xu,
2010; Chen et al., 2012, 2010).

The geometry and material of the heating element are one of the key features towards
performance improvement since this is where most of the energy is converted and is
usually a low-efficiency process (Cheah and Chin, 2011; Haris and Ramesh, 2014; Kundu
et al., 2014; Mukerjee et al., 2000). Most of the devices are tested with water due to its
safety of handling and ease of acquiring but it can also be used as the actual propellant
asit can be stored as a liquid with the conditions of temperature and pressure considered
for CubeSats and PocketQubes (Guerrieri et al., 2017). The main drawback of water as
a propellant is its high heat of vaporization that represents high power consumption
to operate the thruster, however water has the best Av (velocity change) per volume of
propellant and specific impulse when compared to other substances that are suitable for
CubeSats and PocketQubes (Guerrieri et al., 2017).

There are two different designs that arise from differences in the manufacturing pro-
cess chosen (Fig. 2.2). The etching process can be tuned together with the type of wafer
to create cavities with walls inclined around 54.7° which are used to create the nozzle
perpendicular (out-of-plane) to the plane of the wafer (Mukerjee et al., 2000; Maurya
et al.,, 2005b,a; Ye et al., 2001). This might simplify the manufacturing but it reduces the
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Figure 2.2: Comparison between two different designs (figure adapted from Mukerjee et al. (2000)): in-plane
thrust design (left) and out-of-plane thrust design (right).

freedom of the design and perhaps degrading performance. Another option is to use a
more elaborated etching step that uses the Bosch process in order to create out-of-plane
nozzles with more complex shapes (Gad-el Halk, 2001).

In the in-plane design, the shape of the nozzle (and the chamber) is etched on the
surface of the wafer to create a pseudo-two-dimensional feature (Mukerjee et al., 2000;
Kundu et al., 2012; Mihailovic et al., 2011; Silva, 2017). The freedom in the design in this
case, in contrast to the out-of-plane design, is slightly better while the simplicity in the
manufacturing may be lost depending on the types of features one wants to fabricate.

Concerning the material used for fabrication and the process itself, silicon is the
main choice but low temperature co-fired ceramic (LTCC) is an interesting choice for
being simpler to manufacture and cheaper (Cheah and Low, 2015; Karthikeyan et al.,
2012).

Current devices are able to deliver thrust in the range from around 1 mN to around
7 mN while consuming from 1 to 10 W which might be high depending on the type mis-
sion in consideration.

LOw-PRESSURE MICRO-RESISTOJET — LPM

The low-pressure micro-resistojet, or Free Molecule Micro Resistojet (FMMR), works
in the transitional flow regime due to the low pressure, i.e. 0.1 < Kn =< 10. Therefore,
statistical methods based on the gas kinetic theory have to be used to model and simu-
late the operation of this microthruster (Ahmed et al., 2006; Ketsdever et al., 1998). The
devices, see 2.3, are usually composed of an inlet section, a plenum where the gas is
injected with low pressure typically below 1000 Pa, and a heater chip with slots or mi-
crochannels through which the gas is accelerated to space. The heater chip, usually fab-
ricated with MEMS manufacturing, contains a resistance to increase the temperature of
the channels thus the energy of the particles in contact with the walls. Therefore, the
geometry of the channels is a very important point to consider in the design in order
to enhance the efficiency of the heat transfer to the gas and the overall efficiency of the
thruster (Guerrieri et al., 2016a, 2017). The type of resistance and the manufacturing ap-
proach is also important to ensure an optimal conversion of electrical to thermal energy.

Although this propulsion concept has been investigated numerically and experimen-
tally, it still needs to overcome some issues in the design such as propellant choice and
storage. The level of pressure needed in the plenum, in particular, poses a challenge for
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Figure 2.3: Cross section of a LPM indicating the parts of the thruster; the flow goes in the direction indicated
by the red arrow.

the design of the valve and the tank for example.

In general, these devices are simulated or tested with inert gases, such as helium
or nitrogen, or water but other propellants might be also considered (Lee et al., 2008;
Ahmed et al., 2006; Blanco and Roy, 2013; Palmer et al., 2013).

An interesting advantage of this type of micropropulsion system is the scalability of
the design which can be extended or shrunk by changing the number of channels in the
heater chip. Each channel provides a certain amount of thrust so that the total thrust
can be adjusted in the design for the particular mission by choosing the correct number
of channels for the desired levels of thrust.

2.2.2. COLD-GAS MICROTHRUSTERS — CG

This type of micropropulsion system uses a pressurized gas as the propellant stored
either in liquid, gaseous, or solid phase. The gas passes through a nozzle and it is ac-
celerated to high velocities producing thrust. In general, the leakage levels of cold gas
systems is the main challenge to overcome since the contamination with microscopic
particles poses a threat to the sealing of valves, for example, which has to be taken into
account when designing the system and estimating its performance. Depending on how
long the satellite is stored waiting for launch (which in the case of CubeSats might be
very long) leaks might consume much of its propellant if not treated with caution. The
leak rate in the system presented by Kohler et al. (2002), for example, is below 1072 ssc/s
which is acceptable for that system.

These systems are at an advanced level of development for CubeSats as they are sim-
ple to build and operate. Some of them, e.g. the one shown in 2.4, have already in-
tegrated control circuits to interface with the satellite bus and all fitting in 1U or less
(Kohler et al., 2002; Kvell et al., 2014; Louwerse, 2009; Rangsten et al., 2013; Stenmark
and Eriksson, 2002). Integrated sensors and control valves might be the next milestone
for these engines.

Some differences arise in the method of storing the propellant that can be stored in
the gaseous phase, liquid phase, or solid phase. The latter usually ignites a propellant
pellet to generate a certain amount of gas in the plenum or tank; just as with solid pro-
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Figure 2.4: Example of cold-gas thruster (adapted from Louwerse (2009)) designed for the Delfi-N3xt mission.

pellant engines, the control and efficiency of the ignition are crucial for the performance
of the thruster. Inert gases are a common choice due to safety concerns but other op-
tions, such as butane or other gasses with low boiling points, might be interesting since
efficiency might improve when using liquid propellant.

2.2.3. SOLID PROPELLANT — SP

Solid propellant microthrusters consist of a chamber containing a small amount of
propellant, an igniter (usually a heater), and a nozzle to accelerate the gasses after com-
bustion (Fig. 2.5). These devices are among the most compact ones since there is no
need of a feeding system or a pressurized container. Also, a good advantage brought by
the compactness is the possibility to put many engines in a single chip as in Lewis. et al.
(2000); Rossi et al. (2001, 2005, 2002); Seo et al. (2012); Lee et al. (2010); Lee and Kim
(2013), for example.

The main concerns in the development of SPs are in the design of the igniter and
the chamber to assure an optimal combustion of the propellant in order to avoid the
exhaust of unburned propellant grains (Chaalane et al., 2015; Oh et al., 2017; Wu et al.,,
2009). The disadvantages of these devices are the lack of control after ignition and that
they are not able to restart. For repetitive ignitions, several stages would have to be used
which increases the system complexity.

The efficiency of the combustion might be limited by the placement of the igniter
which can be either on top or on the bottom of the propellant grain (Rossi et al., 2001;
Briand et al., 2008; Koninck et al., 2011; Ru et al., 2016). The placement of the propel-
lant grain might be also a challenge depending on the size of the igniter and amount of
propellant since they can be on the micrometer scale. These facts are determinant since
the efficiency of this type of micropropulsion system can be as low as 10% (Lewis. et al.,
2000) and the repeatability in terms of thrust is degraded by these circumstances and is
very important for precision applications (Zhang et al., 2005, 2007).

2.2.4. LIQUID PROPELLANT — LP

This category comprises the MEMS micropropulsion systems which uses some lig-
uid as a propellant that, when catalyzed, decomposes into hot gasses. The gasses are
then accelerated through a nozzle to generate thrust. Common propellant choices for
these systems are hydrazine and hydrogen peroxide which, when properly catalyzed,
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Figure 2.5: Example of a solid propellant microthruster (adapted from Lee and Kim (2013)).
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Figure 2.6: Example of liquid propellant thruster (Miyakawa et al., 2012).

decompose generating hot gasses. However, other alternatives are also interesting, for
example using bipropellant concepts such as in London et al. (2001). The devices are
composed of an inlet section, a catalyst chamber, and a nozzle as seen in Fig. 2.6.

Hydrazine thrusters have been developed and used as primary propulsion and atti-
tude control for large spacecraft due to the medium level performance regarding specific
impulse. However, due to its high toxicity and flammability, it needs special procedures
and equipment to handle it on ground which represents an increase in the overall devel-
opment cost for CubeSats and PocketQubes (Patel et al., 2008).

Hydrogen peroxide is an interesting alternative since it does not need the level of
precaution in handling it (Hitt et al., 2001; Kundu et al., 2013). One of its disadvantages is
that organic materials are very likely to serve as a catalyst for its decomposition, therefore
it might slowly decompose in the propellant tank due to minimum contact to undesired
substances present in the storage. In the case of CubeSats that might be stored for long
periods waiting for launch, a significant amount of propellant might be lost due to this
fact.
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Figure 2.7: Schematic of an electrospray thruster.

2.2.5. ELECTROSPRAY THRUSTERS — ES

Electrospray thrusters are devices that produce thrust by emitting a spray of particles
created by what is called a Taylor cone (Taylor, 1964). This effect occurs when an electric
potential is applied to an ionic liquid in a capillary. Once a threshold voltage is applied
the liquid at the tip of the capillary sharpens and forms a cone emitting particles that
can be either single ions, droplets or both. A schematic is shown in Fig. 2.7.

Each emitter depending on the design and type of propellant generates a thrust in
terms of nano- to micro-Newtons (Courtney et al., 2016; Xiong et al., 2005). The number
of emitters can be chosen depending on the type of satellite and mission and it usually
is in the order of thousands of emitters per thruster in order to achieve reasonable thrust
levels to perform maneuvers (Courtney et al., 2015; Dandavino et al., 2014; Krejci et al.,
2017; Krpoun and Shea, 2009). The propellant can be either an ionic liquid or mixture
or a liquid metal and the emitters can be incremented with an accelerator grid after the
extractor to further increase the exit velocity of the particles (Berg and Rovey, 2016; Berg
etal., 2015).

The levels of thrust and specific impulse of these devices are aligned with the needs
of PocketQubes and CubeSats and the modularity of the design and possibility of linearly
changing the thrust by choosing the right number of emitters makes them an interesting
choice for a propulsion system.

2.3. ANALYSIS AND DISCUSSION

In this chapter, the performance of the micropropulsion systems is analyzed in terms
of thrust, specific impulse, and power consumption. The first two are important perfor-
mance parameters to be chosen depending on the type of mission and the size of the
spacecraft. Only the thrust may have a maximum boundary, which, in the case of very
small spacecraft, can be set by the maximum disturbances the attitude control system
can handle, to assure a safe operation of the spacecraft. The power consumption is par-
ticularly important for small satellites, since CubeSats and PocketQubes have strict lim-
itations on available power. Therefore, it is especially important for electric propulsion,
e.g. resistojets or electrospray thrusters, and in other cases, such as liquid propellant
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thrusters, serves the only purpose of powering the control electronics which is needed
for any system. Considering that each CubeSat unit typically produces about 2 W of
power in low Earth orbits (Silva et al., 2018), then a 3U CubeSat would generate up to
6 W on average. A PocketQube has an area four times smaller than that of a CubeSat,
then the power generated by 1U PocketQube can be considered up to 0.5 W, and a 3U
PocketQube would generate up to 1.5 W on average. The average power of a spacecraft
is, however, different from the power required by the propulsion system, because the
thruster might not work continuously. However, this is also strictly connected to the
thrust level. For low thrust systems, the thruster would need to be operated for a very
long time in order to provide the same total impulse, which can be considered the same
order of magnitude of the actual orbital lifetime of the spacecraft. For systems where the
thrust level is higher one can operate the thruster for a much shorter time, meaning that
the required power is close, or higher, than the average power produced by the space-
craft. In this analysis we suggest some boundaries for these parameters in order to help
the reader in selecting a propulsion system for their mission.

In the following, we elaborate on a case of a 3U CubeSat to derive the maximum
thrust suggested for a safe operation of the spacecraft. Considering a 3U CubeSat with an
attitude control system using reaction wheels that can provide up to 0.2 mN m of torque
(Candini et al., 2012; CubeSatShop.com, 2017) and a misalignment of the center of mass
of the spacecraft of around 2 cm (Silva et al., 2015), we can derive the maximum dis-
turbance torque that the thruster can generate while being counteracted by the attitude
control. This represents a thrust of about 10 mN which can be considered a maximum
for safe operation of the spacecraft. As the mass of a PocketQube is eight times smaller
than that of an equivalent CubeSat, the maximum thrust for that category can be divided
by the same factor resulting in a maximum thrust of around 1.25 mN. These values are
shown in Fig. 2.8 to 2.10 suggesting maximum boundaries for 3U satellites. It is noted
that these boundaries might be larger in case of more advanced systems for power and
stability control.

We present in Fig. 2.8 to 2.10 an analysis of the average values of the mentioned pa-
rameters (thrust, specific impulse and power) collected from existing literature to pro-
vide an assessment of the current placement of each type of MEMS micropropulsion
system. In Fig. 2.8 to 2.10, the centers of the ellipses represent the average values for the
parameters while the eccentricity of the ellipses represent their standard deviation. The
actual values of the parameters analyzed are presented in Table 2.4 along with other im-
portant aspects to consider, such as pressure and temperature. The estimated values of
Technology Readiness Level (TRL) ! are also given in order to position the different sys-
tems in terms of development. The average and standard deviation values are presented
in Table 2.1.

In terms of thrust the solid-propellant thrusters are those with the highest values that
might be interesting for missions of space debris removal or where fast orbital maneu-
vers are needed, but the lack of control in the operations renders them less interesting for
applications requiring precision maneuvers for example. In this case, systems using lig-

1The TRL is in the range from 1 to 9. It is important to note that the analysis presented here is mostly based on
scientific publications which explains the levels of TRL found. Higher levels might be found in commercial
systems that due to the lack of public information were not included.
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uid propellant are more suitable since the propellant flow can be controlled with valves.
This comes, however, with a downside as the complexity of the system would increase in
contrast to solid-propellant engines.

Table 2.1: Average values of thrust, specific impulse and power of MEMS from existing literature not consider-

ing the power used by the electronics. The standard deviation is given in brackets.

F[N] Isp 8] P W]
VLM  9.58E-4 (1.79E-3) 5.28E+1 (4.62E+1) 3.62E+0 (3.34E+0)
LPM  9.45E-4 (8.51E-4) 7.08E+1 (2.72E+1) 2.36E+0 (2.78E+0)
CG 6.08E-4 (8.00E-4) 5.77E+1 (1.04E+1) 2.18E+0 (2.02E-1)
LP 5.07E-1 (1.13E+0) 1.18E+2 (1.06E+2) -
SP 9.99E-1 (1.63E+0) 5.93E+1 (3.87E+1)  5.77E-1 (6.75E-1)
ES 5.45E-5 (3.96E-5) 2.97E+3 (1.72E+3)  8.34E-1 (8.51E-1)

In terms of specific impulse, the electrospray thrusters perform very well due to the
high velocity the propellant particles are expelled. The thrust produced by these engines,
however, is relatively low which makes them an attractive option for propulsion systems
dedicated to, for example, attitude control or for long duration operation in case of orbit
transfers.

As seen in Fig. 2.9 and 2.10, the power used by solid-propellant thrusters is low since
they only require it for ignition of the propellant grain. Other devices, such as resistojets,
need continuous power to ensure that the propellant is fully vaporized which requires
higher energy consumption. Note that the power usually presented in references does
not take into account the electronic circuits necessary to operate the engines. The reason
is that most of them are in an early stage of development and the electronics are not
designed for the flight model.

Figure 2.8 shows a clear division in three sectors: high thrust, high specific impulse,
and low thrust and specific impulse. This provides helpful insights into selecting the
proper propulsion system for a specific mission. It also shows that there are regions
not covered but could be achieved by, for example, design optimization or using hybrid
technology that combines the characteristics of two or more types. Table 2.2 presents the
suggested applications of thrusters in the regions identified. This is, however, a rough
classification, with the exact applicability of specific propulsion systems depending on
the specific mission and spacecraft characteristics.

Table 2.2: Suggested applications for the different regions on Fig. 2.8.

Thrust Specificimpulse Suggested application

High Low space debris removal, fast orbital trans-
fer/maneuvers (when spacecraft stability is
not an issue)

Low High precise  pointing, slow orbital trans-
fer/maneuvers

Low Low attitude control, small orbit corrections (max. in

the order of a few m/s)
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Figure 2.8: Comparison of specific impulse and thrust of the different types of micropropulsion systems. The
centers of the ellipses are the average values and the minor and major axes are proportional to the standard de-
viation. The dashed lines represent the maximum (suggested) thrust for 3 units PocketQubes (PQ) and Cube-
Sats (CS).

As mentioned, the power is a special constraint for the classes of satellites analyzed
here (also for other classes) and, as Fig. 2.9 and 2.10 illustrate, there are no significant
gaps in the range of power. However, the top values as indicated with the dashed lines
are high for the limits of 3U CubeSats and PocketQubes.

Figure 2.8 clearly shows two different trends for chemical propulsion (i.e. liquid- and
solid-propellant, and for electrical propulsion. Furthermore, the area covered by resis-
tojets (orange and green ellipses) can fit within both trends, thus showing the hybrid
nature of this concept where the propellant is heated electrically, but accelerated ther-
modynamically in a nozzle. In Fig. 2.9, looking at the centers of the ellipses (the averages)
a relationship between power and thrust for all electric propulsion concepts is evident.
This is expected, since in electric propulsion the thrust is power-driven. It can also be
observed that chemical propulsion is not part of this trend. Finally, in Fig. 2.10, a close
relationship between power and specific impulse for all the concepts considered. Again,
this is to be expected, since specific impulse is a measure of the energy delivered by the
system.

Looking at the boundaries suggested, if the boundary line falls in the middle of an
ellipse, that type of propulsion is probably feasible since there might be a way of scaling
it down to the desired power level levels of power or thrust. If the entire ellipse lies higher
than the maximum level, then we can conclude that the current technology does not al-
low the use of that type of propulsion in that type of satellite. Thus, it can be concluded
that in terms of power, most of the devices fit into the maximum for 3U CubeSats but if
we increase this threshold, then we can consider all of the types for a possible propulsion
system. For a 3U PocketQube, however, the situation is more difficult since the limita-
tion in the power affects all types analyzed. In terms of thrust, solid and liquid propellant
engines generate more thrust than the suggested maximum. This problem can be over-
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Figure 2.9: Comparison of power and thrust of the different types of micropropulsion systems. The centers of
the ellipses are the average values and the minor and major axes are proportional to the standard deviation.
The devices using liquid propellant usually use electric power only for control electronics, so they are not
present in the graph. The dashed lines represent the maximum (suggested) thrust for 3 units PocketQubes
(PQ) and CubeSats (CS).

come with a more advanced attitude control system to compensate for disturbances or
by reducing uncertainties in the position of the center of mass.

One important aspect when comparing or selecting a micropropulsion system is the
complexity of the system in terms of integration and operation characteristics. The for-
mer regards additional constraints to the design, such as fluidic fittings and connections,
and the latter relates to, e.g., scheduling constraints in the communication link that have
to be considered in the actuation of the thrusters, since control of the input parameters
might not be realizable with CubeSats and PocketQubes due to data link limitations for
example. An automatic controller may be considered to avoid this issue but will require
more effort in the development. Here, to characterize complexity, we select four param-
eters characterizing each system: the minimum number of additional components that
are needed in the system on top of the actual thruster and control electronics; the num-
ber of control parameters for the system; and the start-up and shut-down times which
are respectively the times needed to achieve steady state full thrust and to completely
shut down the engine, i.e. achieve zero thrust, from the moment when the command is
sent. These last two parameters are important if one wants to perform precise maneu-
vers that need a specific total impulse. Then the time needed to achieve steady state and
to shut the engine down have to be taken into account.

The number of components and the number of control parameters are given quan-
titative values from 1 to 3 representing the count of that criterion and the start-up and
shut-down times are given qualitative scores from low to high corresponding to short
and long times respectively. The complexity is then calculated as the average of these
parameters (taking the numbers 1 to 3 for the qualitative values) and if the result is from
0 to 1 we consider it low complexity, from 1 to 2 medium, and from 2 to 3 high. Table 2.3
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lists the 4 parameters for each type of system and provides the resulting complexity.

As we can see, the complexity increases with number of components and param-
eters. But on the other hand, a more controllable operation of the thruster may be
achieved therefore increasing the performance and optimal use of propellant.

Table 2.3: Assessment of complexity of the types of MEMS micropropulsion.

Type | Complexity | Min. num. components | Num. control param. | Start-up time | Shut-down time | Comment
Liquid left in the
path from the valve

VLM High 3 (heater, valve, tank) 2 (power, flow rate) high high to the thruster gives
high shut down
time.

Number of control
parameters and
components in-

LPM Medium 2 (valve, tank) 1 (flow rate) low medium crease if applying

temperature to the
gas or using liquid

propellant.

Number of control

parameters and
CG Medium 2 (valve, tank) 1 (flow rate) low medium components in-

crease in warm gas

mode.

May require power
to accelerate the
start up. Same issue
with liquid and shut
down time as for
VLM.

May require power
to accelerate the
start up. Same issue
with liquid and shut
down time as for
VLM.

Shut down is not
controllable.
Number of con-
trol parameters
increases if using an
accelerator grid

LP Medium 2 (valve, tank) 1 (flow rate) medium high

LP Medium 2 (valve, tank) 1 (flow rate) medium high

SP Low 1 (igniter) 1 (power) medium -

ES Medium 2 (tank, energy storage) 1 (power) low low

2.3.1. FUTURE DEVELOPMENTS

Although there has been a significant effort in developing micropropulsion systems,
there are still challenges to be addressed. For highly miniaturized satellites, the devices
may be so small that interfacing them to other larger components of the system becomes
more and more difficult. In some cases, the electronics might be integrated into the fab-
rication process, which is one of the advantages of using MEMS, to incorporate sensors
and control circuits into “smart thrusters”. This integration can also be extended to, for
example, valves or pumps (Shoji and Esashi, 1994; Zhang et al., 2007) that can be man-
ufactured in wafers with similar processes leading to a complete “propulsion on a chip”
system which is very interesting for extremely miniaturized satellites.

The integration of the components of a propulsion system is one of the main chal-
lenges since traditionally these parts come separately (e.g. valves, tanks, etc.). However,
with the advance of MEMS technology, more integrated devices can be accommodated
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Figure 2.10: Comparison of power and specific impulse of the different types of micropropulsion systems. The
centers of the ellipses are the average values and the minor and major axes are proportional to the standard de-
viation. The devices using liquid propellant usually use electric power only for control electronics, so they are
not present in the graph. The dashed lines represent the maximum (suggested) thrust for 3 units PocketQubes
(PQ) and CubeSats (CS).

Table 2.4: Data of micropropulsion systems for comparison extracted from the references in the first column.

Ref. D¢ | Prrin ™1 | Prnax W1 | Fonin N | Fonae N | Tspr O | TS | Pt Pl | Prnac Pl | Tonin K | Tynae (K1 | TRL
Kohler et al. (2002) CG n/a n/a 0.00E+00 | 2.00E-03 | 4.50E+01 | 4.50E+01 | 0.00E+00 | 5.00E+05 n/a n/a 3
Kvell et al. (2014) CG | 2.35E+00 | 2.35E+00 | 0.00E+00 | 1.00E-03 | 6.80E+01 | 6.80E+01 | 2.00E+05 | 5.00E+05 n/a n/a 3
Rangsten et al. (2013) CG | 2.00E+00 | 2.00E+00 | 0.00E+00 | 6.50E-04 | 6.00E+01 | 6.00E+01 | 2.00E+05 | 5.00E+05 n/a n/a 5
Dandavino et 2014) ES 5.53E-01 | 2.50E+00 | 3.12E-05 | 9.98E-05 | 4.74E+02 | 5.93E+03 n/a n/a n/a n/a 3
Courtney et al. (2015) ES 6.50E-01 | 4.00E-01 | 2.00E-05 | 3.00E-05 | 3.00E+03 | 3.00E+03 n/a n/a n/a n/a 3
Courtney et al. (2016) ES 1.00E-01 | 8.00E-01 | 5.00E-06 | 5.00E-05 | 1.50E+03 | 3.26E+03 n/a n/a n/a n/a 3
Krpoun and Shea (2009) ES n/a n/a 1.00E-04 | 1.00E-04 | 2.00E+03 | 4.60E+03 n/a n/a n/a n/a 3
London et al. (2001) LP n/a n/a 0.00E+00 | 1.00E+00 | 0.00E+00 | 1.50E+02 | 0.00E+00 | 1.20E+06 n/a n/a 3
Wu and Lin (2010) LP n/a n/a 2.00E-04 | 1.97E-03 | 2.92E+00 | 1.34E+01 n/a n/a n/a n/a 3
Blanco and Roy (2013) LPM | 1.16E+00 | 1.16E+00 | 1.70E-03 | 1.70E-03 | 5.60E+01 | 5.60E+01 n/a n/a n/a n/a 2
Ahmed et al. (2006) LPM n/a n/a 1.00E-04 | 1.00E-03 | 4.00E+01 | 8.00E+01 | 5.00E+01 | 2.00E+02 | 3.00E+02 | 5.73E+02 3
Cervone et al. (2015) LPM | 8.00E-01 | 5.60E+00 | 1.00E-03 | 1.60E-03 | 7.00E+01 | 7.00E+01 | 4.90E+01 | 4.90E+01 | 5.74E+02 | 1.17E+03 2
Guerrieri et al. (2016b) LPM | 1.46E+00 | 9.68E+00 | 2.80E-04 | 2.72E-03 | 6.37E+01 | 1.11E+02 | 5.00E+01 | 3.00E+02 | 3.00E+02 | 9.00E+02 2
Ketsdever et al. (2005) LPM | 1.00E+00 | 3.40E+00 | 1.00E-04 | 1.70E-03 | 4.00E+01 | 1.40E+02 | 3.50E+01 | 1.20E+02 | 3.00E+02 | 5.00E+02 3
Lee et al. (2008) LPM | 0.00E+00 | 2.50E+00 | 1.29E-04 | 1.29E-04 | 7.92E+01 | 7.92E+01 n/a n/a 3.00E+02 | 5.80E+02 3
Palmer et al. (2013) LPM | 0.00E+00 | 1.60E+00 | 0.00E+00 | 1.07E-03 | 5.20E+01 | 5.40E+01 | 2.55E+02 | 9.00E+02 | 2.74E+02 | 5.44E+02 3
Briand et al. (2008) SP 1.60E+00 | 1.60E+00 | 4.00E-03 | 1.00E-02 | 1.00E+02 | 1.00E+02 n/a n/a n/a n/a 3
Lee et al. (2010) SP 3.40E-01 | 3.40E-03 | 3.62E+00 | 3.62E+00 | 6.23E+01 | 6.23E+01 n/a n/a n/a n/a 4
Rossi et al. (2001) SP 0.00E+00 | 7.50E-01 | 4.00E-02 | 5.10E-02 n/a n/a n/a n/a 1.53E+03 | 1.53E+03 3
Zhang et al. (2005) SP 1.60E-01 | 1.60E-01 | 5.00E-02 | 6.00E-01 | 2.68E+00 | 2.83E+01 n/a n/a n/a n/a 3
Cen and Xu (2010) VLM n/a n/a 2.00E-03 | 6.50E-03 | 1.10E+02 | 1.10E+02 | 1.00E+05 | 2.60E+05 | 4.54E+02 | 5.74E+02 3
Cheah and Low (2015) VLM | 0.00E+00 | 5.00E+00 | 2.50E-04 | 6.34E-04 | 3.10E+01 | 3.10E+01 n/a n/a 3.24E+02 | 6.83E+02 3
Chen etal. (2010) VLM n/a n/a 1.00E-03 | 6.00E-03 | 3.07E+01 | 3.07E+01 | 1.00E+05 | 2.00E+05 | 4.23E+02 | 5.73E+02 3
Karthikeyan etal. (2012) | VLM | 7.10E+00 | 9.20E+00 | 3.36E-05 | 6.77E-05 | 3.42E+00 | 6.90E+00 | 1.04E+05 | 1.04E+05 | 4.00E+02 | 4.22E+02 3
Kundu et al. (2012) VLM | 1.60E+00 | 3.60E+00 | 1.50E-04 | 1.01E-03 | 5.00E+01 | 1.05E+02 | 1.00E+05 | 1.00E+05 | 3.74E+02 | 4.74E+02 3
Kundu et al. (2013) VLM | 2.00E+00 | 2.20E+00 | 3.00E-04 | 1.08E-03 | 8.00E+01 | 1.80E+02 n/a n/a 4.23E+02 | 4.23E+02 3
Maurya et al. (2005b) VLM | 1.00E+00 | 2.40E+00 | 5.00E-06 | 1.60E-04 | 2.04E+01 | 2.04E+01 n/a n/a 3.75E+02 | 3.76E+02 3
Maurya et al. (2005a) VLM | 1.00E+00 | 2.40E+00 | 5.00E-06 | 1.20E-04 | 1.75E+01 | 1.75E+01 n/a n/a n/a n/a 3
Mihailovic et al. (2011) VLM n/a n/a 2.00E-05 | 9.60E-04 | 6.53E+01 | 6.53E+01 | 0.00E+00 | 6.00E+05 | 2.74E+02 | 6.24E+02 2
Mukerjee et al. (2000) VLM | 7.80E+00 | 1.08E+01 | 3.10E-04 | 4.60E-04 | 8.85E+01 | 8.85E+01 n/a n/a n/a n/a 3
Ye et al. (2001) VLM | 9.00E-01 | 9.70E-01 | 7.10E-07 | 2.86E-06 | 1.91E+00 | 7.68E+00 n/a n/a n/a n/a 3
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in very small spacecraft. This requires a good and reliable interface between mechanical,
electrical, and fluidic parts. The integration of the system and interfaces between the
macro- and micro-systems, and components, such as microvalves to control the mass
flow rate, the electronic circuits, and the propellant management, are some of the engi-
neering challenges that can be facilitated with the use of MEMS.

Regarding the manufacturing processes, new technologies and materials such as
membranes, thin metal layers, or composites will allow for designing and building ultra-
light components, for example tanks, that currently consume most of the dry mass bud-
get. With the development of additive manufacturing methods, the emerging 3D print-
ing technology is an interesting option that might facilitate the integration and interfac-
ing of mechanical, electrical, and fluidic parts (Arestie et al., 2012; Imken et al., 2015;
Stevenson and Lightsey, 2016). Other conventional manufacturing approaches also al-
low the development of advanced systems that may be compatible with CubeSat stan-
dards (Carroll et al., 2015; Ciaralli et al., 2016, 2015; Coletti et al., 2015, 2011, 2009; Hej-
manowski et al., 2015; Khaji et al., 2016; Kisaki et al., 2013; Leiter et al., 2009; Liu et al.,
2015; Polzin et al., 2007; Sathiyanathan et al., 2011; Smirnov et al., 2002; Szelecka et al.,
2015; Tanaka et al., 2012; Tsay et al., 2016a,b). Also, innovative propellants, especially
green ones, might open the path to new concepts of thrusters or new ways of using them.

Concerning the operation of thrusters, there are challenges related to disturbances
generated by the thruster in combination with a possibly movable center of mass. This
might require a more sophisticated system with micro-gimbaled nozzles or arrays of
microthrusters in order to allow thrust direction control. The use of MEMS pumps for
avoiding pressurization of the propellant may also be considered an option to facilitate
the operation by having a more controlled pressure system and reducing the total mass
of the system in exchange of complexity and power consumption.

2.4. CONCLUDING REMARKS

This chapter presented and analyzed the status of development of micropropulsion
systems that are candidates for CubeSat and PocketQube missions. We have analyzed
more than thirty devices regarding performance aspects and assessed them in relation
to needs and limitations imposed by these types of satellites.

A simple way of comparing the complexity of the systems has been introduced in
order to help in choosing an appropriate propulsion system for the mission. Moreover,
the comparison also shows where interesting operational characteristics can be found
on each type of device and where new methods could be developed.

It has been shown that the systems analyzed can be grouped and separated accord-
ing to the performance parameters evaluated and also the operational complexities can
be used to identify which approach is the most appropriate for certain missions. More-
over, the TRL of the systems indicate that most of them are in a research/development
stage.







DESIGN OF VAPORIZING LIQUID
MICROTHRUSTERS

Cause hate is all the world has even seen lately.

From the song Take a look around by Limp Bizkit

This chapter presents the design, manufacturing and characterization of Vaporizing Liq-
uid Microthrusters (VLM) with integrated molybdenum heaters and temperature sensing.
The devices were used in an extensive experimental campaign aimed at providing insights
into the challenges in developing this technology. The thrusters use water as the propel-
lant and are designed for use in CubeSats and PocketQubes. The devices are manufactured
using silicon based MEMS (Micro Electro Mechanical Systems) technology and include re-
sistive heaters to vaporize the propellant. The measurements of the heaters’ resistances are
used to estimate the temperature in the vaporizing chamber. The manufacturing process
is described as well as the characterization of the thrusters’ structural and electrical ele-
ments. In total, 12 devices with different combinations of heaters and nozzles have been
assessed and four of them have been used to demonstrate the successful operation of the
thrusters. Results, used to validate the thrusters, show a performance close to the design
parameters and comparable to other devices found in the literature. Also, the results were
extensively used in the development of the models that will be presented in the next chap-
ters.

Parts of this chapter have been published in:
Silva, M. A. C,, Guerrieri, D. C,, van Zeijl, H., Cervone, A., Gill, E., Vaporizing Liquid Microthrusters with inte-
grated heaters and temperature measurement, Sensors and Actuators A: Physical 265, Pages 261-27, 2017.
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3.1. INTRODUCTION

ITHIN micropropulsion systems, microresistojets are a very interesting choice, es-
Wpecially for CubeSats, since it is one of the few types of such systems currently able
to achieve a thrust level in the range 0.1-10 mN while still meeting all the constraints
posed by extremely miniaturized spacecraft especially in terms of power. The principle
of microresistojets is based on heating a gaseous propellant with a resistance and then
accelerating it to space. Some devices use propellants stored in liquid or solid phase,
hence a phase-change process is required prior to the heating of the gas. The phase-
change is done by heating a resistance in contact with the propellant that is kept in cer-
tain conditions of pressure and temperature to allow the phase change (sublimation or
vaporization) to occur. Devices that use liquid propellants are called Vaporizing Liquid
Microthrusters (VLM) and has been investigated by different research groups.

Different designs can be found in the literature reporting the development of mi-
croresistojets. Cheah and Low (2015) present a microthruster consisting of layers of ce-
ramic. The microthruster is built by combining three layers of ceramic material: the
combustion chamber, the inlet channel, and the nozzle are cut in the inner layer and
a micro-heater is attached to the third layer. Tests were performed using water as pro-
pellant and it was found that the ceramic thruster is slightly more efficient than some
silicon thrusters with respect to power consumption and delivered thrust. Karthikeyan
et al. (2012) present the details of fabrication and test of a low temperature co-fired ce-
ramic (LTCC) microthruster. They analyze the results for pressure, temperature, power
and thrust and also present some comments about the relation between the temperature
of the chamber and the vaporization of the propellant.

Kundu et al. (2012) show the design, simulation, fabrication and test of a VLM. The
design of the chamber is based on basic calculations with temperature and residence
time. The inlet channel is designed to reduce the pressure drop caused by the friction
(which is high for diameters below 500 pm).

Maurya et al. (2005a) describe the fabrication and test of a vaporizing liquid mi-
crothruster whose nozzle points in the direction normal to the chip plane. They built
and tested two devices with different nozzle exit areas and tested them under different
power conditions to characterize the thrust level per applied power.

The analytical modeling of a vaporizing liquid microthruster is shown by Maurya
etal. (2005b). The thruster is the same presented by Maurya et al. (2005a). They focus on
the formulation of the equations to calculate the power necessary to vaporize the liquid.

Ye et al. (2001) describe the design of four micro resistojets that were fabricated using
MEMS technology and silicon wafers. The main differences among them are the type of
nozzle (convergent or divergent) and the chamber volume (300pum x 750pum and 600pum x
1500pm ).

Mihailovic et al. (2011) present the design and manufacturing techniques used to
construct a micro resistojet consisting of an inlet portion, a heating section with one
or more long channels, and a nozzle. Some tests were performed with three different
devices: two with only one channel between the inlet and the nozzle and one with 3
channels.

The devices found in literature often make use of complicated experimental setups
including high performance data acquisition systems that might be incompatible with
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the limitations imposed by very small satellites such as CubeSats specially due to bud-
getary constrains since usually these satellites make extensive use of commercial-off-
the-shelf components. Also, interfacing such a system to external components is a chal-
lenge since these complex devices integrate fluidic, electrical, and mechanical charac-
teristics into a very small device that also needs a reliable way of sensing the important
parameters such as pressure and temperature.

In this chapter, the design of VLMs with integrated heating and sensing capabilities
is presented. The design allows the easy operation of the microthrusters using standard
commercial-off-the-shelf equipment. The devices are designed to meet the strict re-
quirements of nano- and pico-satellites such as CubeSats and PocketQubes and operate
using water as the propellant (Cervone et al.,, 2017). It has been shown that water is an
interesting choice for micropropulsion applications as it can provide a very high velocity
change (Av) per volume of propellant when compared to other green propellants (Guer-
rieri et al., 2017) making it very interesting for applications where orbital maneuvers are
required. The heaters are made out of molybdenum which is a metal that can withstand
very high temperatures (melting point 2693 °C) and can be patterned with standard dry
or wet etching methods (Mele et al., 2012). The resistivity of molybdenum is linearly
proportional to the temperatures up to 700 °C allowing the design of heaters that also
need precise temperature measurements as in the case of the VLMs. The structural de-
sign of the thrusters is based on previous work done by Poyck et al. (2014). A special
interface combining fluidic, electric, and mechanic connections has been developed to
facilitate the operations of the thrusters right after dicing. The results of manufacturing
and characterization of the VLMs are presented demonstrating the operations includ-
ing feedback use of measurements of pressure and temperature. The devices have been
manufactured with silicon wafers and tested under conditions close to operational in
terms of pressure, mass flow, and power.

3.2. DESIGN DESCRIPTION

3.2.1. REQUIREMENTS

The thrusters have been designed to be used in the next generation of miniaturized
spacecraft such as CubeSats and PocketQubes. These spacecraft have strict limitations
in size, mass, and more importantly power which might be very limited depending on
the spacecraft design. Table 3.1 show the requirement values considered for the design.
The requirements related to performance, are not as strict as those of size, mass, and
power as the devices are still under development and those values can be seen as target
performance values instead of a strict limitation.

3.2.2. DESIGN

The microresistojets are composed of three main parts: a nozzle, a vaporizing cham-
ber, and a heater. Each of these parts have different designs (Cervone et al., 2016). The
mask used during manufacturing containing all the needed features is presented in Fig.
3.1. The channels and the heaters are made in a modular manner such that a successive
exposure of the slots is needed to make the complete chamber. Each module, defined
as the block containing one heater, is designed to produce 1 W of power given a voltage
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Table 3.1: Requirements considered in the design of the thrusters.

Requirement Minimum Maximum Comment
Mass n/a 0.1-1 kg 1U CubeSat or PocketQube
Size n/a cube of 5-10 cm  1U CubeSat or PocketQube
Power n/a 4.5-10 W 1U CubeSat or PocketQube
Thrust 0.1 mN 3mN -
Specific Impulse 50s 100 s -

of 5 V. In this case, seven modules are used in order to produce 7 W of power with 5 V
which is the middle between maximum and minimum power needed for the thrusters
as we will see in the next sub-section. The details of the channels are shown in Fig. 3.1.
The dimensions are expected to be slightly different in the manufactured devices due to
isotropic etching of the walls that erode approximately by 20 um.

There are three types of nozzle:

* long nozzle, indicated in Fig. 3.1 as Nozzle 1. Area ratio A, = 11.

¢ wide nozzle, Nozzle 2. Area ratio A, = 17.

* bell nozzle, Nozzle 3. Area ratio A, = 11.

The vaporizing chamber is divided into modules that have four designs:

* diamond pillars: can be large or small with a total surface area per module of
7.09 x 1075 m? and 2.27 x 107° m?. Channel 2 and Channel 4 in Fig. 3.1.

 serpentine channels: can be large or small with a total surface area per module of
5.40 x 107 m? and 5.16 x 1078 m?. Channel 1 and Channel 3 in Fig. 3.1

Finally, there are two types of heaters:
* One type with 21 lines per module divided into three sets of 7 lines.
* Another with 30 lines per module divided into sets of 2 lines.

In both configurations the lines are 12 pm wide and 3000 pm long. Considering a sheet
resistance of around 2 Q/J (Mele et al., 2012) the total resistance of each heater should
be 3.40 Q and 2.38 Q respectively according to the following equation:

L
R=Ry, W (3.1)
where R is the resistance, Ry, is the sheet resistance, L is the length of the resistance, and

W is the width of the resistance.
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Figure 3.1: Masks used in the manufacturing of the thrusters. The indexes nc and nd stand for the conver-
gent and divergent parts of the nozzle respectively and the index ¢ stands for the throat part of the nozzle.
Dimensions are shown in Table 3.6.

3.2.3. PROPELLANT SELECTION

Microresistojets can be designed to work with a variety of propellants in any state
(gaseous, liquid, or solid) and the VLMs work with those that are stored as liquid. Con-
sidering the range of pressure and temperature required by CubeSats and PocketQubes
(which is less than 10 bar), the number of propellant choices is significantly reduced and
considering the safety of the substance it can be further reduced. In a previous study,
Guerrieri et al. (2017) compared many substances that are applicable to microresistojets
and the 10 most suitable propellants are listed in Table 3.2 with their respective per-
formance values. The performance is evaluated for chamber pressures in the range of
2-5 bar, throat area of 5 x 10~ m?, and nozzle expansion ratio equal to 11.

Considering the fourth parameter, Av per volume of propellant, water is the best
candidate meaning that it can accelerate the spacecraft to higher velocities using the
same volume of propellant. This is due to the fact that water is the most dense among
all the candidates in conditions considered. Considering the specific impulse, water has
one of the highest values together with ammonia for the conditions analyzed. However,
ammonia in its pure form is highly toxic which might not be suitable for use in CubeSats
and PocketQubes. On the other hand, the power needed to vaporize water is the highest
due to its high enthalpy of vaporization. Still, it is within reasonable range that can be
provided by the electric power system of CubeSats and PocketQubes.

Therefore, water is the most suitable candidate for use in VLMs as it outperforms the
other candidates in terms of specific impulse and Av which compensates the drawback
of the power consumption. Thus, it has been selected as the propellant in the character-
ization tests of the VLMs and as the propellant for a future in-flight demonstration.
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Table 3.2: Comparison of different propellants that are suitable for use in VLMs (Guerrieri et al., 2017).

Propellant Temperature [K] Thrust [mN] Sp. Impulse [s] Awv per volume [m/(smL)] Power [W]

Acetone 360-550 1.8-4.5 66.7-82.5 0.14-0.18 1.8-5.4
Ammonia 300-550 1.7-4.2 98.8-133.7 0.16-0.22 0.1-2.1
Butane 300-550 1.8-4.6 61.6-83.5 0.10-0.13 1.2-5.4
Cyclopropane 300-550 1.8-4.4 67.7-91.7 0.12-0.16 0.1-3.5
Decane 500-550 1.9-4.7 53.0-55.6 0.11-0.11 2.9-79
Ethanol 370-550 1.8-4.5 74.8-91.2 0.16-0.20 2.8-7.4
Isobutane 300-550 1.8-4.5 59.5-80.6 0.09-0.12 0.1-5.3
Methanol 360-550 1.7-4.3 83.2-102.8 0.18-0.22 2.7-7.1
Propene 300-550 1.8-4.5 69.5-94.1 0.10-0.13 0.1-2.6
Water 400-550 1.7-4.2 110.3-129.3 0.30-0.35 4.0-10.2

3.2.4. PERFORMANCE PARAMETERS

With the design parameters of the nozzles, one can estimate the values of thrust and
specific impulse given the conditions in the chamber using the equations introduced in
chapter 1. Assuming that the system is in the saturation point due to the boiling, the
temperature in the chamber will vary in the range from 100 to 150°C with the pressure
in the range 1-5 bar. Note, however, that it is still possible to heat the vapor to a higher
temperature by providing more power to the heaters. With these conditions the thrust
and specific impulse are calculated using the equations presented in chapter 1 using
the saturation temperature and pressure. The thrust and specific impulse for the long
nozzle and the bell nozzle are the same as they have the same area ratio, respectively
0.75-3.79 mN and 105-113 s. The wide nozzle is expected to have a slightly higher thrust
0.77-3.86 mN and specific impulse 107-115 s. As all nozzles have the same throat area,
the mass flow rate is the same for all of them in the range 0.73-3.42 mg/s. The power
P necessary to heat-up the water from room temperature of about 24°C to boiling point
and vaporize it is calculated according to the following equation:

P=mAH (3.2)

where AH = Hy — Hy, Hy is the enthalpy of water vapor at boiling temperature, and Hy,
is the enthalpy of liquid water at room temperature. For the given mass flow rates, the
power lies in the range 1.87-9.01 W.

3.3. MANUFACTURING

The thrusters have been manufactured at the Else Kooi Laboratory (EKL) of TU Delft.
The entire process is done in one of the cleanrooms (class 100) until the dicing step
which is done in the MEMSLab. The specific process’ steps are presented in the next
paragraphs.

The starting material is a 100 mm double side polished silicon wafer with thickness
of 300 um. A layer of 500 nm of LPCVD (low pressure chemical vapor deposition) silicon
nitride is deposited on the wafer to isolate the substrate from the heaters. Then, a layer
of 200 nm of molybdenum is deposited on the front side of the wafer by sputtering. To
form a hard mask for patterning Mo, a layer of PECVD TEOS (Plasma-enhanced chem-
ical vapor deposition tetraethoxysilane) is deposited. The mask for the heaters is made
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with photoresist and the patterning is done first for TEOS (hard mask) by wet etching
with buffered hydrofluoric acid (BHF) for approximately 2 min. Then, Mo is etched with
aluminum etch at 35 °C for approximately 26 s. The complete diagram with all the steps
and a schematic cross-section of the device are shown if Fig. 3.3.

After stripping off the photoresist with plasma cleaning and removing TEOS with
BHE a layer of 5 um of silicon dioxide is deposited on both sides to form the hard mask
of the cavities (chamber and inlet hole). Photoresist is used to form the soft mask for
SiO, which is etched with plasma etching. The layer of silicon nitride is also etched in
this step with a different recipe. The cavities of the chamber are etched in silicon using a
combination of isotropic and anisotropic deep reactive ion etching (DRIE). The isotropic
step is done in order to make sure that the narrow channels are successfully opened. The
fluid inlets are isotropically etched with DRIE from the heater side after the deposition
of a layer of silicon dioxide on the chamber side.

Following the cleaning and removal of the hard masks, the silicon wafer is bonded to
a glass wafer with anodic bonding at 400 °C and 1000 V. The glass is intended to provide a
good visualization of the flow inside the thruster. This helps to understand the dynamics
of the two-phase flow inside the chamber. The last step of manufacturingis dicing. Then
the thrusters are ready for tests. A sample diced wafer and a thruster are shown in Fig.
3.2. The flow is from the bottom to the top: the propellant enters by the inlet hole, passes
by the chamber where it is vaporized and is expelled to the environment by the nozzle.
The area after the nozzle is added in order to have a safe path for the cutting blade during
dicing; as shown in section 3.2 the nozzles can have different lengths. Therefore this area
is to make sure that the shorter nozzles are open.

Inlet section

Inlet hole

Figure 3.2: In total each processed wafer yields 36 different devices plus 6 nozzle-only thrusters. In the right,
one of the thrusters installed in the interface.

3.4. EXPERIMENT DESCRIPTION

Two wafers have been processed using the steps described above. The first one was
made without the inlet holes (to assess an intermediate step in the process) while the
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Figure 3.3: Process flow diagram showing the steps of the manufacturing. On the bottom right a schematic
cross-section of the thrusters. The chamber can have either diamond pillars or serpentine channels.

Table 3.3: Codes used to identify the different thrusters.

Feature Types
Heater 1-21lines 2 -30lines
Nozzle L-Long W - Wide B - Bell

Chamber d-Diamondsmall D -Diamondlarge s - Serpentinesmall S - Serpentine large

second was completely processed. The first wafer is intended to be used for electrical
and mechanical tests only and was also used to first assess the bonding process. For
these applications, the inlet hole is not needed. A single wafer yields 42 different de-
vices that combine the different options described in chapter 1. For the mechanical and
electrical experiments, 10 thrusters have been selected and 4 of them went through a
further step of characterization to validate the devices in near-operational conditions.
The complete list of thrusters is given in Table 3.4. Two devices (number 6 and 8) were
found blocked, i.e. no flow can go from the inlet to the nozzle. This is probably due to
incomplete etching or a defect caused by particles present during the manufacturing.

The thrusters received an identifier that describes the different design options. The
code is in the form ‘XX-ABx-nn’ where XX’ is the wafer number (00 or 01), ‘A’ is the type
of nozzle (L - long, W - Wide, B - bell), ‘B’ is the type of chamber (d - diamond small, ‘D’
- diamond large, ‘s’ - serpentine small, ‘S’ - serpentine large), x’ is the type of heater (1 -
21 lines, 2 - 30 lines), and ‘nn’ is the thruster number in case of repetition.

The test setup for the measurements is depicted in Fig. 3.4. It comprises a computer
that controls the power supply for the heaters and the syringe pump used to pump wa-
ter inside the thrusters at the desired flow rates. A list is presented in Table 3.5 with the
ranges for each component and the respective accuracy. The biggest source of inaccu-
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Table 3.4: List of selected thrusters. Test 1 is the mechanical test, test 2 is the electrical test, and test 3 is the
operational test. The codes are presented according to the description given in Table 3.3

Thruster Code Test1 Test2 Test3 Detail
1 00-LD1-01 no inlet
2 00-Ld1-01 X X no inlet
3 00-WD2-01 X x no inlet
4 00-Bd2-01 X x no inlet
5 01-LS1-01 X X X
6 01-BD1-01 X X nozzle blocked
7 01-BS2-01 X x X
8 01-WS2-01 X X nozzle blocked
9 01-Ld1-01 X x
10 01-WD2-01 x x
11 01-Ws1-01 x
12 01-Bs2-01 X

Table 3.5: List of equipment used in the tests with the respective ranges and accuracies.

Equipment Function Output
ES 030-10 Power supply 0-30V+5mV / 0-10A + 6mA
NE-1000 Pump - 2.5 mL syringe 2.5595 x 1073-186.15mL/h
A35sc Thermal camera —40-160pm5°C

MS5837-30BA  Pressure/Temperature sensor

0-30bar + 0.1bar / —20-85bar +4°C

racies is related to the mechanical movement of the pump that causes small variations
in the flow rate that can be seen in the pressure measurements as reported by Zeng et al.
(2015a,b); Korczyk et al. (2011). The data of temperature and pressure from the interface
of the thruster is sent to the computer which also measures the voltage and current lev-
els of the power supply. For the electrical characterization of the resistances, no water is

injected into the thruster.

Computer

Power supply

IR Camera Il
|

Power

Thruster

Syringe pump

Sensor data

Figure 3.4: Test configuration for electrical and operational characterization. The infra-red camera is only used
during the electrical characterization. The pressure/temperature sensor is attached to the thruster interface.
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A special interface, shown in Fig. 3.5, has been designed made out of Teflon and
aluminum to allow the easy operation of the thrusters. This interface provides the means
for electrical connection to the heaters and also a leak-free connection for the propellant
feeding line. Also, a digital sensor measures the pressure and temperature of the liquid
being injected into the thruster. The sensor measures pressures in the range 0-30+0.1bar
and temperatures in the range from —20-85 +4°C.

Figure 3.5: Interface for easy operation of the thrusters. Top left corner: a cut showing the details of the pins
and the fluidic channels; bottom left corner: an exploded view of the 3D model; right side: a photo of the
interface. The pressure and temperature sensor are on the side opposite to the fluid input. The spring loaded
pins connect the heaters to the power supply.

3.4.1. MECHANICAL CHARACTERIZATION

All the devices have been subject to a mechanical characterization using an optical
microscope in order to evaluate the dimensions of the features and compare them with
the designed values. Table 3.6 presents the design parameters for the structures. The
values d; and d, refer to the dimensions of the channels. In the case of diamond pillars,
these are the sizes of the diamonds as indicated in Fig. 3.1; in the case of serpentine
channels, these are the inner and outer radii of the semi-circles. The surface roughness
is also characterized in order to evaluate the results of the last step of the etching process
(isotropic etching). The effect of the surface roughness is an important parameter that
affects the performance of microthrusters and has been reported by La Torre et al. (2010);
Cai et al. (2017).
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Table 3.6: Parameters used in the design of the thrusters. All dimensions are in um. Type descriptions can be
found in Table 3.3.

Nozzles Channels
Type wna  lna Wnce e w; Type d; do
L 500 645 3000 2600 45 d 160 40
w 780 660 3000 1500 45 D 580 160
B 500 500 3000 1600 45 S 60 20
S 266 54

3.4.2. ELECTRICAL CHARACTERIZATION
The devices were subject to a resistance test in order to characterize the temperature
resistance coefficient a given by:

R—-Ry

. 3.3
T Ro(T—Ty) 5:3)

where R is the resistance of the heaters, T is the current temperature, and Ry is the resis-
tance measured at temperature Ty. The value of @ can be characterized for each device
and later used to estimate the temperature of the heaters. As the devices are very small
and made of silicon which is good thermal conductor, a zero gradient of temperature is
assumed for the device. Therefore we can estimate that the temperature of the whole
device is the same as the one estimated for the heaters. This approach has also been
used to characterize similar devices made of molybdenum (Mele et al., 2012).

The test consists in applying a constant voltage to the heaters, measuring the current
passing through them, and recording images with the thermal camera. Fig. 3.6 shows a
sequence of images taken with the infra-red camera from the nozzle exit plane. The noz-
zle face of the thruster is in the middle of the image where we see the highest tempera-
tures. Thus, the flow vector is normal to the plane of the picture. This approach provides
a good estimation of the temperature, given the assumption that the whole thruster is at
the same temperature.

The images of the thermal camera are then used to estimate the average tempera-
ture of the thruster over time. This average temperature is used to estimate « for each
thruster. The test starts with applying very low power to the heaters in order to measure
the initial resistance. Then the power is increased in two steps applying first 5 V till the
temperature stabilizes at a certain value (i.e. reaches steady state) and 7 V till it reaches
steady state. Based on the measurements for each device, the value of « is estimated
using (3.3). In total, 10 devices have been characterized using this method.

3.4.3. OPERATIONAL CHARACTERIZATION
CONSTANT MASS FLOW RATE

In the last step of characterization, four devices have been tested in order to validate
the devices in conditions close to operational. The test consists of injecting water into
the thruster and applying power to the heaters to vaporize the water. The data from the
sensors, i.e. pressure and temperature, and from the power supply is collected and also
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Figure 3.6: Thermal images of different moments of the test.

used during the tests as feedback information for manual control of the input variables
(flow rate and power).

Water is pumped into the thrusters using the pump with a glass syringe of 2.5 mL
to provide a constant mass flow rate sufficient to achieve a pressure of 5 bar in the va-
porizing chamber. Although it is a reliable way of controlling the thrusters, it is only
applicable for experimental testing since in does not represent the system as in the real
application which will consist of a pressurized tank that provides the propellants to the
thruster. Also, as already mentioned the syringe pump causes low frequency pressure
fluctuations in the flow. These fluctuations might affect the stability of the two-phase
flow inside the chamber (i.e. droplets can be ejected during the peaks in pressure).

The manual control is done based on the visual behavior of the vaporization. The
power and mass flow rate are manually set to such values that correspond to a complete
vaporization of the water without spotting any droplets coming out of the nozzle. The
avoidance of droplets is very important because the heaters, made of Mo, can oxidize
very easily when in contact with water at high temperatures. A video showing one of the
tests is available at Silva (2017). Fig. 3.7 shows some snapshots at different moments of
a test.

A steady state is achieved when the complete boiling is occurring at an arbitrary sec-
tion of the chamber. At this operating state, the power and mass flow rate are adjusted
to achieve a constant pressure in the chamber of approximately 5 bar.

VARIABLE MASS FLOW RATE

For this experiment, a digital microscope with frame rate of 20 fps and a resolution
of 640 x 480 pixels has been used. The aim of this experiment is to characterize the gas
volume changes in the vaporization chamber that occur due to different pressures and
different chip temperatures. This analysis will help in the development of the models in
the next chapter.
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Figure 3.7: Water is pumped very slowly in the beginning in order to avoid instabilities. Top left corner: water
has not yet come inside the chamber; top right corner: water just getting in the chamber; bottom left corner:
chamber partially full and boiling; bottom right corner: complete boiling during steady state.

15 mm

Nozzle temperature: 398.15 K

. Liquid |:| Phase change . Distribution of two-phase . Center of two-phase

Figure 3.8: Snapshots used for the measurement of the volume. An empty thruster is shown on the top left
corner for reference.

The movement of the two-phase part is the only visible part of the propellant and
is used to determine the percentage of liquid or gas inside the chamber (see Fig. 3.8).
The movement is detected by taking the difference between each pixel of a frame and
the same pixel of a successive frame. Then, the two-phase part of the flow is where the
difference between the successive frames is higher than a certain threshold. A threshold
of 80% has been empirically identified as the best value when the detected movement
is similar to the movement seen with the naked eye. We can see the linear fit of the
volume and the temperature in Fig. 3.9 where the temperatures measured at the nozzle
section were ranging from 398.15 K to 413.15 K for a pressure of 5 bar. Similarly, with a
pressure of 3 bar the maximum and minimum volumes where observed at temperatures
of 383.15 K and 408.15 K.




40 3. DESIGN OF VAPORIZING LIQUID MICROTHRUSTERS

2.6 T T T T T T T

]
58]
n
)

T

X

I

3

X Data
Fit
Confidence bounds

Volume of gas [m
(58]
&

23 1 1 1 1 1 I
398 400 402 404 406 408 410 412 414

Temperature [K]

Figure 3.9: Linear fitting of the volume of vapor inside the chamber as a function of the nozzle temperature for
a pressure of 5 bar.

3.5. RESULTS AND DISCUSSION

3.5.1. MECHANICAL CHARACTERIZATION

The structural dimensions have been assessed as described in section 3.4 with an op-
tical microscope. In Table 3.7 the average measured values are shown and the designed
values are in brackets. In general, the averages are slightly smaller than what they were
designed. Figure 3.10 shows the boxplot of the percentage of difference between de-
signed and measured values. The heaters were also measured in order to compare with
the designed values. On average each line of the heaters is around 11.3 yum.

Table 3.7: Average measured values of the dimensions of the thrusters in pm. Design values are in brackets.

Nozzles Channels
Type Wnd lna Wne Inc Wy Type dq dp
L 489.2+2.7 626.0+4.2 2979.0+5.6 2549.2+22.9 25.1+3.5 10.3+£0.3 2.8+0.1
(500) (645) (3000) (2600) (45) (160) (40)
777.7+15 643.6+29 2980.4+4.9 1489.5+20.9 26.0+2.8 D 547.7+4.9 144.3+4.7
(780) (660) (3000) (1500) (45) (580) (160)
492.6+4.5 486.9+2.3 2983.3+10.2 1581.3+13.0 20.1+3.2 s 76.6+£0.1 8.2+0.9
(500) (500) (3000) (1600) (45) (60) (20)
S 289.7+£7.2 399+21
(266) (54)

The depth of the cavities has been measured with a Dektak Surface Profiler and on
average they are 100 pum. With these measurements,0 we can recalculate the perfor-
mance parameters estimated in section 3.2. As it is seen in Table 3.8, the mass flow and
the thrust are reduced almost by half due to the reduction in the throat width while the
specific impulse remains the same. As a consequence the power needed also decreases.
Although the differences seen are acceptable, this indicates the need for more precision
in the manufacturing to reduce differences between the designed and manufactured de-
vices.

The characterization of the surface roughness was done with AFM (Atomic Force Mi-
croscopy) using a nTEGRA Aura AFM with NSG10 tip (10 nm tip radius) and a 100 um
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Table 3.8: Comparison between the design parameters (in brackets) and the ones calculated with the measured
values.

Nozzle 1 [mg/s] F[mN] Isp ls] P[W]

L 0.41-1.91 (0.73-3.42)  0.43-2.16 (0.75-3.79) 107.34-115.60 (105.22-112.89) 1.04-5.03 (1.87-9.01)
W 0.42-1.97 (0.73-3.42)  0.45-2.27 (0.77-3.86) 108.34-117.22 (106.98-115.09) 1.08-5.20 (1.87-9.01)
B 0.33-1.53 (0.73-3.42)  0.35-1.75 (0.75-3.79) 107.94-116.51 (105.22-112.89) 0.84-4.03 (1.87-9.01)

closed-loop sample scanner. The measurement was done in an area of 40 x 40 pym of a
sample that has not been completed in terms of manufacturing since an open device is
needed for the measurement. As the last step of the manufacturing is the isotropic etch-
ing, we can assume that the roughness of all the surfaces (including the nozzle throat) is
similar to the measured roughness of the sample. Table 3.9 shows the average values of
the measurement taken from the sample presented in the third column.

3.5.2. ELECTRICAL CHARACTERIZATION

In Fig. 3.11 the measurements recorded with the camera are plotted against the resis-
tance measured for four devices. These measurements (done with 10 devices) are used
to estimate the value of & as shown in Table 3.10. The average valueis @ = 1.09 x 1073/°C
and standard deviation o, = 1.79 x 10~% and can be used for other devices that have
been manufactured together. An accurate measurement of the initial resistance at room
temperature is very important to avoid discrepancies in the estimation of temperature.
Fig. 3.12 shows the comparison between the measurements with the thermal camera
and the estimation based on (3.3). The noise seen in the plots comes from the exper-
imental setup that was built using standard equipment with limited precision. This is
useful in order mimic the conditions in which the thruster will eventually operate, i.e.
in a very small satellite with limited electronics in a harsh environment (i.e. space). As
we can see, without considering the noise, the estimation matches very well with the

measurements.
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Figure 3.10: Boxplot of the difference between designed and measured values.
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Table 3.9: Surface roughn

ess statistical values.

Property Value Measurement sample
Minimum —-338.671 nm

Maximum 391.408 nm

Average value 11.412nm

Median 12.999 nm it
R, (Sa) 65.223 nm 300
Rpus (Sq) 81.803 nm -
Rpus (grain-wise)  81.803 nm 150
Skew -0.152 122
Kurtosis 0.1514 0

Surface area
Projected area

1.67834 x 1079 m?
1.60157 x 1079 m?

-50
-100
-150

Variation 438.125 um? 200
Entropy -14.903 o
Entropy deficit 0.0029304
Inclination 6 0.03 deg
Inclination ¢ 165.26 deg
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Figure 3.11: Resistance of the heaters as a function of the temperature for 4 devices. The concentration of

points around different values (steady state values) is due to the two-level voltage increase.

3.5.3. OPERATIONAL CHARACTERIZATION

As mentioned earlier, four thrusters have been tested with water under conditions
close to operational but with ambient pressure equal to atmospheric pressure. Water is
pumped inside the thruster (very slowly in the beginning) and, after it reaches the inlet
section, the power is increased to start the vaporization. When this happens the pressure
increases and the power is manually controlled to allow full vaporization (visually) of
the propellant. Then, the mass flow rate and the power are kept constant in order to
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Figure 3.12: Comparison between measured temperature of four thrusters and the estimated values using (3.3).

Table 3.10: Average values of « for all tested thrusters.

Thruster Code a[°C7]
1 00-LD1-01  1.30x1073
2 00-Ld1-01  1.33x1073
3 00-WD2-01 1.28x 1073
4 00-Bd2-01 8.76x107*
5 01-LS1-01  1.22x1073
6 01-BD1-01  1.09x 1073
7 01-BS2-01  9.73x107*
8 01-WS2-01 8.61x107*
9 01-Ld1-01  9.55x107*
10 01-WD2-01 1.01x1073

Average 1.09 x 1073

Standard deviation 1.79x 107

maintain the pressure in the chamber at approximately 5bar (as mentioned before the
control is done manually and with visual feedback). In Fig. 3.13 the values of pressure,
power, and mass flow rate during the steady state part of the experiment are plotted. We
can see that the mass flow rate is not the same even though the nozzle throat area is not
much different. The measured values for the throat width are 23.1, 16.5, 20.9 and 23.6 um
for thrusters 5, 7, 9 and 10 respectively. This fact might be attributed to the efficiency in
the vaporization which is dependent on the shape of the microchannels. In Table 3.11
we can see the difference in energy per milli-gram of water used in the process. It is
clearly seen that the one with the small diamonds (thruster 9) is the most efficient due
to its larger surface area (it is 3.5, 3.6, and 2.9 times larger than thrusters 5, 7, and 10
respectively). We can also see in Fig. 3.13 the variation in the pressure that is caused by
the syringe pump as described in section 3.4. Although this effect is clearly visible in the
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pressure measurements, no instability (i.e. no droplets coming out of the nozzle) was
spotted during the steady state.
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Figure 3.13: Measured pressure, power, and mass flow rate for the tested devices. The low frequency variation
in the pressure is caused by mechanical oscillations in the pump.

Table 3.11: Average values measured during steady state.

Thruster Pressure Mass flow  Measured Calculate Energy Efficiency
[bar] rate [mg/s]  power [W] power [W] [J/mg] [%]

5 4.80 0.55 7.29 1.47 13.16 20.2

7 5.15 0.75 8.76 1.99 11.71 22.7

9 5.15 0.83 8.19 221 9.84 27.0

10 5.00 0.61 7.72 1.62 12.66 21.0

Considering the applied mass flow rate, we can recalculate the power needed to heat-
up and vaporize the water and subtract it from the measured power in order to esti-
mate the losses to the structure and the environment which on average for all the tests is
around P;,s; = 6.17W. This represents an efficiency in the energy use of around 23% on
average.

Fig. 3.14 shows the resistances measured during the steady state and the temperature
estimated with these values. Given the pressure of water around 5 bar, the saturation
temperature is around 151.83 °C. As the power is controlled such that full vaporization
occurs, we can consider that this is the temperature that should be measured. This ap-
proach is valid for characterization, however in the real operations of the thrusters the
power can be set higher to further increase the temperature of the vapor. We can see that
the estimated temperature is slightly different for each thruster which can be attributed
to differences in the measurements of the initial resistances and initial temperature.

Table 3.12 presents a comparison of the expected performance in terms of thrust,
specific impulse and power of the devices tested with water and the results of other ref-
erences found in the literature. The last column shows the thrust to power ratio which is
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Figure 3.14: Estimated temperature derived from the measured resistance for the tested devices.

calculated dividing the thrust by the power. The level of thrust is in a range comparable
to other devices but it needs to be experimentally measured. The power is the power
needed to heat up not only the thruster and the propellant but also the complete inter-
face which has not yet been optimized in terms of thermal isolation. Also, the tests were
conducted under room conditions which means that a significant amount of power is
lost to the environment. Therefore, the power consumption of an optimized system in
vacuum is expected to be significantly lower than these values. However, looking at the
parameter T we can see that the (calculated) delivered thrust per unit power is already in
arange among the highest values.

Table 3.12: Comparison between the results of this work and other references. The values marked with * are
calculated or simulated.

Reference P [W] m [mg/s] F [mN] Isp [s] p [bar] T [K] 7 [MN/W]
Cen and Xu (2010) n/a 2.33-8.33 2-6.5 65-105 1.0-2.6 454-574 n/a
Cheah and Low (2015) 4.01 1.0 0.634 31 n/a n/a 0.16
Chen et al. (2010) n/a 2.08-16.6 * 1-6* 48.9-36.9* 1.0-2.0 423-573 n/a
Karthikeyan et al. (2012) 7.1-9.2 1.0 0.034-0.07 3.42-6.9 1.0 400-422 0.005-0.007
Kundu et al. (2012) 1.6-3.6 0.2-2.04 0.15-1.01 50-105 1.0 374-474 0.09-0.28
Maurya et al. (2005b) 1-2.4 0.7 0.005-0.12 17.5* n/a n/a 0.01-0.05
Mukerjee et al. (2000) 10.8 8.8 0.46 5.33* n/a n/a 0.04
Ye et al. (2001) 30 0.038 0.003 7.78* n/a n/a 0.0001
This work
Thruster 5 7.29 0.55 0.67 * 124.02 * 4.80 423.03 0.09
Thruster 7 8.76 0.75 0.88* 119.80 * 5.15 425.65 0.10
Thruster 9 8.19 0.83 0.98 * 120.20 * 5.15 425.65 0.12

Thruster 10 7.72 0.61 0.74* 123.72 * 5.00 424.54 0.10
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3.6. CONCLUDING REMARKS

This chapter presented the details of the design, manufacturing, and characteriza-
tion of microresistojets with integrated heating and temperature measurement capa-
bilities that operate by vaporizing water and accelerating the vapor with a convergent-
divergent nozzle. In total, 12 devices have been assessed for their mechanical charac-
teristics while 10 of those have undergone an electrical characterization to allow the es-
timation of temperature using measurements of resistance. Finally, four devices have
been tested under near-operational conditions in order to validate the current thruster
design and have a glimpse into the operational characteristics of such devices. The op-
erations of the devices were successfully demonstrated using water as propellant and
having online measurements of temperature that can be used for feedback control, for
example. The results presented here serve to determine the fundamental operational
and design characteristics of this kind of propulsion system and will be useful in future
implementations.

The manufacturing process has been effective in the sense that most of the devices
could be tested with water with the exception of two that have been found blocked. The
use of a glass wafer to cover the cavities was very important since it provides a good
visualization of the vaporization process and allows the visual control of the operation
which would be much more difficult without it. Also, it provides valuable information
for automatic control of temperature of the semi stochastic boiling process. However,
this will not be necessary in the flight models where no flow visualization is required and
a pure silicon wafer can be used together with an automatic controller.

The use of molybdenum heaters has proven to be a very effective design choice since
it is very stable at the temperatures used and can also achieve very high temperatures
up to 850 °C. However, the heaters need a protection, such as PECVD silicon oxide, to
avoid oxidation at temperatures higher than 350°C. The measurements of temperature
were used to control the process and keep the vaporization stable showing the reliability
of this technique. The modularity of the design allows the measurement of temperature
at different positions in the chamber and will be further investigated in the future.

The developed interface for testing the thrusters has proven to be very robust and
easy to use. The thrusters can be tested right after dicing and they can be reconnected
to the interface in a couple of minutes reducing testing time. It provides a good way of
connecting the heaters to a power supply without the need of wire bonding and also a
leak-free connection for the fluid inlet. The sensor included in the interface provides a
measurement of pressure very close to the chamber such that it is safe to assume that
the measured values are representative of the ones inside the chamber. This interface
also facilitates the fast replacement of thrusters without damaging the devices.

Compared to other devices found in the literature, the tested thrusters have shown
a performance close to the highest specially in terms of thrust to power ratio (7) which
is very interesting for nano- and pico-satellites that have limited capabilities in power
generation. However, the values of thrust have been calculated based on the measure-
ments of pressure, temperature, and mass flow. In order to validate these values, a direct
measurement of the thrust has to be performed.



MODELING OF VAPORIZING LIQUID
MICROTHRUSTERS

Let us die to make things cheap.

From the song Steer your way by Leonard Cohen

This chapter presents a comprehensive approach for the modeling of VLM systems. The
model combines analytical and empirical relations derived from the extensive experimen-
tal analysis presented in the previous chapter and fundamental physical laws. This allows
modeling of key parameters of the system, such as mass flow rate. The entire system com-
prises a tank to store the liquid propellant, a valve to control the mass flow, and a mi-
crothruster that vaporizes the propellant and accelerates it generating thrust. A sensitivity
analysis is performed considering the boundaries of the modeling space.

Parts of this chapter have been published in:
Silva, M. A. C,, Silvestrini, S., Guerrieri, D. C., Cervone, A., Gill, E., A Comprehensive Model for Control of Vapor-
izing Liquid Microthrusters, IEEE Transactions on Control Systems Technology, manuscript accepted.
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4.1. INTRODUCTION

LTHOUGH the development of VLM systems has been quite significant, the literature
Aregarding modeling of such system is limited to relations of power and thrust and
cover only the steady state behavior (Maurya et al., 2005a; Bidabadi et al., 2010). A model
that reproduces the dynamic behavior of the system is very important for the design of
controllers to allow the proper operation of the thruster and also for the design of the
entire spacecraft.

This chapter presents a comprehensive model of the VLM combining analytical and
empirical relations and including models of all the components of a VLM system. The
model allows the simulation of the complete system including particularities involved
in the process such as temperature and pressure changes caused by the operation of
the thruster. The system considered is composed by a tank to store the propellant, a
valve to control the liquid flow, and a thruster to vaporize the liquid and generate thrust.
The thruster is designed to work with water as the propellant since it has been shown
that water is a very good candidate for this kind of propulsion system due to its density
that results in a higher Av (velocity change) per volume of propellant when compared to
other safe substances (Guerrieri et al., 2017).

4.2. MODELING APPROACH

Fig. 4.1 shows the architecture of the micropropulsion system used in the modeling
that comprises a tank (1) to store the liquid propellant (water) pressurized with nitrogen,
a solenoid valve (2) to control the flow of liquid inside the thruster, a MEMS resistojet (3)
with integrated heaters for the vaporization and temperature estimation, and sensors (4)
for pressure and temperature measurement. The pressure sensors are placed in the tank
and right before the thruster’s inlet to measure the upstream and downstream pressures.
The latter is the same as the chamber pressure. The temperature sensors are placed close
to the nozzle which is the most suitable position due to the size of the thruster. Chapter
3 describes the design of the MEMS resistojet.

The dynamics of the system is basically governed by two factors: an unbalance be-
tween the three mass flow rates indicated in Fig. 4.1 that contributes to the pressure
changes inside the vaporization chamber, and the power applied to the heaters that af-
fects the vaporization process thus the vaporization rate and the vapor quality. As the

Inlet Vaporization
Pressure section chamber Nozzle
sensor (4) | L L

O Liquid . 3) .
[ Phase change 1y 1, Temperature 1113
[ vapor sensors (4)

Figure 4.1: VLM system showing a tank (1), a valve (2), a thruster (3), and sensors (4). The mass flow rate 71y is
the liquid flow rate, 1y is the vaporization rate, and ri13 is the mass flow of the nozzle.
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mass flow rates considered are in terms of milligrams per second, it is assumed that the
changes in the mass of propellant do not influence the spacecraft dynamics. The valve is
used to control the mass flow rate ri1; affecting the pressure inside the thruster p; = pg
which, in turn, affects the mass flow rate riz3. The vaporization rate ri, is affected by
changes in pressure that change the boiling point of the propellant and by changes in
the applied power that change the temperature of the thruster affecting the heat transfer
to the fluid.

In order to model this dynamics, the model of the microthruster has been divided
into four parts:

* Nozzle model: provides the mass flow rate 713 based on the pressure in the cham-
ber.

° Vaporization model: calculates the volumetric fraction of vapor inside the cham-
ber.

* Pressure model: calculates the pressure inside the chamber based on the density
of the vapor part.

» Temperature model: relates the thruster temperature to the applied power.
The model of the solenoid valve combines models of three subsystems:

* Electromagnetic subsystem: models the electromagnetic force generated by the
solenoid.

* Fluidic subsystem: models the flow through the valve.
° Mechanical subsystem: models the motion of the plunger.

Finally, the tank is modeled as a pressurized container that reduces its pressure with
the ejection of liquid and expansion of the pressurant gas.

In the system considered in this analysis, as already mentioned, there are four iden-
tical thrusters and each one has a its own valve; the tank with the propellant, however, is
shared by all the thrusters.

4.2.1. BOUNDARIES AND REQUIREMENTS

The models presented in this chapter are developed to work within some operational
boundaries set based on the requirements commonly applied to CubeSats and Pock-
etQubes. Propulsion systems for these spacecraft usually are at a development stage that
do not require strict performance parameters. Therefore the applicable requirements
regard electrical and/or mechanical constraints, and safety constraints to not endanger
the mission.

The maximum thrust has been estimated considering a scenario where the center
of mass of the spacecraft is at most 2 cm off of the geometric center (Silva et al., 2018).
Then the maximum thrust is calculated based on the maximum torque that the reaction
wheels of the spacecraft can provide, and the torque generated by a thruster positioned
at the center of the furthest face of the spacecraft and pointing towards the geomet-
ric center. For a 3 units CubeSat with a reaction wheel that can provide 2 x 1073 Nm,




50 4. MODELING OF VAPORIZING LIQUID MICROTHRUSTERS

qre' L
» q qe ] m1 pu
Quaternion Tank
»a,
error
PIx,
w F R
Xref Xref —Pv ] v v g F—
x| | - F m m F pF X[
»lx Attitude/position Py ™ 1 w
Valve P v
— controller woller PP d
Position controller d T T Vi T, Spacecraft
error val ref ref
alve V.H  Thruster

Temperature
controller

Figure 4.2: Diagram of the complete system including all the controllers.

that represents a maximum thrust of 10 x 103 N. As a PocketQube is about eight times
smaller in mass than a CubeSat, the maximum thrust is one eighth of that of a CubeSat:
1.25x 1073 N.

4.2.2. VAPORIZING LIQUID MICROTHRUSTER
NOZZLE MODEL
To model the mass flow rate at the nozzle riu3, the ideal rocket conditions are assumed

(Sutton and Biblarz, 2010, p. 46). In reality, the following assumptions of the ideal rocket
theory do not apply to the microthruster considered in this work:

* adiabatic flow: the flow is not adiabatic since the nozzle is heated up together with
the complete thruster, therefore there is heat transfer from the nozzle to the gas.

* negligible friction: the friction and boundary layer effects are not negligible due to
the size of the thruster.

 uniform distribution: the gas velocity, pressure, temperature, and density are not
uniform across any section normal to the nozzle axis due to friction and boundary
layer effects.

Nonetheless, it is assumed that the changes generated by these effects can be ne-
glected in order to simplify the modeling. Then the mass flow going through the nozzle
is given by (2.3). The first assumption needs to be verified using a CFD (Computational
Fluid Dynamics) model which is not in the scope of this thesis. The second and third
assumptions might be compensated by multiplying the mass flow rate by a discharge
coefficient which can be experimentally measured for the specific device (Janson et al.,
1999).
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As the propellant is boiling inside the chamber, it is assumed that the temperature of
the gas is the saturation temperature. With this assumption, the temperature of the va-
por can be calculated based on the pressure using (4.1) known as the Antoine equation.

B

T=—7""—"—+C (4.1)
A-log,op

where A =10.27, B = 1810.94, and C = 28.67 for pressure in Pa and temperature in the
range 372.15-647.15 K (DDBST, 2018).

Considering the pressure in the range 1-5 bar, then we can replace the term \f—% in
(2.3) with a function of the pressure:
1 1
T ~aip+ i (4.2)
! A-logyo p1 +C

where @) and f; are the coefficients of the first order Taylor series expansion and are
functions of the parameters used in (4.1) and the linearization point p;:

_ Clog;o(ps)* = (2 AC+ B)log;y(ps) + ACAC+B) — -

a > In(10) 4.3)
B 2 2
(C+ Gromam) (A=10810(09)

p1= Ps —ay ps (4.4)

Jor—E

(A-log,o(ps)

Finally, we can rewrite (2.3) as follows:
k+1
k 2 k1

13 = +B1)AN| — | — 4.5
1z = (a1p1 + P1) A Rs(k+1) (4.5)

Evaluating the expressions around the middle point in the range of pressure of inter-
est, i.e. p; =3bar, we geta; = 0.048K2 and B1= 626.99PaK" 2.

The resulting linear equation is faster to solve computationally and provides a good
fitting for the pressure and temperature term. Fig. 4.3-a shows the comparison between
the proposed linear approximation and the curve for \f—% with the temperature calcu-
lated using (4.1).

VAPORIZATION MODEL

The vaporization rate is related to several aspects of the two phase flow and the heat
transfer which can be very difficult to measure. In order to overcome this challenge, an
empirical model for the change in the volume of gas inside the chamber has been de-
veloped. One of the thrusters presented by Silva et al. (2017) was selected to undergo a
series of tests to correlate the pressure and chip temperature to the volume of gas inside
the chamber. Then a linear model for the volume of gas was identified using snapshots
taken during the experiments as shown in Fig. 3.8. For this experiment, a digital micro-
scope with frame rate of 20 fps and a resolution of 640 x 480 pixels has been used.
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Figure 4.3: Linear approximation of the pressure and temperature terms used in the modeling considering 401
points calculated using (4.1).

In Chapter 3, an analysis of the volume changes caused by different pressures and
chip temperature was presented. This analysis is used here to develop a model that re-
lates the pressure inside the chamber and the temperature of the chip. Fig. 3.9 showed
the linear fitting of data that is used to calculate the average volume of vapor V,, as a
function of the temperature of the thruster and the pressure:

Vaww=arT,+app+b (4.6)

where ar, ap, and b are the parameters of the linear regression and T, is the temperature
of the chip measured around the nozzle. In this analysis, the coefficients have been esti-
mated as: ar =1.63 x 107''m*/K, a,, = -7.45x 107"°m?/Pa, and b= -4.36 x 10~ 1'm?.

In order to complete the model, we need an expression for the time derivative of the
volume which in this analysis has been assumed to be a first-order linear system of the
form:

V=AWV, -V) 4.7

where A = 75/s has been empirically chosen based on the image analysis already de-
scribed. The rate of change in the volume is faster than the frame rate of the microscope
indicating that the time constant 7 = lA of a first-order system is less than 2 ms.

Then the vaporization rate 71, can be calculated as follows:

1y = 1y - Vp; (4.8)

where p; is the density of the liquid.
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Considering the ideal gas law given by:
Py
T V =mR; 4.9)

where m is the mass of gas. Following a similar approach as the linear approximation
used in the nozzle model, we can approximate the term % by a linear relation reducing
the equation to:

1 (mRS
p_afg %4

B /32) (4.10)
where:
Cloglo(l’s)z - (2AC+B)log;o(ps) + A(AC+B) — lngO)
Ao =
’ (B—Clogy(ps) + AC)?
Ds

C + #
V (A-log;o(ps)

Evaluating around the linearization point one gets a» = 0.0023/K and 8, = 62.17Pa/K.
The results of this linearization are plotted in Fig. 4.3-b in comparison with the values
calculated using (4.1).

(4.11)

P2 =

— Q2 Ps (4.12)

CHIP TEMPERATURE MODEL
The temperature of the thruster is modeled as a linear first-order system whose input
is the applied power. The Laplace transfer function of the power-temperature system is
given by (4.13):
T (s) K
—_— = (4.13)
P(s) s+1
where 7 = 119.5s and K = 28.5K/(Ws) have been experimentally estimated using data of
power and temperature. Figure 4.4 shows the data used to fit the model.
As described in a previous research by Silva et al. (2017), the resistance used in the
heaters is linearly dependent on the temperature. The change in resistance caused by
changes in temperature is described by the following equation (Mele et al., 2012):




54 4. MODELING OF VAPORIZING LIQUID MICROTHRUSTERS

Coil N turns

Case

Plunger

Fluidicoutlets Fluidicinlet

Figure 4.5: Reference geometry of the valve model. The part highlighted in blue is the parallel plates section
used in the fluidic model. The top edge of the plunger moves up and down and the flow goes from left to right.

R=aRo(T-Tp)+Ro (4.14)

where R is the resistance, T is the current temperature, and Ry is the resistance mea-
sured at temperature Ty. The value of a has been experimentally characterized for many
devices and on average is a = 1.09 x 1073/K (Silva et al., 2017).

4.2.3. VALVE

The analytical model of a solenoid-actuated microvalve is a complex system that can
be described by interfacing three different physical systems: the electromagnetic, the
fluidic and the mechanical system.

ELECTROMAGNETIC SYSTEM

The electromagnetic actuation of the valve takes place when a voltage is applied to
the inner coil of the microvalve. The current flowing in the coil generates a magnetic field
that pulls the magnetic plunger and consequently opens the microvalve. The equivalent
electric circuit can be described by the following equation (Cheung et al., 1993):

v=Rei+A (4.15)

where v is the voltage, R, is the coil equivalent resistance, i the electric current and A is
the flux linkage. The flux linkage is defined as N® where ® is the magnetic flux. In order
to express the flux linkage a simple representation of the magnetic circuit is required,
assuming the solenoid is operating in the linear region. The electro-magnetic circuit can
be represented as follows, according to Cheung et al. (1993):

Ni=0Z% (4.16)

where N is the number of turns in the coil, ® is the magnetic flux, and Z is the global

magnetic reluctance of the circuit. The latter can be determined by geometric consider-

ations only, see Fig. 4.5, regardless of the material used in the valve, since the magnetic

reluctance of the air gaps is prominent with respect to that of the metallic structure.
Rearranging (4.15) and (4.16), the flux linkage can be expressed as:

N2y A
Ax, i) = HoZsol® —i 4.17)
a(dgo—x)+=5%
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where py is the air permeability constant, Ag,; is the cross section area of the solenoid,
a is the bottom iron strips length, dg is the initial air gap between the plunger and the
iron core, d,, is the solenoid diameter, and g is the side air gap between the plunger and
the iron core.

The partial derivative of the flux linkage with respect to the electric current is the
equivalent magnetic inductance L of the system, which depends on the position x of the
plunger. The time derivative of the current can thus be expressed as:

: 1

i=——70

L(x)

which represents the first order differential equation of the transient behavior of the elec-
tric current. The magnetic force that is generated by the current can be derived from the

co-energy, defined as the integral of the flux linkage against the current (Cheung et al.,
1993):

(v—1i(Rc+xL(x)) (4.18)

o (L
Fiag = 5~ (%iz) (4.19)

where Fpqg is the magnetic force and L is the inductance of the system.

FLUIDIC SYSTEM

The fluid flow within the microvalve is usually described by the orifice equation. Nev-
ertheless, such equation is not appropriate to simulate correctly the transient behavior
rapidly occurring during the microvalve actuation. For this reason, a novel approach
has been developed to include the unsteady characterization of the fluid flow. Assum-
ing the flow occurring between two infinite parallel plates, as shown in Fig. 4.5 by the
section highlighted in blue, the Navier-Stokes equations can be rearranged to obtain the
following equation describing the time derivative of the flow bulk velocity:

2w Ap
ph? piLp
where u is the velocity of the fluid, y is the dynamic viscosity of the fluid, & is the height
of the section (see Fig. 4.5), and L, is the length of the section. The flow is considered
incompressible, isothermal and unidirectional. It is important to note that the pressure
drop is that of the parallel plates region, hence different from the pressure drop across
the microvalve. The pressure loss can be calculated by geometrical considerations using
a numerical analysis or by the discharge coefficient of the real hardware.
The outlet volumetric flow rate Q, and hence the mass flow rate, can be calculated
from the outlet velocity u and area A,,; which is a function of x:

(4.20)

Q=uAgy(x) (4.21)

The inlet fluid flow is deviated by the plunger towards the outlet aperture; in turns,
the fluid flow exerts a load on the plunger itself. The fluid force can be described using
the momentum conservation of the Reynolds Transport Theorem:

Ffp1 = pindin+ pt® Ajn — p1Q (x) (x+ Lo) (4.22)
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where Fy, ;,; is the fluid force on the plunger, p;, is the inlet pressure, A;;, is the inlet area,
and L, is the minimum height of the control volume. The first two terms represent the
steady-state load, whereas the third term is linked to the transient load. Nevertheless,
simulations showed that its influence is negligible.

MECHANICAL SYSTEM

The motion of the plunger is driven by several external loads. The main contribution
is certainly given by the electromagnetic force in (4.19). Its dynamics can be described
by Newton'’s 2% law as follows:

MZ+ ci + k (X = Xo0) = Frag + Ff,p1 = Pour Ain 4.23)

where M is the mass of the plunger, c is the viscous coefficient, k is the elastic constant
of the spring, and xj is the spring pre-load.

STATE-SPACE MODEL

Based on the equations developed in previous sections, the state space model can
be expressed using the plunger position x = x;, the plunger velocity x = x», the electric
current i = x3 and the fluid outlet velocity u = x4 as state variables, and y = ri7; the output
of the system.

. X
X1
Xo ]\L/[ (_sz_k(xl —x0) + Frag +_Ff,pl_poutAin)
xs = _L(;l) (l/ — X3 (RC + sz(xl))) (4.24)
: _lzp L Ap
X4 pr X4 oL,

V= pX4Agur (X1) (4.25)

The presented state-space model fully describes the dynamics of the actuation of the
solenoid actuated microvalve.

4.2.4. TANK

The propellant tank is a pressurized tank containing a given fraction of liquid propel-
lant, in our case water, with mass m;. During operations, the propellant is ejected at a
rate ri) and the pressurant gas, in our case N», expands lowering the pressure of the tank
p:. As the expansion is quasi-static, it can be considered an isothermal process. From
the ideal gas law, the time derivative of the pressure is calculated by:

!

(4.26)

pr=rh Vipr—my

where V; is the tank volume and p; is the density of the liquid propellant.

4.3. MODEL ANALYSIS

A sensitivity analysis was performed in order to assess the impact of all the param-
eters in the response of the model. The performance parameters thrust F and specific
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Table 4.1: List of input parameters for the sensitivity analysis.

Thruster model
Par.  Description Min. Ref. Max. Scale/Unit
ar  Vap. model 1.62 1.63 1.64 10 Tm3/K
ap  Vap. model -7.56  -745  -7.33 107m?3/Pa
b Vap. model -520  -4.36  -3.52 1071%m3
A Vap. model 70 75 80 1s
a1 Noz.model  0.046 0.048  0.05 1K2

B1 Noz. model 197.22 626.99 107532 1 PaK_%
a Pres. model 0.0021 0.0023 0.0025 1/K
Bo Pres. model 20.43  62.17  104.29 1Pa/K

T Temp. model 100 120 140 ls

K Temp. model 25 30 35 1 K/(Ws)
Valve model

Par.  Description Min. Ref. Max. Scale/Unit

L, SeeFig. 4.5 0.90  1.00 110 10~°m

d;  SeeFig. 4.5 0.90 1.00 1.10 10~°m

d;  SeeFig. 4.5 4.50 5.00 5.50 103m

N Num. of turns  27.9 31.0 34.1 1

R.  Eq. coil res. 0.90 1.00 1.10 103Q

a See Fig. 4.5 3.60 4.00 4.40 103m

dgo SeeFig. 4.5 225 250 275 107°m

g See Fig. 4.5 2.70 3.00 3.30 10~*m

M Plunger mass  7.20 8.00 8.80 10~*kg

c Viscous coef. 450.0 500.0 550.0 1Ns/m

k Spring coef. 12.15 13.50 14.85 103N/m

impulse I, are the basis for the analysis. Here we focus on the parameters that cannot
be tuned by design, e.g. the estimated parameters a; and f;, but instead they depend
on the operational range used or the experimental setup. Thus, as the propellant tank
has been modeled using only an analytical expression to relate the mass flow rate and
the pressure, it has not been covered by the sensitivity analysis because its parameters
are dependent on the specific design choices.

4.3.1. SENSITIVITY ANALYSIS: THRUSTER

The parameters of the thruster model are shown in Table 4.1. The sensitivity analysis
has been carried out assessing all combinations of the maximum and minimum values
for each parameter. These values are selected based on the boundaries defined for the
model and the confidence intervals of the linearization. The outputs of the model for
each set of parameters are compared to the reference outputs calculated with the refer-
ence values. The deviation of the output from the reference is the cost function of the
analysis and the rank correlation values between the change in the output and the vari-
able are given in Table 4.2.
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Table 4.2: Results of the sensitivity analysis. Values correspond to the rank correlation between the parameter
and the output.

Thruster Valve
Par. Thrust Specificimpulse | Par. Mass flow rate
B1 0.625 0.747 N 0.055
B2 0.115 0.088 R. -0.052
a1 0.108 0.048 c -0.051
as -0.106 0.011 dgo -0.049
T 0.085 0.091 k -0.046
K 0.075 0.092 Ly -0.044
b -0.066 -0.010 g -0.039
A -0.066 0.045 ds -0.038
ap 0.018 0.042 M -0.023
ar 0.006 0.027 d; -0.011
a -0.008

As we can see in Table 4.2, the most influent parameter of the thruster model is §;
as it has the largest correlation to the thrust and the specific impulse. The difference in
the response of the model using the worst set of parameters, i.e. the ones that give the
response with the largest difference to the reference response, is around 2.8% for specific
impulse and 0.1% for thrust.

4,3.2. SENSITIVITY ANALYSIS: VALVE

An analysis similar to the one of the thruster has been done for the valve model using
the parameters shown in Table 4.1. A more detailed analysis can be found in Silvestrini
(2017) where an optimal set of parameters for the valve model has been identified com-
paring with experimental data. A range of +10% around the values presented in that
reference has been used for each parameter in order to assess the influence on the mass
flow rate (response of the model). All the combinations of the maximum and minimum
values are used in the sensitivity analysis.

Table 4.2 shows the correlation between each parameter and the output of the valve
model, i.e. the mass flow rate. For this model, the number of turns in the coil and the
resistance, are the most influent. The response in the worst case changes 0.02%.

4.4, MODEL VALIDATION

The model of the complete system includes empirical and theoretical relations to
represent the dynamics of VLM systems. The empirical parts are related to either param-
eters of the thruster chip dependent on the design choices or to parameters that have no
absolute theoretical models or are significantly complex. The chip temperature model,
for example, depends strongly on the geometry and mass of the final chip, however, a
complete theoretical/numerical model might only be achieved using the finite element
method. The vaporization model also depends on the design choices, such as channel
geometries and materials, and it has no definite theoretical model, i.e. only empirical
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Figure 4.6: Temperature, pressure, and mass flow rate used in the validation of the model.

relations are currently available in the scientific literature (Karayiannis and Mahmoud,
2017; Thome, 2004). The chip temperature model and the vaporization model have been
modeled as shown in Figs. 3.9 and 4.4.

The next point to be validated is the assumption that the temperature of the gas after
boiling is significantly close to the saturation temperature. This assumption is used in 4.2
and 4.10. Measuring the temperature of a gas inside a microchannel is very difficult and,
with the current design of the VLM chip, it is impossible as there is no sensor inside the
chamber. Therefore, an indirect method is used to assess the changes in the temperature
inside the vaporization chamber:

¢ Keep the pressure constant.

* Apply different temperatures to the thruster chip. From the temperature with
which the boiling occurs at the beginning of the vaporization chamber (high tem-
perature) to the temperature with which droplets escape through the nozzle (low
temperature).

« If the temperature of the gas changes significantly, then the mass flow rate should
change accordingly.

The pressure is kept constant at around 5 bar and the chip temperature is changed
from 140 °C to 124 °C. The data collected during this test is shown in Fig. 4.6. Figure 4.7
shows the boxplot of mass flow rate and pressure as functions of the temperature. As we
can see, the average mass flow rate changes slightly according to the average pressure
changes, however, no significant change can be seen following the increse in tempera-
ture.

Therefore, it can be concluded that the chip temperature does not significantly af-
fect the mass flow rate. The gas temperature might be changing with the chip temper-
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Figure 4.7: Boxplot of the pressure and mass flow rate for different temperatures.

ature, however, the pressure is the largest contributor to mass flow rate changes. Thus,
assuming that the gas temperature is the saturation temperature might be a suitable ap-
proximation. The current design allows only a limited range of chip temperatures which
might explain the no-changes in the mass flow rate.

4.5. SIMULATION SETUP

4.5.1. SPACECRAFT PARAMETERS

The complete model of the micropropulsion system has been used in a simulation
loop to control the attitude of a pico-satellite. The satellite is a 3 units PocketQube
consisting of three units of 5 x 5 x 5cm with a mass of 0.5 kg. Considering the mass
equally distributed in all dimensions, the components of the inertia matrix around the
principal axis of the spacecraft are I; = 1.0 x 10~3kgm?, I, = 1.0 x 10~3kgm?, and I5 =
2.083 x 10~*kgm?. The maximum thrust provided by each thruster is defined as 1.25mN.
A complete list of the parameters used in the simulations is given by Table 4.3.

4.5.2. CONTROLLER DESIGN

In order to control the attitude of the spacecraft, two controllers have been imple-
mented in the simulation loop: one to calculate the torque M, f necessary to execute
the desired maneuver and one to control each thruster in order to produce the desired
thrust F. The former also decides which of the four thrusters to use depending on the
current and target attitude. A simple proportional-derivative control law is used to cal-
culate M, r (Wie and Barba, 1985):

Myer =kpGe+ k& (4.27)

where kj, and k; are the gains of the controller in x, y and z, and 4, is the vectorial part
of the quaternion representing the error between the current and the target attitude de-
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Table 4.3: Parameters used in the simulations.

Component Par. Value Unit Description

M 8x107% kg Plunger mass

k 1.35x10* N/m Spring constant

c 500 Ns/m  Fluid visc. damp.
Valve v 12 A% Coil voltage

R, 31 Q Coil resistance

din 0.001 m Inlet diameter

N 1000 1 Number of turns

fpwnm 200 Hz PWM frequency

Pro 5 bar Initial pressure
Tank my 30x1073 kg Init. mass of prop.

V; 40x107% m?d Volume

A; 2x1079 m? Throat area
Thruster Viot 4x107? m Chamber volume

a 1x1073 /K Temp. res. coef.

h 0.15 m Height
Spacecraft w 0.05 m Width

l 0.05 m Length

m 0.5 kg Mass

Y 1.33 1 Ratio of spec. heat
Fluid Ry 461.5 J/(kgK) Spec. gas constant

“mo  0.001 Pas Viscosity

o1 1000 kgm3®  Propellant density

fined as g, = g~ ! ® q; where g, represents the target attitude and ® is the multiplication
of two quaternions. Then, M. is used to calculate the thrust of each thruster which is
the reference input to the valve controller that actuates on the valve’s input voltage v(f):

t
v(t) = Kpe(r) +Kif e(r)dr (4.28)
0

where K, and K; are the gains of the controller and e(?) is the error defined as the differ-
ence between the target and the actual thrust. In order to simulate the behavior of the
real system, the voltage is converted into a PWM (pulse width modulation) input with
frequency fpwy and amplitude V.

4.6. SIMULATION RESULTS

The models where implemented in Simulink/Matlab and tested in a case with four
thrusters used to control the attitude of a pico-satellite. The controllers were empirically
tuned with the gains k, = [1 3 3]x107% k, =[5 15 15]x107*, for the spacecraft
controller and K, = 200, and K; = 9500 for the valve controllers. These gains have been
selected based on the desired response time, less than 0.1 s for the valves and 20 s for the
spacecraft, and on the maximum allowed overshoot of less than 20% for the valves and
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lant left in the tank (bottom). The attitude control starts after 180 s.
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Figure 4.9: Angles of the spacecraft during the attitude control phase that starts afters 180 s.

no-overshoot for the spacecraft.

The test is divided into two parts during the time of the simulation. In the first part,
before 180 s, a sequence of thrust commands is sent to all the thrusters in order to assess
the thrust level control. Then, after 180 s, a sequence of attitude commands is sent to
the controller that calculates the necessary thrust for each of the thrusters to perform
the maneuver.

Fig. 4.8 shows the thrust generated by all the thrusters, the total specific impulse and
the mass of propellant in the tank. The attitude angles are plotted in Fig. 4.9 together
with the commanded values shown in red.

As we see in Fig. 4.8, the mass of propellant in the tank drops very slowly meaning
that the amount of propellant considered, i.e. 30 g, can be used for very long time before
the pressure drops below a critical level where the maximum provided thrust is lower
than the required maximum thrust F = 1.25mN.
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4.7. CONCLUDING REMARKS

This chapter presented a comprehensive modeling approach for micropropulsion
systems using Vaporizing Liquid Microthrusters. The model developed comprises all
relevant elements of microresistojets and the necessary equations to simulate the dy-
namics of such system. The resulting model is hybrid comprising fundamental laws of
physics as well as empirical relations. Some parts of the model are derived from well
known relations, such as the ideal gas law, and some others are empirically derived from
an extensive experimental campaign done with test models of the real propulsion sys-
tem. The models of the thruster, the valve, and the tank have been tunned to work within
the boundaries usually considered for miniaturized spacecraft, e.g. CubeSats and Pock-
etQubes, in terms of operational parameters such as pressure and temperature. How-
ever, these boundaries can be changed in order to adapt and extend the model to other
applications with different sets of requirements.

The model has been successfully applied in a simulation loop demonstrating the atti-
tude control of a pico-satellite using an array of four thrusters. The model can be applied
in other types of simulation that need a precise description of the system dynamics in-
cluding optimization of the propulsion system’s parameters as well as of the thruster’s
parameters.

As the current design only allows a small range of temperatures to be applied to the
chip, an improvement to the thruster could be achieved by including a chamber separate
from the vaporization chamber to further increase the gas temperature.







CONTROL OF VAPORIZING LIQUID
MICROTHRUSTERS

The world is too crowded and it’s lonely here.

From the song Fallen Angelz by Special Teamz

This chapter presents an innovative approach combining a fuzzy controller and a con-
trol allocation method to solve the control problem of allocating actuators’ efforts in an
over-actuated system. The controller is applied to a space debris removal mission using
a deployable net on-board of a 3U CubeSat. The controller calculates the necessary effort
of each thruster on-board the spacecraft to compensate disturbances or the perform a re-
orientation/reposition maneuver. Two cases with four and six thrusters are analyzed in a
simulation scenario. The simulation also covers the non-nominal situation of failure in
one of the thrusters. A Monte Carlo simulation is performed in order to assess different
scenarios considering failures and different simulation configurations. Results show that
the proposed approach successfully controls the satellite after a disturbance.

Parts of this chapter have been submitted to the journal Engineering Applications of Artificial Intelligence.
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5.1. INTRODUCTION

HRUST direction control can be done by controlling a set of thrusters. To achieve

this, a control allocation method is often necessary if there is redundancy in the
generation of torques and forces, i.e., there are multiple solutions for the problem. This
chapter proposes a fault tolerant fuzzy control allocation method to control a set of mi-
crothrusters. The proposed approach uses a control allocation method to automatically
generate the rules used by the inference system of the fuzzy controller that actuates the
thrusters. Control allocation methods are necessary when the system is over-actuated,
i.e., there is redundancy in the set of actuators that allows multiple solutions for the
generation of control efforts. There are many applications for such methods including
the attitude/position control of spacecraft with thrusters (Servidia and Pena, 2002, 2005;
Pena et al., 2000). Many different methods exist to solve the control allocation problem in
unconstrained or constrained spaces (Oppenheimer, 2011; Johansen and Fossen, 2013),
however, they are often based on complicated calculations that are computationally ex-
pensive. In this case, the use of fuzzy logic might help in simplifying the implementation
of a control allocation method (Tohidy and Sedigh, 2013; Fan et al., 2011; Chang et al.,
2016).

The fuzzy controller utilizes linguistic variables and a set of rules to calculate its out-
puts. The process of transforming the inputs into linguistic values, such as “low” and
“high”, is called fuzzification and it uses membership functions to determine how much
a certain numerical value belongs to a given level, i.e., the probability of an input being,
for example, “low” or “high” (Passino et al., 1998). The inference system then uses a set
of rules to determine the outputs. An example rule using linguistic values can be:

e IF temperature=high

e THEN gas valve=low

The last step of the fuzzy logic is to convert the outputs from linguistic values to nu-
merical values (defuzzification).

As the fuzzy controller is based on a set of rules, it is intended to help in reducing
computational costs that are very important for such small systems as the case of Cube-
Sats. The computational effort rises significantly when using traditional approaches of
control allocation based on matrices calculations as they require matrix inversions that
can be costly depending on the size of the system (Johansen and Fossen, 2013). With
the approach presented here, the computational cost can be transfered from the oper-
ational phase to a design phase therefore reducing the computational effort specially in
cases with a large number of actuators.

In the proposed approach, the rules of the fuzzy controller are automatically gener-
ated using a control allocation method, e.g., the redistributed pseudo inverse (Oppen-
heimer, 2011; Johansen and Fossen, 2013). The generation of the rules is usually done
using expert’s knowledge of the system (Tohidy and Sedigh, 2013). However, when the
system is over-actuated, there might be multiple solutions for the problem and a compu-
tational method might be needed to select the most appropriate configuration specially
when a large set of actuators are to be used. Therefore, another advantage of the pro-
posed approach is that it combines the intuitive part of the fuzzy system with the math-
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ematically formal part of the control allocation method. This combination is important
to comply with the needs of both simple and complex systems.

The proposed method is applied to a space debris removal mission using a deploy-
able net. Two cases are analyzed: one with four thrusters and the other with six thrusters
considering failure in one of them during operation. In this case, a failure is a situation
in which one of the thrusters is not able to provide any thrust and it is assumed that the
failure is instantaneously detected. Results show that the novel fuzzy controller is able
to control the spacecraft, i.e., bring the relative angular and linear velocities back to zero,
in the normal and in the faulty situation. A Monte Carlo simulation is performed to as-
sess the influence of different input parameters (including experimental values) in the
response of the controller.

5.2. SAMPLE MISSION DESCRIPTION

Space debris poses a big threat to operational satellites which form a crucial infras-
tructure for society and to astronauts’ lives. According to the main source of information
on space debris, the U.S. Space Surveillance Network (SSN), more than 18900 objects
larger than 10 cm have been cataloged as of April 2018 (Anz-Meador, 2018). Among the
total number of objects in orbit, only 1987 spacecraft are active, i.e., around 10% of the
objects are operating in an environment where 90% of the other objects are space debris
(Kelso, 2018).

Several space debris removal methods have been proposed in the past decades (Shan
et al,, 2016) including the net capturing method which is regarded as one of the most
promising due to its compatibility with different target sizes, shapes and orbits. Addi-
tionally, it is flexible, lightweight, cost efficient and less likely to generate more space
debris objects (Shan et al., 2017b,a). This method deploys a light-weight net using a set
of bullets, attached to the corners of the net, that are fired in a diverging manner in the
direction of the target spacecraft as depicted in Fig. 5.1. Once the net reaches the target,
it will wrap itself around the body and allow the main satellite to move the target. The
firing of the bullets generates forces and torques on the main satellite that need to be
compensated in order to keep the stability of the chaser spacecraft and the safety of the
mission.

This chapter analyses the performance of the proposed fuzzy controller when ap-
plied to a hypothetical CubeSat mission to remove space debris using a deployable net.
The chaser satellite is a 3U CubeSat equipped with a set of microresistojets. The space-
craft’s body is considered a cuboid of 30 x 10 x 10 cm form factor with mass uniformly
distributed in order to simplify the modeling, i.e., it reduces the inertia matrix to a diag-
onal matrix.

The net deployment system is based on the one presented in Shan et al. (2017c)
which deploys a net of 1 x 1m using four bullets with mass of 30 g each attached to the
corners of the net. The bullets are fired with a velocity of 1.8 m/s at an angle of 25° to
assure that the net is open when it reaches the target. However, due to uncertainties in
the operations the velocities and shooting angles might vary. In the experiment reported
in Shan et al. (2017c) these values vary with +0.14m/s and +4.21° respectively.

The options of propulsion systems for such small spacecraft are not many as most
of the CubeSats launched to this date do not have a propulsion system. As indicated
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Figure 5.1: Representation of a space debris removal mission using the net capturing concept (Shan et al.,
2017b).

previously, a space debris removal mission would require a set of microthrusters with
relatively high thrust to compensate the disturbances generated by the firing of the bul-
lets within a reasonable time.

In order to help quantifying the performance parameters of the candidate propul-
sion system, the following hypothetical scenario is considered. Suppose all four bullets
are fired at the same velocity of 1.8 m/s and at the same angle 25°. If we want to com-
pensate the linear momentum generated by the bullets within, as an example, 60 s after
shooting them (this depends on the mission and the post-capturing operations), then
the thrust generated by all thrusters should be at least around 3.3 mN. Similarly, to com-
pensate the angular momentum generated by the bullets in a hypothetical case in which
two bullets on the same side are fired and the other two are not fired, then the total thrust
that should be generated is around 0.9 mN (if they are placed at the corners of the space-
craft). Considering a set of four thrusters on board the CubeSat (which is the minimum
to achieve 3-axis attitude control (Pena et al., 2000)), then the maximum required thrust
for each thruster might be set to 1 mN.

The Vaporizing Liquid Microthruster (VLM) is a very interesting option for space de-
bris removal as it is able to generate thrust in the levels of 0.1-1 mN using pressures in
the range 1-10 bar and low power consumption that fits within the assumed maximum
power of 10 W (Silva et al., 2018). Due to the fact the VLM works with a liquid propellant,
it presents a great advantage in terms of control since the flow of liquid can be controlled
with a valve regulating the levels of thrust generated with a fast response time compared
to gaseous flow. This is a very important feature that allows a more precise attitude con-
trol as compared to, for example, solid propellant microthrusters (see Chapter 2).
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5.2.1. CONTROL ALLOCATION
The problem of control allocation is finding a set of actuators inputs u € R” that pro-
vides a desired output 7 € R written as:

7=Cu (6.1

where C € R™*" is a matrix of constant values (in case of linear systems) and it is called
control effectiveness matrix. In case of an unconstrained system, the vector u can be
found by solving C™'7 = u where the superscript —1 denotes the inverse of a matrix.
However, in practice most of the systems are constrained by physical characteristics and
the direct solution might be an unachievable state within the time frame considered.
Therefore an approach that takes into account actuator’s upper and lower boundaries
and rate limits has to be considered (Johansen and Fossen, 2013).

THRUST ALLOCATION
A thrust control system with n thrusters is a constrained type of system that can be
written in the form (Pena et al., 2000):

T =AF
, (5.2)
U =BF
where T € R3 is the torque, Fe R™*1 is a column matrix of n thrusters containing the am-
plitude of the force of each thruster, U € R® is the force, A € R3*" and B € R>*" represent
the configuration of the thrusters given the vectors of position d; and orientation é; of

the n thrusters with respect to the spacecraft body and i € {1, ..., n} and are defined as:
A=|dyx& ...d,x 8, (5.3)
B=1[¢ ...é,] (5.4)

Each thruster i is bounded by lower and upper values Fy;,, < F; < Fp,45. The control
allocation problem is to find the column matrix of thrust forces F = [Fy, ..., F,]T, where
the superscript T denotes the transpose of a matrix, that generates the desired torques
and/or forces on the spacecraft body in order to perform a maneuver or reject a distur-
bance.

As indicated by Pena et al. (2000), the minimum number of thrusters to allow 3-axis
torque generation is four without considering failures in which case a minimum of six
thrusters is necessary to tolerate failure in exactly one thruster.

5.3. PROPOSED APPROACH

The fuzzy controller determines, based on a set of rules, which thruster should be ac-
tivated for the desired maneuver. The rules are defined according to the possible motion
of the spacecraft, i.e., depending on which direction the body is rotating and/or trans-
lating with respect to the target’s inertial frame. Therefore the number of rules depends
on the number of degrees of freedom and the number of membership functions for each
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degree of freedom. For example, considering six degrees of freedom and three member-
ship functions for each one (e.g. negative, zero and positive) a total of 3 rules would
apply to the controller in order to have a complete map of inputs. However, the number
of outputs and the respective number of membership functions defines how many rules
are possible and in case there are multiple rules with the same input, those rules can be
combined into one.

The proposed fuzzy controller follows the algorithm shown in Fig. 5.2. The case of
controlling thrusters on-board of a spacecraft is used as an example and the approach
presented here can be used in any control allocation problem. The steps of the algorithm
are explained in the following:

¢ Start: initialize all variables.

* Check thrusters: check the status of the thrusters looking for failures. A failure
is assumed when the thruster does not provide any thrust, i.e., F; = 0 for ¢ = tr
where i indicates which thruster has failed at the instant ¢¢. The control system
is assumed to always be able to detect the failures. The problem of detecting the
failure is not approached in this thesis. However, an advanced method for fault
detection might be used (Zolghadri, 2018).

* Generate rules: in case of failure or in the beginning of the routine, i.e., ¢ = 0s,
the matrices A and B are updated zeroing the column corresponding to the faulty
actuator if there is any. Then, the controller automatically generates the rules of
the inference system. The inputs of the fuzzy controller are the target torques and
forces to be generated by the thrusters (r in (5.1), T and U in (5.2)) and the out-
put is the thrust that each thruster needs to generate (u in (5.1) and F in (5.2)).
The outputs calculated by a standard control allocation method (it can be any
method) is used as the consequent of the rules. For example, suppose that F =
[1,0,0,1]1TmN is the output calculated by the control allocation method for an in-
put T=101,-1,0]"mNm, then a possible rule can be:

- IF Ty =positive AND T,=negative AND T,=zero

- THEN F=|[positive, zero, zero, positive]T

* Fuzzy control: fuzzify the inputs, use the rules generated with the control alloca-
tion method to calculate the outputs, and defuzzify the outputs. The type of fuzzy
controller can be any type including more advanced concepts such as adaptive
fuzzy or hybrid neural/fuzzy approaches (Passino, 2011).

* Stop control: check the stopping criteria. In most cases this can be when the error
between the reference inputs and the outputs of the system is less than a certain
threshold.

The rules of the fuzzy controller can be generated using any control allocation method,
e.g. redistributed pseudo inverse, daisy chaining, etc. Johansen and Fossen, 2013), and
can also be generated offline for all possible failures. In case of systems with a small
number of actuators, the rules might also be generated using expert’s knowledge about
the system.
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Figure 5.2: Algorithm of the proposed hybrid fuzzy control allocation method.

The fuzzification of the inputs can be done with any type and number of member-
ship functions, however, if one is concerned about computational cost then it is recom-
mended to keep the number of membership functions as low as possible to reduce the
number of rules. The fuzzy inference method (Mamdami or Takagi-Sugeno) and the de-
fuzzification method can be any method that best suits the process.

The proposed approach can be applied to any control allocation problem and it is
specially recommended for applications with limited computational resources. In the
following section, we present the application of the proposed approach to the control
allocation of thrusters on-board of a spacecraft.

5.4. SIMULATION SETTINGS AND ANALYSIS

The proposed approach has been applied to the control allocation of thrusters on-
board of a spacecraft for active space debris removal. The thrusters are used to compen-
sate disturbances generated during the deployment of a net that is used to capture space
debris. A Monte Carlo simulation for two configurations with four and six thrusters has
been performed to assess the performance of the controller with different input param-
eters. Table 5.1 shows the parameters used in the simulations and Table 5.2 shows the
parameters used in the Monte Carlo simulation.

Figure 5.3 shows a diagram of the satellite with arrows indicating the position and
direction of each thruster (blue) as well as the information of the bullets (red). The
thrusters are slightly tilted with respect to the z-axis to provide rotational capabilities
in that axis and positioned at the corners of the structure to provide maximum torque.
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3D View

z [m]

x [m]

Figure 5.3: Representation of the 3U CubeSat considered in the simulations (case with four thrusters). The
dotted red arrows represent the direction in which the bullets are fired and the dashed blue arrows represent
the thrusters.

5.4.1. CONTROLLER DESIGN

The fuzzy controller has been designed with four inputs: the first three are the com-
ponents of the target torque vector to be generated by the thrusters and the fourth is the
component of the target net force to be generated by the thrusters in the direction op-
posite to the net deployment direction. The target torque and force are calculated using
a simple control law given by Wie and Barba (1985) (the same control law has been used
in Chapter 4):

T; = kpy Ge; + krpi (5.5)

F; = kaxi + krp Vi (5.6)

where i € {x, y, z} indicates the vector component, k, is the position gain, k; is the rate
gain, and §, are the vectorial components of the error quaternion defined by g, = g~ ' ®
g: where g; represents the target attitude, ® is the multiplication of two quaternions
and the index —1 indicates the inverse of a quaternion. In the case approached here, the
position gains are set to zero as the goal is to reduce the linear and angular velocities
only.

The first three inputs were designed to have triangular/trapezoidal membership func-
tions with three levels: negative (represented by ‘-’), zero (represented by ‘0’) and posi-
tive (represented by ‘+’). Figure 5.4-a shows the three functions for one of the inputs (w)
where the values are defined in Table 5.1. The fourth input, the force, is defined with only
two levels negative and zero as this input is expected to be always in this range due to
the characteristics of the application. Figure 5.4-b shows the membership functions of
this input where the values are defined in Table 5.1. The number of levels for each input
was defined as three and two in order to keep the number of rules to a minimum. The
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shape of the membership functions, i.e., triangular/trapezoidal, was selected in order to
generate a sharper output surface.

As the position and orientation of each thruster is constant with respect to the space-
craft body we can assume that matrices A and B in (5.2) are constant from the beginning.
Therefore, the rules of the fuzzy controller stay the same as long as no thruster fails, in
which case the matrices must be adjusted to exclude the faulty thruster resulting in a
different set of rules.

Table 5.1: Parameters used in the simulations. The gains and the values of the membership functions have
been empirically selected by trial and error in order to achieve a reasonable performance.

Parameter Value Description
m 4kg Mass
l 0.1m Length
Spacecraft h 0.1m Height
w 0.3m Width
mp 30g Mass
Bullets Umax 1.8 m/s Speed
B 25° Shooting angle
kpy 0 Torque position gain
Controller rr -100 Torque raFe' gain .
kp, 0 Force position gain
ki -200 Force rate gain
Fuzz (Th,..., T7] (-1.0,-0.005,-0.001,0.0,0.001,0.005,1.0]  See Fig. 5.4
Y [Fy, Fo, F3, Fy] [-1.0,-0.001,0.0,0.0] See Fig. 5.4
1 T T A T T
0.8 |
0.6
0.4 = O +

Figure 5.4: Membership functions for the angular velocity (a) and linear velocity in the z-axis (b).

The fuzzy inference method chosen is the Takagi-Sugeno method that implies that
the output is either a constant value or a linear function of the inputs. The outputs are
the levels of thrust from 0 to 1 (scaled to the maximum thrust possible) for each of the
thrusters installed in the spacecraft. The “and” method was set to the minimum of the



74 5. CONTROL OF VAPORIZING LIQUID MICROTHRUSTERS

fuzzified inputs and the deffuzification method was set to weighted average of all the
rule outputs. Other options related to the controller were kept as the default values im-
plemented in the MATLAB® toolbox for the Takagi-Sugeno type of controller.

Generate rules

Update matrices
AandB
Calculate outputs for all
input combinations

%
Posit d
A

Fuzzy control
Thrust Torque and tion an
levels Force Spacecraft titude
Thruste Output:
> Thrusters _’I Fos. (2.8)-(2.12) i G

[ Reference

Controller and Force
inputs

Egs. (5.5)-(5.6) Fuzzifyinputs

Figure 5.5: Diagram of the complete system including the controller and the spacecraft.

Finally, the control allocation part of the rule generation step was done using the re-
distributed pseudo-inverse method which is a constrained linear method, i.e., it provides
a solution considering the constraints of the actuators. However, it does not guarantee
that an optimal solution is always found (Johansen and Fossen, 2013). The method starts
solving 5.1 to obtain u without constraints and if the outputs are within the bounds (not
saturated) then it found a feasible solution. In case one or more outputs are saturated,
then the corresponding elements of the output are kept constant at the saturated values
and the non-saturated elements are re-calculated using a reduced control effectiveness
matrix.

5.4.2. SIMULATION CASES

The algorithm of the system was implemented in MATLAB® (The MathWorks, Inc.,
Natick, MA, USA) version R2016b based on the equations shown in sections 2 and 3 using
a standard ordinary-differential-equation solver. In all simulations, each thruster i is
bounded by a lower and an upper limit defined by OmN < F; < 1.0mN. Three test cases
have been simulated to assess the performance of the controller:

1. 4 thrusters, no failures and ideal shooting of the bullets (no torque generated)

2. 4thrusters, no failures and bullets data from the experiment reported by Shan et al.
(2017¢)

3. 6 thrusters, failure in one thruster during the operation and and bullets data from
the experiment

Given the two configurations with four and six thrusters, we can calculate the ana-
lytical solution for the time to stabilize the spacecraft, i.e. bring the relative angular and
linear velocities back to zero. The solution for the linear motion is calculated considering
the ideal case when all bullets are fired with the same velocity and angle. In such case,
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all thrusters are switched on with maximum thrust. Similarly, the solution for the angu-
lar motion is calculated considering a hypothetical case when two bullets are fired with
double the velocity of the other two. In the case with four thrusters, the time to stop the
linear motion is #; = 49.7s and to stop the angular motion is #, = 14.2s. In the case with
six thrusters t; = 33.2s and ¢, = 18.4s. The difference in the time to stabilize the angular
motion is due to the fact that the placement of the thrusters in case 1 and 2 is optimized
for torque generation whereas in case 3 the placement of the thrusters is optimized to
allow failures to occur.

5.4.3. CASE 1: 4 THRUSTERS WITH IDEAL SHOOTING

The thrusters are ideally positioned in such a way to provide the maximum torques
around the x— and y— axes, i.e., in the corners of the satellite, and they are all tilted by
a = 10° with respect to z-axis in order to provide torque also in that direction. With this
configuration the controller can compensate torque disturbances in all directions and a
force in the z— direction. It is also possible to compensate forces in other directions but
for this application they are considered negligible.

The matrices A and B are defined based on the position and orientation vectors d and
é of each thruster with respect to the body reference frame positioned at the geometric
center of the cuboid:

-0.1500 -0.1500  0.1500  0.1500
[d1d2d3d4 =| 0.0500 -0.0500 —0.0500 0.0500| m
—0.0500 —0.0500 —0.0500 —0.0500

0 0 0 0
[é1é28384] = | sin(a) —sin(a) -—sin(a) sin(a)
cos(a) cos(a) cos(a) cos(a)

0.0579 -0.0579 -0.0579  0.0579
A= 01477 0.1477 -0.1477 -0.1477|m (5.7)
-0.0260  0.0260 -0.0260  0.0260

0 0 0 0
B=(0.1736 -0.1736 -0.1736 0.1736 (5.8)
0.9848 0.9848 0.9848 0.9848

Figure 5.6 shows the linear velocity of the spacecraft with respect to the body axis.
As it is seen the spacecraft moves in only one direction and it is braked by the thrusters
which are fired with the same levels. In Fig. 5.7 we see the levels of the thrusters that are
fired together with the same thrust level in order to brake the satellite without producing
torques.

Figure 5.6 shows the total linear displacement of the spacecraft with respect to the
inertial frame due to the applied forces which is —1.029 m. As the bullets are ideally
fired, there is no angular displacement but the total linear displacement might influence
the post-capturing phase. However, the displacement during the time expected for the
net to reach the target, which is around 1 s as indicated in Shan et al. (2017b), is less than
=5 cm.
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Figure 5.6: Linear velocities of the spacecraft with respect to the body frame (top) and displacement (bottom)
in the case with four thrusters and ideal shooting of the bullets.
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Figure 5.7: Thruster actuation level in the case with four thrusters and ideal shooting of the bullets. All thrusters

have the same activation profile.

5.4.4. CASE 2: 4 THRUSTERS WITH EXPERIMENTAL DATA

In this case the data presented in Shan et al. (2017c) has been used to estimate the
initial magnitude and direction of the velocities of each bullet. The data was collected
during a test campaign of a prototype net deployment mechanism done in zero gravity

environment. The velocities are:

7 —-0.5316
Uo| | 0.4663
U3| ~ |-0.3567
7y 0.4714

—0.5358
-0.6725
0.3382
0.2851

1.6090
1.6937

m/s (5.9)

1.4783
1.6974

where the indices identify the corners where the bullets are. The norm of the four veloc-
ities is 7 = [1.55791.77731.88111.7846] T m/s As they differ from each other, the satellite
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will be subject to not only forces but also torques causing it to rotate while moving back-
wards. The controller has to be able to compensate both disturbance in order to keep
the stability of the spacecraft.
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Figure 5.8: Linear velocities of the spacecraft with respect to the body frame, and angular velocity in the case
with four thrusters and experimental data.
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Figure 5.9: Thrusters actuation levels in the case with four thrusters and experimental data.

As we can see in Fig. 5.8 the satellite’s rotation is significantly reduced while it is
braked by the thrusters. Figure 5.10 shows that the displacement in the z-axis is up to
—1.5 m, however, as Fig. 5.9 shows, the controller reduces the actuation effort at around
50 s as the velocity is approaching zero. We can also see the changes in the actuators be-
tween 10 s and 20 s which coincide with the moments when the rotation rates of different
axes approach zero. The attitude change is at most 20° and might be further reduced in
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Figure 5.10: Linear and angular displacement during the deployment of the net in the case with four thrusters

and experimental data.

a post-capture phase using the attitude control system.

5.4.5. CASE 3: 6 THRUSTERS WITH EXPERIMENTAL DATA AND FAILURE

The thrusters for this case are positioned in a similar manner as suggested in Pena
et al. (2000) which allows for the failure of one thruster. The failure considered is of zero
response type meaning that the thruster cannot provide any thrust. In this case, the
satellite is stabilized even when one thruster stops working during the operation. For
this configuration, the matrices defining the position and orientation of the thrusters

are:
0.0400 —0.0454  0.0500
dy d> ds dyds dg| = | -0.0500 —0.0100 —0.0400
—0.0500 —0.0500 —0.0500
0.0990 0.0000 —0.0990
(8188384 8586) = |0.0990 0.1961 —0.0990
0.9901 0.9806  0.9901
—0.0446  0.0000 —0.0446 0.0446
A=|-0.0446  0.0446 —0.0446 0.0000
0.0089 —0.0089 —0.0089 0.0089
0.0400 —0.0454  0.0500  0.0100
B=|-0.0500 —0.0100 —0.0400  0.0454
—0.0500 —0.0500 —0.0500 —0.0500

0.0100 -0.0454
0.0454 0.0100
—0.0500 -0.0500
—0.1961 0.0000
0.0000 -0.1961
0.9806 0.9806
0.0000 0.0446
0.0446 0.0000
0.0089 -0.0089
—0.0454 -0.010
0.0100 0.045
—-0.0500 -0.050

—0.0100
0.0454
—0.0500

m

0.1961
0.0000
0.9806

m (5.10)

0
4
0

(5.11)
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which represent six thrusters pointing mainly in the z-axis direction and tilted to an an-
gle either in x or y-axis or both as shown in Fig. 5.11.

3D View Top View
0.1
0.05 s - z
0.05 SN
T E i
g Ey ¥ e
< 0 = 53 X
3
0.05 -0.05 L
0.05 < P4 AN
m] 0 ) -0.15 015 0.1 005 0 0.05 0.1
T
y 0.05 0.1 0.05 ] x [m]
X [m

Figure 5.11: Views of the satellite model indicating the position and orientation of the six thrusters (blue ar-
rows) and the bullets (red arrows).

The failure is injected in time ¢ = 3s as highlighted in Fig. 5.13. As we can see, thruster
1is suddenly at 0 mN and the other thrusters are rearranged in order to compensate the
failure of the former.

Figure 5.12 shows that the controller is able to compensate the disturbances in rota-
tion and linear velocity even after a failure occurs during the operation.
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-0.015

Figure 5.12: Linear velocities of the spacecraft with respect to the body frame, and angular velocity in the case
with six thrusters and experimental data.

5.4.6. MONTE CARLO ANALYSIS

The input parameters for the simulation of the controller that have been analyzed
are summarized in Table 5.2. The velocities of the bullets were randomly generated with
uniform distribution in the range 1.44-2.16 m/s (corresponding to 1.80 + 20%m/s). The
integration time corresponds to the time to fire the bullets and it is used to calculate the
force of each bullet. The failure instant is the moment when one of the thrusters fails.
The output of the simulation is the time necessary to stabilize the rotation (¢,) and to
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Figure 5.13: Thrusters actuation levels in the case with six thrusters and experimental data.
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Figure 5.14: Linear and angular displacement during the deployment of the net in the case with six thrusters
and experimental data.

stabilize the linear velocity (#;). The threshold for stabilization is considered when the
total angular velocity is below 0.01 °/s and the linear velocity in the z direction is below
0.003 m/s. These values were empirically selected based on the actuation levels of the
thrusters and when they all approach zero. These two times have been measured for
cases 2 and 3. A total of 15 runs were performed for the first case and 120 for the second.
In all runs the controller was able to compensate the angular and linear disturbances
generated by the bullets.

The average time and corresponding standard deviation to stabilize the spacecraft
using the four thrusters configuration was #; = 48.6 +4.1s and ¢, = 7.9 + 2.3s. With the
six thrusters configuration average time and standard deviation was ¢; =48.7+11.9s and
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t;=3.8+£25s.

The results of the analysis of variance (ANOVA)' are used to assess the influence
of the parameters of the Monte Carlo simulation in the time necessary to stabilize the
spacecraft, i.e., correct the angular and linear disturbances.

In case 1, with four thrusters, the p-value 0.0477 corresponding to the bullets’ ve-
locities indicates that the response for different velocities is significantly different, i.e.,
the bullets’ velocities significantly affect the time to stabilize the spacecraft. However,
the integration time for the calculation of the momentum produced by the bullets, with
corresponding p-value = 0.5738, does not interfere in the correction of the angular dis-
turbance. Therefore in the simulations with six thrusters the minimum value for this
parameter, i.e. 0.01 s, was used.

In case 2, with six thrusters, we can see similar results, the p-value corresponding
to the velocities of the bullets is zero, meaning that the velocities influence the time to
stabilize the satellite. The time in which the failure occurs also significantly affects the
time to correct the disturbances in the linear momentum but not the angular momen-
tum as the corresponding p-values indicate, 0.5784 and 0.0000 respectively. The specific
thruster that fails, with corresponding p-values 0.0359 and 0.2332 for angular and linear
disturbances, does not significantly influence the time to correct the linear disturbance,
however, it does affect the time to correct the angular disturbance.

Table 5.2: Input parameters used in the Monte Carlo simulation.

4 Thrusters
Parameter Type Count Note
Bullets velocities Random 5 1.44-2.16m/s
Integration time  Fixed 3 {0.01s,0.05s, 0.1s}
Total runs 15

6 Thrusters
Parameter Type Count Note
Bullets velocities Random 5 1.44-2.16 m/s
Integration time  Fixed 1 Selected 0.01s
Failure instant Fixed 4 {0s, 3s, 10s, 50s}
Failure thruster Fixed 6 {1,2,3,4,5,6}
Total runs 120

5.5. CONCLUSIONS

This chapter presented a hybrid approach combining a fuzzy controller with a tradi-
tional control allocation method (redistributed pseudo inverse) applied to the problem
of controlling a spacecraft during a space debris removal mission. The control alloca-
tion method is used to generate the rules used in the inference system of the fuzzy con-
troller that calculates the necessary control effort for each of the actuators, in this case

I The interested reader can refer to Rumsey (2009) for a detailed explanation of the analysis of variance and
p-value.
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Vaporizing Liquid Microthrusters. The hybrid system has successfully performed in dif-
ferent simulation scenarios considering two configurations with four and six thrusters
on-board the CubeSat including a scenario with experimental data and failure in one
thruster. In the latter case the controller was able to control the satellite even after one
of the thrusters failed.

A Monte Carlo simulation was performed to assess the influence of different input
parameters in the time necessary to stabilize the spacecraft. In the case with four thrusters,
the average time to stabilize the rotation and the translation over 15 runs were f; =
48.6 +4.1s and t, = 7.9 +£ 2.3s respectively. In the case with six thrusters the times were
t;=48.7+11.9sand ¢, = 3.8 £2.5s over 120 runs.

The proposed approach is expected to reduce the computational effort during the
operation of the controller as it reduces the calculations to simple rules used by the
fuzzy controller. The more complex calculations involving matrix inversions can be re-
stricted to an offline phase or to when a failure occurs. Although this is also possible to
be done with traditional approaches the presented approach is specially useful in cases
with many actuators.

The controller shown in this chapter has been tested in the situation of rejecting the
disturbances generated when firing the bullets of the net, however, it can be also ap-
plied to other stages of the mission that still need a robust approach due to high levels of
uncertainties as, for example, the rendezvous phase when the chaser satellite needs to
approach the target or during the post-capture phase to control the spacecraft with the
connecting tether attached to the target during de-orbiting.



APPLICATIONS AND SCENARIOS OF
VLM SYSTEMS

Ik kan surfen
Mits de juiste baai
Mits de juiste tijd, maanstand, windrichting en de onderstroom

From the song Surfen by Typhoon !

This chapter presents an analysis on the possible applications of VLM systems. The analy-
sis considers realistic scenarios of nano- and pico-satellites and the specific characteristics
of a VLM system with one or more thrusters. An example orbit is selected to further analyse
the details concerning possible missions.

L1 can surf, provided the right bay, provided the right time, moon phase, wind direction, and underflow
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Table 6.1: Parameters considered in the analysis.

Propulsion system Spacecraft
Type Num. Mass % Nozzle throat  Nozzle exit Area Mass Max.
thrusters (1e-9 m?) (1e-8 m?) ratio (kg) Power (W)
3U CubeSat [1, 4, 6] 10-50 % 1-5 5 10-50 4 6
3U PocketQube [1,4, 6] 10-50 % 1-5 5 10-50 0.5 1.5

6.1. INTRODUCTION

Chapter 2 discussed some general applications of micropropulsion systems for Cube-
Sats and PocketQubes. In this Chapter, the focus is on the application of VLM systems
and on the specific implementation of such systems.

6.2. SPACECRAFT AND MICROPROPULSION REQUIREMENTS

In order to assess the different scenarios and missions where VLM systems can be
used, we need to define the basic requirements for the spacecraft and for the micro-
propulsion system. These requirements are used to calculate the performance of the
system and to evaluate what can be achieved with such scenario.

Two types of spacecraft are considered: a 3U CubeSat with a propulsion system that
has either one, four or six thrusters and a 3U PocketQube with the same number of
thrusters. Table 6.1 shows the values considered for the propulsion systems and the
spacecraft.

The available power for the micropropulsion system is the limiting factor of VLM
systems. It constraints the maximum mass flow rate that the system can use which limits
other factors such as pressure and thrust. The range 0.5-10 W can be defined as the
operating range of VLMs (see Chapter 2) in terms of power then we can calculate the
maximum mass of water that can be vaporized per unit time, i.e. the maximum mass
flow rate, as follows:

S (6.1)
AH(p)

where P is the available power, AH (p) in J/kg is the enthalpy of vaporization of water
(assuming an initial temperature of 20 °C and without further heating the fluid after it
is vaporized) and it is a function of the pressure p. This maximum mass flow rate is
shared by all the thrusters on-board of the spacecraft and is used to calculate the maxi-
mum pressure using 4.5 which is re-written here for convenience with the pressure as a
function of the mass flow rate and N being the number of thrusters:

mmax

1
Pmax = | ———— 1 | = (6.2)
ail

y+1
Y 2 r-1
A\ & (—m)

The following algorithm is used to calculate the values of thrust and specific impulse
for a given power and nozzle geometry:
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Figure 6.1: Performance parameters of the thruster as functions of the power and the nozzle area ratio.

k=1
Pmaxlkl =initialvalue
for P = 0.5W to 10W do
while p;[k+1] = paxlk]l do
Calculate enthalpy for p, 4[]
Calculate i1, 45 using (6.1)
Calculate p 4. [k + 1] using (6.2)
k=k+1
end while
Calculate F and I using (2.1) and (2.7)
end for

The same algorithm is used to calculate thrust and specific impulse with all the noz-
zle geometries shown in Table 6.1. The initial values for the pressure were set to 5 bar,
however, the algorithm converges with any value close to the expected ones.

Figure 6.1 shows the values of thrust, specific impulse, maximum mass flow rate and
maximum pressure as functions of the power and the nozzle area ratio considering only
one thruster.

Figure 6.2 shows the values of thrust and specific impulse for two area ratios. In case
of multiple thrusters, the specific impulse is the same for all thrusters whereas the thrust
shown is the sum of the thrust of all thrusters considering that they are all pointing in
the same direction. It is interesting to note the “turning point” in the curves of specific
impulse at around 2.8 W for an area ratio of 50 and at around 1.6 W for an area ratio of 10.
This point is where the curves cross each other indicating that there is a change in the
number of thrusters for which the best results are achieved. This turning point suggests
that a configuration with less thrusters is preferred when the available power is below
that point as in the case of PocketQubes.

Figure 6.3 shows the maximum values of pressure (a), mass flow rate (b), thrust (c),
and specific impulse (d) as a function of the power for two different nozzles with area




86 6. APPLICATIONS AND SCENARIOS OF VLM SYSTEMS

120

. N:1-Ar:50 s} N:1-Ar:10
%-N=4-A =50 N=4-A =10
NZG-Ar:50 NZG-Ar:1O

Figure 6.2: Thrust and specific impulse as functions of the power for configurations with one, four, or six
thrusters and two area ratios.

ratios equal to A, = 10 and A, = 50. We can clearly see the linear correlation between
thrust and power which is characteristic to resistojets. The maximum pressure is signif-
icantly reduced with the reduction of the area ratio.

These values might be used to set the performance requirements of the micropropul-
sion system. In the case of a 3U PocketQube, considering the maximum power of 1.5 W,
the maximum thrust that can be produced is about 0.6 mN and maximum specific im-
pulse of 106.4 s with a nozzle with an area ratio of A, = 50. In the case of a 3U CubeSat
with maximum power of 6 W, the maximum thrust is then 2.6 mN and the maximum
specific impulse 114.5 s. These maximum values can be increased by increasing the area
ratio of the nozzle.

Some applications might be considered and defining other important limits to the
micropropulsion system such as number of thrusters and mass percentage of propel-
lant. These values are used in the following section to draw some conclusions regarding
applications of VLM systems. Note, however, that these values can be higher or lower
depending on the specific mission for which the spacecraft is designed.

6.3. VLM APPLICATIONS

The velocity change of the spacecraft is calculated as follows:
mg
Av=1Ipgoln— (6.3)
mg

where my is the total (wet) mass of the spacecraft and my is the final (dry) mass after
using all of the propellant. The propellant mass percentage ( is defined as:

_Mp

(= (6.4)

mp

where my, = mg— my is the mass of propellant. Table 6.2 shows the performance in term
of thrust, specific impulse, and Av for different configurations of the propulsion system
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Figure 6.3: Values of pressure (a), mass flow rate (b), thrust (c) and specific impulse (d) as a function of the
power considering only one thruster and different nozzle area ratios. The exit area is the same in both config-
urations as given in Table 6.1.

Table 6.2: Comparison of performance values for different configurations of thrusters. The velocity change is
given for mass percentages of 1 %, 10 % and 20 % (see (6.4)). The thrust is the total amount of thrust generated
regardless of the orientation of the thrusters. The nozzle exit area is the same in all cases.

3U CubeSat 3U PocketQube

Num. Thrusters 1 4 6 1 4 6
Arearatio 10 50 10 50 10 50 10 50 10 50 10 50
Total thrust [mN] 218 246 | 228 253 233 256 0.53  0.59 0.54  0.60 054  0.60
ILsp [s] 97.8 113.1 99.9 1139 | 101.2 1145 92.7 106.4 92.7 1053 92.7 1045
Av[m/s]-{=1% 9.6 11.1 9.8 11.2 10.0 11.3 9.1 10.5 9.1 10.4 9.1 10.3
Av[m/s]-{=10% | 101.1 116.8 | 103.2 117.7 | 104.5 118.3 95.7 110.0 95.7 108.8 95.7 1079
Av[m/s]-{=20% | 214.1 247.5 | 218.,5 249.3 | 221.4 250.5 | 202.8 232.9 | 202.8 230.3 | 202.8 228.6

for CubeSats and PocketQubes. As we can see, the total amount of thrust generated in-
creases with a larger number of thrusters in both cases (CubeSats and PocketQubes),
however, efficiency in terms of specific impulse and velocity change decreases in the
PocketQube case.

Considering as an example a near-circular orbit with around 550 km of altitude, and
the performance values given in Table 6.2, the following applications are considered “:

e Orbital maneuvering: This can be either a change in altitude or in orbital plane.
The former requires a velocity change of 0.55 m/s per kilometer (Wertz et al., 2011)
whereas the latter requires 132.38 m/s per degree. Considering the maximum and
minimum values of Av given in Table 6.2, the altitude change can be approxi-
mately in the range from 17 km to 423 km in the PocketQube Case and from 18 km
to 455 km in the CubeSat case. Similarly, orbital plane change maneuvers might be
in the range from 0.1° to 1.8° for PocketQubes and from 0.1° to 1.9° for CubeSats. It
is important to note that these values are calculated considering an ideal scenario
in which losses and efficiency are optimal.

2The data presented here can be found in Table I-1 of Wertz et al. (2011).
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* Drag compensation: This depends strongly on the geometry and attitude of the
spacecraft. The velocity change required to keep the altitude for one year might be
more than 19 m/s per year depending on the mass and surface area of the space-
craft (Wertz et al,, 2011). At this rate, the lifetime of the spacecraft could be ex-
tended around 6 months to more than 13 years. As usually miniaturized space-
craft have a short operational lifetime and are required to decay naturally after 25
years, a configuration with low propellant mass percentage can be used to keep
the altitude for a certain time and then used to deorbit the spacecraft.

* Deorbiting: A velocity change of around 143 m/s is required to deorbit a space-
craft from an altitude of 550 km (Wertz et al., 2011). Thus, any configuration of
the propulsion system with more than 10% of propellant mass is sufficient to de-
orbit the spacecraft. A higher percentage might be used in order to perform other
maneuvers, such as drag compensation, and make sure that there is enough pro-
pellant for the deorbit phase.

» Formation flying: A wide range of possibilities depending on the specific mission
can be considered for this kind of applications. Velocity changes ranging from a
couple of meters per second to tens of meters per second might be necessary for a
single maneuver or for the entire mission. Therefore, depending on the type, fre-
quency, and length of the maneuvers a different configuration of the micropropul-
sion system must be selected.

 Space debris removal: this requires different types of maneuvers (Shan et al., 2018)
in different phases. In the initial phase, an approaching maneuver similar to those
used in formation flying is necessary to reach the target. Then a series corrections
might be necessary during the capturing phase which depends on the capturing
method used (e.g. deployable net or a harpoon) and requires velocity changes of at
most around 10 m/s (see Chapter 5). The last phase is similar to deorbiting a single
spacecraft but with a larger mass (mass of chaser and target). Velocity changes
required during the last phase are around 143 m/s. A propellant mass fraction of
around 24% would be required for a CubeSat to deorbit another spacecraft of the
same size, and around 25% for a PocketQube.

6.4. CONCLUDING REMARKS

This chapter analyzed the possible applications of VLM systems considering Cube-
Sats and PocketQubes. A more general analysis was done assuming a standard orbit in
order to assess the different scenarios with different goals. VLM systems might be used
in a variety of applications which require different amounts of propellant.

The space debris removal case is very interesting as VLM systems are suitable for all
the phases of the mission (approaching, capturing, and deorbiting). However, a large
propellant mass percentage is required for the last phase in order to deorbit debris heav-
ier than the spacecraft. Another possible solution, would be increasing the available
power, e.g. with larger solar panels or pre-charged batteries, which increases the maxi-
mum achievable specific impulse thus increasing the velocity change.



CONCLUSIONS

When you're dead, you're dead.
But you're not quite so dead
if you contribute something — Jim Lahey

From the series Trailer Park Boys

This chapter concludes this thesis presenting a summary of the research presented, the
most relevant research findings related to the research questions proposed in the begin-
ning, the innovations of this thesis regarding research and engineering, and a brief outlook
on the research and development of MEMS micropropulsion systems.
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7.1. SUMMARY

As presented in the Introduction, the objective of this thesis was to investigate con-
cepts of thrust control in micropropulsion systems that use green propellants. The re-
search presented here embraced general aspects of MEMS micropropulsion systems
comparing the different types of devices that have been developed over the past few
decades. MEMS micropropulsion systems might be used in a wide range of applications
and they are specially interesting for miniaturized spacecraft in the nano- and pico-
satellite classes, however, they might very well be applied to larger spacecraft or even
smaller ones. The advance of MEMS manufacturing techniques might push even fur-
ther the boundaries of such systems to include extremely miniaturized satellites that are
just a small board or even a single chip.

A focus was given to Vaporizing Liquid Microthruster (VLM) systems that use wa-
ter as the propellant. The aim was to develop modeling and control concepts for VLM
systems in order to allow the execution of position and attitude maneuvers by the space-
craft. The major effort was put on the thrust control problem, i.e. controlling the magni-
tude and direction of the thrust-vector, considering the constraints imposed by the size
of the satellites.

Part of the research presented in this thesis was focused on the characterization and
modeling of VLM systems. The characterization is intended to support the modeling by
introducing experimental data to some parts of the models. A complete model of a VLM
system was developed using theoretical and experimental relations. This model mathe-
matically represents the system containing all components of a VLM system. All the em-
pirical parts of the model are sufficient for the type of analysis presented here. However,
a more accurate model might be achieved by using theoretical relations empirically ad-
justed to the conditions of the test. For example, a discharge coefficient can be applied
to the nozzle model in order to account for losses. A more sophisticated vaporization
model might be used to replace the volumetric change of the gas, however, as most of
the models found in literature are empirical relations derived for specific cases depend-
ing on the two-phase flow regime, a more detailed empirical model for the flow inside
a resistojet might be a good choice. The model of the volume of gas inside the thruster
might be improved with the use of a more sophisticated test setup including high speed
cameras to capture the motion of the fluid more precisely. Future work will be focused
on the extension of the modeling to address the points mentioned and to improve the
accuracy of the model by considering a broader range of operational parameters. The
comparison of the model with experimental data might further improve the validation
of model which has been done only numerically. A more advanced application scenario
will also be considered in order to investigate other characteristics of thrust control in
micropropulsion applications.

Another part of the research focused on the development of approaches for the con-
trol of VLM systems. Control schemes were developed for the individual control of the
thrusters and for the control allocation in cases where multiple thrusters are used. The
individual control is achieved by regulating flow of propellant inside the system which al-
lows the fine regulation of performance parameters such as thrust and specific impulse.
The fine regulation of thrust is an important feature of micropropulsion systems that al-
lows the use of the thrusters in accurate attitude control maneuvers or to compensate
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small unbalances generated while using multiple thrusters at the same time. Control-
ling a set of redundant thrusters is done using a control allocation approach that allo-
cates the necessary actuation efforts to the appropriate thrusters. This thesis presented
a novel control allocation approach combining an artificial intelligence method (Fuzzy
control) with a traditional control allocation algorithm. The proposed approach reduces
the computational effort of the control system which might significantly decrease the
demand on the on-board computer. Future work will be focused on the control with
variable angle thrusters that might improve the robustness of the controller and flexibil-
ity of the spacecraft.

The last part of the research concerned the possible applications of VLM systems. A
scenario considering a common polar orbit has been used in order to assess the capa-
bilities of a VLM system on-board of a CubeSat or a PocketQube. The versatility of VLM
systems is significantly increased by controlling the thrust therefore allowing it to exe-
cute short and small maneuvers, such as rejecting disturbances, as well as long and large
maneuvers, such as orbital maneuvers. The specific case of disturbance rejection while
deploying a net in a space debris removal mission was presented demonstrating the ef-
fectiveness of the control allocation method developed and the individual controllers. A
more complex scenario including the approaching and de-orbiting phases of the mis-
sion will be studied in order to get more insights into the problem.

7.2. RESEARCH FINDINGS

As presented in Chapter 1, some research questions were formulated in order to
guide the research and give it an objective. In the next paragraphs, those questions are
revisited in a general manner highlighting the most important findings.

What are the aspects that bound the state-of-the-art MEMS micropropulsion sys-
tems? As shown in Chapter 2 most of the MEMS micropropulsion systems are still under
development and many of them are TRL 3 or lower. However, more advanced systems
that are suitable for spacecraft in the classes nano- and pico-satellites have been iden-
tified. Cold-gas thrusters, for example, are very attractive for their simplicity and low
power consumption. Some devices have already flown and demonstrated in-flight op-
eration. As the level of development of propulsion systems for nano- and pico-satellites
is in general at an early stage, each specific system lacks some particular feature that
prevents it from flying in a real mission. Power consumption, for example, is one of the
issues of some devices whereas for others is the safety of the propellant that brings prob-
lems. In some cases, as solid propellant microthrusters for example, the limited control
in the operation is a key factor reducing the applicability of the thruster. The efficiency
level of most MEMS micropropulson systems still needs major improvements. Here, two
key aspects have been identified. First the power consumption needs to be further re-
duced. This could be achieved, for example, by reducing thermal losses. Second, the
propellant use can be optimized, for example, by reducing friction losses in the fluidic
channels.

Concerning MEMS micropropulsion in general, there is room for improvements in
all the types of propulsion systems assessed in Chapter 2. In some cases, only perfor-
mance characteristics are available while a specific system design is lacking. The use of
MEMS fabrication technologies is a great advantage in the sense that this is a very active
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research field and its processes are well developed and it is very interesting for the fabri-
cation of very small structures and channels with integrated components such as sensors
and actuators. However, other components of the system, such as propellant tanks and
electronic circuits, have to be produced using conventional manufacturing techniques.
Regarding the specific design concerns of the VLM system used in this thesis, there are
many points to improve specially in the manufacturing process of the thruster chip and
interfacing with other components of the system.

What is the best way of controlling the mass flow of a microthruster? Mass flow
rate control in VLM systems can be achieved by controlling a valve in the line between
the propellant tank and the thruster. Two types of valves might be used: on-off valve or
proportional valve, depending on the application and the mission requirements. A pro-
portional valve allows the continuous regulation of the flow resulting in a more smooth
operation whereas an on-off valve needs to be operated using pulse modulation in order
to achieve flow rates at different levels. The pulse modulation is either in the width of
the input signal (PWM) or in both width and frequency (PWPFM). Both methods pro-
duce similar results.

How can we describe the dynamic behavior of a Vaporizing Liquid Microthruster?
The dynamics of VLM systems is a result of the coupling of the different dynamics of
each component, i.e., tank, valve, and thruster, with different time constants. The tank
is the slowest part of the system and behaves as a charged capacitor discharging as the
propellant is used. The pressure inside the tank decreases with time affecting the pres-
sure drop over the valve, which affect the flow rate, and reducing the maximum pressure
at which the thruster can work. The tank can be considered a passive component as it
does not have a control variable. The valve, used to regulate the flow, changes the rate
at which the pressure in the tank decreases and directly controls the pressure inside the
thruster. Therefore, the valve is an active component and the main contributor to the
overall changes in the process in terms of pressure and mass flow rate. The thruster is
the critical part of the system since it is required to completely vaporize the propellant to
make sure that no liquid is expelled through the nozzle in which case the performance is
degraded. Its control variable is the power applied to the heaters to vaporize the propel-
lant. This power needs to be sufficient to heat up the thruster to a certain temperature
and completely vaporize the propellant which is at a certain initial temperature. A per-
centage of the power is lost to the environment. The vaporization process is affected
by several factors. Any changes in the pressure inside the thruster change the boiling
point of the liquid and the enthalpy of vaporization whereas changes in the power affect
the temperature of the thruster and the heat transfer to the fluid. The heat transfer to
the fluid in turn affects the boiling process and the position inside the thruster chamber
where boiling occurs. If boiling happens in a place close to the nozzle, some droplets
might be ejected and on the contrary if occurs far from the nozzle a more complete va-
porization can be guaranteed. Other important factors are the initial temperature of the
thruster and the changes in the temperature caused by the flow. In the beginning of
operation, the thruster is cooled down by the liquid affecting the vaporization process.
Therefore, controlling the temperature of the thruster is crucial to a smooth operation
of VLM systems. The target temperature of the thruster has to be chosen based on the
operating pressure which is at most the same as the pressure in the propellant tank.
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Inlet hole

Figure 7.1: Picture of a device showing the area surrounding the inlet hole where the layer of silicon nitride has
been removed.

What are the characteristics of controlling the thrust direction of microthrusters?
There are two different manners of controlling the direction of the thrust vector: one is
by actively deflecting the flow in the nozzle exit either by using deflectors or by redirect-
ing the complete nozzle. In this way, the thrust vector is adjusted to generate torques that
are used to control the attitude of the spacecraft together with its position. The second
is by controlling a set of thrusters that are positioned in such a way to generate torques
and forces on the spacecraft’s body allowing the combined attitude and position con-
trol. The main drawback of the first approach, in the context of MEMS micropropulsion
systems, is in achieving a feasible and reliable design that is more advantageous either
in terms of performance or applicability than using a normal thruster and relying on the
attitude control system to reject disturbances. The second approach, which consists of
controlling a set of thrusters, is more promising in terms of feasibility and reliability than
the first one. However, it increases the overall system complexity as it adds more com-
ponents (e.g. valves, fittings, etc.) and also the computational complexity increases as a
control allocation algorithm is necessary.

Other important aspects encountered during the research were related to MEMS
technologies and manufacturing. The fact that molybdenum (the material used in the
heaters of the thrusters) oxidizes faster in the presence of water in high temperatures,
as discussed in Chapter 3, poses a great threat to the operation of the thrusters as the
heaters are easily damaged by droplets of water. Another interesting effect that had not
been foreseen was the removal (etching) of silicon nitride (SiNx) around the inlet hole.
A thin layer of silicon nitride is deposited on top of the silicon substrate to insulate the
heaters. This layer of silicon nitride was partially or totally removed around the inlet hole
of some devices that went through an extensive testing campaign. This effect might be
related to the subcritical water boiling around the hole. The device shown in Fig. 7.1 has
gone through several hours of testing and the layer of silicon nitride has been removed
almost completely. Although this is not expected to influence the performance of the
thruster, this effect needs to be better understood.
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7.3. INNOVATIONS

Several innovations have been introduced in this thesis and this section aims at sum-
marizing the main points.

In Chapter 2, an extensive review of MEMS micropropulsion systems was presented.
Reviews focused only on MEMS devices are very few despite the importance of such
technologies. A complexity parameter was introduced to compare the suitability of the
different devices taking into account the philosophy behind the development of Cube-
Sats and PocketQubes which requires simplicity. Furthermore, the devices were ana-
lyzed based on the data in scientific literature, rather than coarse analytical considera-
tions. This makes the analysis much more realistic and reliable.

In Chapter 3, an extensive test campaign was performed with the thrusters with the
aim of characterizing the devices. A large dataset was built including videos and multiple
types of tests. Regarding the design, several improvements with respect to the original
design have been proposed, developed and successfully tested. A simple and robust
interface has been developed for the tests. This interface provides a reliable way to in-
tegrate electrical, mechanical and fluidic parts of the thruster while including sensors
and the possibility of visualizing the boiling inside the thruster chamber. This interface
solved many issues in previous ideas that prevented the successful testing of thrusters
and allowed the tests using water. Many software interfaces were created to allow the
data acquisition for further analysis. Regarding the thruster chip, two important design
choices were made: the use of metal heaters, in this case molybdenum, which are more
stable in the temperature ranges needed and can achieve very high temperatures. Sec-
ond is the use of a glass wafer to cover the thruster while providing a way to visualize
the flow inside of it. Finally, the manufacturing process as well as the mask design have
been improved to facilitate the fabrication by reducing process steps and also to reduce
differences between the designed and the manufactured devices. The mask shown in
Fig. 7.2 has recently been designed to overcome some of the issues faced in the previous
design, for example, a protection for the heaters to avoid oxidation.

In Chapter 4, the complete model of a VLM system was presented for the first time
including analytical and empirical relations and allowing the complete simulation of
the system. The reduction of the nozzle model to a linear relation between mass flow
rate and pressure as a result of the saturation conditions inside the chamber helped to
achieve a simple model that represents the behavior of the system. The characterization
of volumetric changes inside the chamber opens the path to further analyze the vapor-
ization and characterization of the heat transfer coefficient.

In Chapter 5, a novel hybrid control allocation approach was developed for cases in
which redundant thrusters are used to either propel the spacecraft or to control its at-
titude providing velocity changes and/or torques. This hybrid approach combining a
fuzzy system with a control allocation algorithm reduces the on-board computational
effort by solving the allocation problem using a set of rules instead of complex large ma-
trices calculations.

In Chapter 6, many application scenarios have been considered for a VLM system
and actual performance figures, such as thrust and specific impulse, have been calcu-
lated for a specific type of orbit and considering power constraints that limit the opera-
tion of the thrusters. The case of active space debris removal has been deeply analyzed
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Figure 7.2: Details of the newly designed mask. Two types of nozzles can be produced and have the same area
ratio. Only four heaters are used instead of seven as in the current design and the heaters are protected by a
layer of silicon dioxide and an aluminum pad for wire bonding.

and the results show that a VLM system is a very interesting choice as it can be used in
all the different phases of the mission.

7.4. FUTURE RESEARCH

Regarding the design of the VLM chip, future research might be focused on the op-
timization of the channels in the heating chamber in order to improve the heat transfer
and reduce power consumption. The integration of other MEMS components, such as
valves and sensors, as well as electronics for the power control of the heaters is currently
under investigation. This will represent a large step towards a fully integrated device.
The interface for the thrusters also need improvement to reduce size and increase ther-
mal insulation. The manufacturing process might be improved by reducing the number
of steps, specially in the etching of the cavities, and by including a protection in the
heaters to reduce problems with oxidation at high temperatures. The measurements of
initial resistance and temperature need to be improved in favor of the electrical charac-
terization as well as the measurement of resistance during operation to reduce noise in
the estimated temperature. In this case, the calibration process could be done by testing
the heaters in a hot plate in vacuum. This is expected to increase the precision of the
measurements since a more homogeneous distribution of temperature can be achieved.
To this purpose, a new interface is needed to facilitate these measurements. More tests
in vacuum are needed to reduce the heat losses and also using a thrust measurement
bench to measure the actual thrust and specific impulse of the devices.

An interesting alternative to the current design of the system is a self pressuring sys-
tem that uses the pressure generated by the boiling to push the propellant in the feeding
lines. The concept is shown in Fig. 7.3. In this concept, the liquid part is pushed by the
vapor generated during the boiling. A fixed geometry passive check-valve with a high
diodicity can be used to make sure that the flow goes only in one direction. The boiling
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Figure 7.3: Design concept of a self-pressuring thruster. A fixed geometry passive check-valve prevents the
flow from going backwards in the channels. The propellant can be stored in the narrow channels between the
valve and the thruster.

produces high-frequency pressure changes that together with the “diode like” structure
of the channels produces a one-way flow. The nozzle exit has to be closed before the
operation to avoid losses of propellant. This concept might be very useful to extremely
miniaturized systems as it reduces the number of components needed.

In the context of modeling and control, future work might be focused on the exten-
sion of the modeling to improve the accuracy of the model by considering a broader
range of operational parameters. The comparison of the model with more experimental
data might further improve the validation of model which has been done only numeri-
cally.

A more advanced application scenario might also be considered in order to investi-
gate other characteristics of thrust control in micropropulsion applications. The control
with variable angle thrusters might be an interesting approach that might improve the
robustness of the controller and flexibility of the spacecraft.

Regarding the manufacturing, other fabrication methods have to be analyzed con-
sidering costs of fabrication since MEMS can be highly expensive in a small-scale pro-
duction which is the case for nano- and pico-satellites. In addition, other unconven-
tional approaches of propellantless propulsion (solar sail for example) or the ejection of
solid particles can be interesting alternatives and have to be further investigated. The
integration of electronics for the power control of the heaters is very promising. This will
represent a large step towards a fully integrated device.

Finally, regarding applications, the pre- and post-capture phases in a active space-
debris removal mission might be investigated as well as the effects of measurement noise
and biases in the sensor and actuators. Other applications and scenarios should also be
considered in order further assess the applicability of VLM systems.
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THRUST DIRECTION CONTROL
USING MEMS ACTUATORS

A.1. DESCRIPTION

This Appendix presents the partial results of an initial investigation into the prob-
lem of controlling the thrust vector of micropropulsion systems. Three approaches have
been analyzed and are presented in the next section. For the details, the reader can refer
to the original publication Silva et al. (2015).

Nozzle Space

Plates/deflectors

y-coordinate[pm]
Chamber

—Inlet
—Outlet
Exit plane

T LIAGEE et LHAE NUNAS NeAas) T
0 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
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Figure A.1: Baseline geometry used in the simulations.

Setting 1 —electricfield: in this case, an electric field is applied around the nozzle exit
to steer the flow (considered charged). Figure A.2 shows the results for different voltages
applied to the plates and the deflection and magnitude for different inputs.

Settings 2 and 3 — movable deflector: in these cases, the plates at the nozzle exit
move to steer the flow. Figure A.3 shows the different angles of the thrust vector due to
the rotation of the deflectors. Figure A.4 shows the results when translating the deflec-
tors.

Parts of this Appendix have been published in Silva et al. (2015).
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Figure A.2: a) - Thrust vector for three levels of potential applied. b) - Deflection and magnitude of the thrust
vector with different levels of potential.
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Figure A.3: a) - Sequence of images of the rotating deflector. The blue arrow represents the thrust vector. b) -
Deflection and magnitude of the thrust vector for different rotation angles of the rotating deflector.
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