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Abstract

In the new space paradigm, CubeSats have become the go-to platform for researchers and industry devel-
opers across the world for gaining access to space. As CubeSat technologies are maturing, many developers
are planning intricate and utilitarian missions for CubeSats. Many of these concepts involve formation fly-
ing or swarm dynamics, debris removal, and even deep space exploration. However in order for any of these
missions to be realized in a long-term and sustainable way, the spacecraft will require propulsion systems.

This thesis describes the design, construction and testing of a miniature iodine-fed Advanced Cusped
Field Thruster (LACFT) engineering model (EM) for the 3U+ CubeSat platform. With a dry mass of 280 g
and a volume of 180 cm?, the iodine pACFT EM is designed to fit inside of the tuna can extension of the 3U+
CubeSat structure. This form factor makes it incredibly small relative to other iodine thrusters. The measured
thrust of the iodine PACFT is 227 - 254 uN, with a total system power consumption of 8.3 - 11.6 W. The small
size and low power consumption make the pACFT the best suited iodine thruster candidate for the small 3U+
CubeSat platform.

Multiple distinct topics related to development of the JACFT engineering model are also explored in this
the thesis. The fluidics of the two-stage iodine feed system are studied to create a thermodynamic model
which can be used to predict the mass flow rate of the propellant as a function of temperature. A resonant
DC/DC converter is designed and tested as a candidate for the power processing unit of the engineering
model. The converter demonstrated inadequate performance, with respect to the power output and conver-
sion efficiency which is linked to the simultaneous requirements on for a high voltage gain and low power
consumption in the thruster. Lastly, a tungsten thermionic emitter cathode is verified as an effective option
for neutralization of the exhaust plume.
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Introduction

Rapid development and miniaturization of technology, as well as commercialization of access to space have
been defining characteristics of the space industry in the 21st century. This is a dramatic shift from the previ-
ous state of the industry, where commercialization was not economically viable and technological develop-
ment periods spanned decades. The new paradigm is often referred to as "new space". It is in this new cli-
mate that the CubeSat has emerged as an incredibly popular standard platform with universities and private
companies across the world for small experimental space missions. The CubeSat, invented in 1999 as a joint
effort between the California Polytechnic State University and Stanford University’s Space Systems Develop-
ment Lab, prescribes a generalized approach to constructing nanosatellite (a class of spacecraft weighing
between 1 - 10 kg) [67]. The approach put forward in the CubeSat design standard bases the entire spacecraft
design around 10 cm cubes called U’s (short for units). A variety of typical CubeSat configurations is shown
in Figure 1.1. The small size of the CubeSat poses a challenge for spacecraft developers as both the power and
volume available for components and instruments is extremely limited in comparison to a more traditional
satellite platform. Yet the accessibility to CubeSat components and design resources has lead to an enormous
up-swell in the number and frequency of nanosatellites launched into Earth orbit over the past two decades.

1U 2U

12U

Figure 1.1: Typical CubeSat configurations based on 10 x 10 cm cubic units (U) [56]. Larger configurations such as the 3U and 6U are
popular.



2 1. Introduction

1.1. Motivation

As the number of nanosatellites launches continues to increase, space mission designers are looking for in-
novative ways to utilize CubeSats. A recent example is the Mars Cube One from NASA, which was launched
alongside the InSight probe. The CubeSat performed a flyby of the planet and provided a communications re-
lay to the probe during its entry descent and landing [71, 90]. Although Mars Cube One was the first CubeSat
mission to leave geocentric orbit, many other CubeSat designers have similarly ambitious objectives.

Because of this, CubeSat missions of the future are likely to be more utilitarian than experimental. Other
popular utilitarian nanosatellite mission concepts often involve large fleets known as swarms. A highly func-
tional or long lasting CubeSat swarm would require performing orbital maneuvers. Nearly all CubeSat mis-
sions which will perform some useful function, whether that is forming a stable long-term Earth observation
or communications swarm, transferring to the Moon, or deorbiting debris in orbit around Earth, will require
a propulsion system.

Propulsion is a classical space engineering subsystem which can be found on virtually every modern full
sized spacecraft. Typically, propulsion systems can be differentiated into two broad categories, electric and
chemical. Electric propulsion (EP) is a method of generating thrust by transferring energy which is stored
electrically into propellant which is expelled in order to transfer momentum to the body of a spacecraft.
This transfer of momentum is what generates a thrusting force on the spacecraft. Using electrical energy to
energize the propellant contrasts with chemical propulsion systems, in which the energy required to generate
thrust is stored within the chemical structure of the propellant. A key advantage of the EP configuration is that
energy storage does not monotonically decrease over time as propellant is expelled, since electrical energy
can be regenerated. The concept of using an electrostatic potential difference to generate thrust can be dated
back to 1917 with the invention credited to Robert H. Goddard via USA patent #1,363,037 [18]. However, the
concept was not incorporated into space technology until the 1960s, when the onboard power available in
satellites reached a level that enabled the use of EP systems. The first in-space demonstration of EP thrusters
was performed in 1964 by NASA with the Space Electric Rocket Test 1, and by the Soviets with the Zond-2
satellite [66].

In modern times, many EP thruster configurations have emerged to meet important needs in space en-
gineering, such as station-keeping for low-Earth orbit [36, 113] and geo-stationary [34, 62] satellites for com-
munications or Earth-observation applications. More advanced concepts are proposed as well as, such as
high-precision maintenance of spacecraft orientation such as in the LISA mission [12, 121]. Aside from ap-
plications in large satellites, electric propulsion is also being targeted for miniaturization in order to gen-
erate a suitable solution for propulsion of nanosatellites [59]. Over the past ten years, since the launch of
the first CubeSat featuring a propulsion system (CANX-2, 2008 [119]), a significant amount of attention has
been turned towards development of micropropulsion thrusters, generally based on electric propulsion, for
CubeSat applications [58, 69].

Satellite electric propulsion systems are typically categorized into the following three types, [28].

1. Electrothermal: electricity is used to vaporize solid propellant or heat gaseous propellant, which ex-
pands through a nozzle to convert the thermal energy into kinetic energy, transferring momentum to
the spacecraft.

2. Electrostatic: electricity is used to ionize the propellant and an electrostatic potential is used to accel-
erate the ions, which subsequently transfer their momentum to the spacecraft.

3. Electrodynamic: electronically ionized propellant is accelerated via a combined electric and magnetic
field, and momentum is transferred to the spacecraft from the ejected ions.

In general, electrostatic and electrodynamic thrusters generate a plasma and use electromagnetic forces to
propel the charged particles in the plasma, generating thrust. The general structure of an electrodynamic
or electrostatic thruster includes a power processing unit for generating the accelerating potential and/or
magnetic fields, a propellant feed system for supply fuel, a thruster chamber for accelerating ions, and a neu-
tralizer for eliminating charge buildup on the spacecraft. On the other hand, the electrothermal thrusters rely
on thermodynamic forces to accelerate the propellant. An electrothermal thruster is typically consists of a
propellant feed system, a thermal management system, and a nozzle for generating thrust. Table 1.1 shows
a brief overview of EP thruster concepts which are currently under development in the field of micropropul-
sion. Many of the thrusters listed are aimed at the CubeSat market, or have strong potential to be adapted for
a nanosatellite platform.
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Table 1.1: Summary of a variety of electric propulsion thruster types currently under development [58, 68, 69, 116].

Thruster Type Propellant Example
Colloid (Electrospray) Electrostatic Cs, C3HgO3 [46, 120]
Field Emission (Electrospray) Electrostatic Cs, In [8]
Nanoparticle Field Extraction Electrostatic Au [70]
Hall Effect Electrostatic Xe, Iy [24, 78]
Cusped Magnetic Field Electrodynamic Xe, I, [27, 52]
Pulsed Plasma Electrodynamic PTFE, PFPE, H,O [7, 19, 87]
Vacuum Arc Electrodynamic Al C, W, Bi, Cr [64, 88]
Radio Frequency Electrothermal Xe, I, H,O, Ar [10, 80]
Resistojet Electrothermal  R134a, NHgs, SO,, H,O, N [14, 101]
MEMS Gas Electrothermal Im, In, BF4, C4Hyy [55]
Microcavity Discharge (Electrospray) Electrothermal  Al, AL,O3 [13]

Throughout the brief history of electric propulsion systems which have been flown on CubeSats, elec-
trothermal and cold gas thrusters have been popular. This is because of the relative simplicity of the devices,
the relatively good power to thrust ratio, and small size. However the cusped field thruster, an electrodynamic
system, shows great potential for future CubeSat missions for a variety of reasons. It is a highly scalable tech-
nology, which allows for miniaturization to the degree that it is compatible with small CubeSats (3U or less)
[43]. The design of a cusped field thruster is of the same level of complexity as a cold gas thruster, but offers
a significant advantage in propellant efficiency [41]. Additionally, the fact that the system can operate on
solid propellant (iodine) means that opportunities for miniaturizing the system extend to include the entire
propellant feed system as well. Solid iodine as propellant can be stored in a small unpressurized reservoir,
leading to volume savings in the thruster design. It is also inexpensive and readily available, making the cost
to benefit ratio of adding this propulsion system to a CubeSat quite low. Furthermore, at low thrust levels
the cusped field concept consumes very little power, while still providing enough thrust to be compatible a
variety of mission options [91].

The Laboratory for Enabling Technologies (LET) at Airbus Friedrichshafen develops cusped field thruster
systems for low thrust applications. The thrusters built and tested at the LET are a variation of the High Effi-
ciency Multistage Plasma Thruster (HEMPT), which was previously known as the Next Generation ytHEMPT
[41], but now referred to as the Advanced Cusped Field Thruster (ACFT) [111]. The ACFT system is associated
with technological developments for the LISA mission [12], which is a space-based gravitational wave detec-
tor based on a laser interferometer with an arm length on the order of millions of kilometers [41]. System
requirements for the LISA mission call for a uN - mN range propulsion system for performing the small atti-
tude adjustments necessary for the mission. In recent years, multiple scaled-down ACFT systems have been
tested to demonstrate the viability of the concept for CubeSat applications, culminating in the development
of the first engineering model (EM) of a CubeSat ACFT device in 2017 [91]. However, as the EM used xenon
propellant, the outlook for integrating the thruster into a small CubeSat system could be greatly improved by
switching to solid iodine propellant.

Currently, iodine is seen by many electrodynamic thruster developers as a desirable alternative to xenon
propellant for a variety of reasons. Key reasons include a significant decrease in propellant cost, and no
need for a pressurized fuel tank since the propellant is solid at standard storage conditions. Despite this,
development of iodine-based electric thrusters is still an emerging field with only a few systems having been
tested and discussed in scientific literature by NASA/Busek, the LET, and University Giessen [45, 49, 75, 103,
111]. The benefits to cost, mass and feed system complexity are sure to draw CubeSat developers toward
iodine-fed cusped field thrusters as it has the potential to allow nanosatellites to perform more complex and
useful missions.



4 1. Introduction

1.2. Research Outline

The focus of this thesis is development of a iodine-fed cusped field thruster engineering model for CubeSats
based on the existing ACFT concept at Airbus Friedrichshafen. All activities of this project take places at the
LET at Airbus Friedrichshafen.

The European Cooperation for Space Standardization defines an engineering model as a "flight represen-
tative model in terms of form, fit and function used for functional and failure effect verification" [35]. The
key challenge of the project is creating an operating ACFT system which complies with the tight power and
volume constraints of the CubeSat platform.

In the context of V-model systems engi-

neering, which is illustrated in Figure 1.2, LERnACqUTEments Systom
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preferred, and the use of commercial off- Figure 1.2: V-model of systems engineering. [86]. Activities in this thesis
the-shelf (COTS) components is common, take place in the tip of the V, at component design, fabrication, procure-
despite the relative risk of failure. ment, assembly and testing.

Research Objective The engineering model, hereby referred to as the pACFT or pACFT EM, will be used
to investigate the compatibility of the miniaturized ACFT system using iodine as propellant with a CubeSat
system. The pACFT system will also be a demonstration of the miniaturization of electrodynamic thrusters.
Characterization of the pACFT performance will help to understand the capabilities, advantages and short-
comings of this miniature thruster architecture. In addition, the measurements can be compared to a legacy
of measurements made at the LET for miniaturized ACFT systems using xenon to determine whether the
choice of propellant has an effect on overall thruster performance. The research objective is summarized in
the statement OBJ-1.

OBJ-1: To investigate the viability of iodine as a propellant alternative (to xenon) for ion electric propul-
sion systems in the context of CubeSat applications by constructing and testing a fully integrated engi-
neering model of an iodine-fed pACFT device.

Research Questions In pursuit of the research objective of this thesis, multiple research questions will also
be addressed. Research questions were drafted following a large review of the literature covering CubeSat
electric propulsion, iodine electric propulsion and iodine feed system design, high efficiency DC/DC con-
verters, spacecraft thermal control technologies, as well as theoretical and experimental methods for char-
acterizing ion thruster performance. Key issues which remained following the literature study included the
predicting the rate of generation and flow of iodine vapour in the thruster feed system, and the performance
which could achieved with a high gain and low power DC/DC converter based on the high efficiency LLC
resonant converter topology. Additionally, a simple and low power solution to neutralization of the exhaust
plume which comply with the strict requirements of the CubeSat platform and the new space design philoso-
phy is desired. In previous work at Airbus Friedrichshafen, thermionic emitters were identified and explored
as a potential design choice over the commonly used, but bulkier and more complex, gridded extractors, hol-
low or radio frequency cathodes [108]. Lastly, the question of the performance in terms of thrust, specific
impulse and power consumption, of a miniature (< 1 kg) iodine electrodynamic thruster is unknown at the
time of writing.
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With these issues, the project objective and motivation in mind, the following research questions were
drafted for this thesis project:

RQ-1: How does the thruster performance compare in the context of the legacy of miniaturized ACFT
devices?

RQ-1A: How does the device compare relative to other iodine thrusters?

RQ-1B: How does the performance compare to other CubeSat thruster alternatives?

RQ-1C: Aside from propellant choice, what other aspects of the JACFT design impact the performance?
RQ-2: What flow regime(s) characterizes the iodine vapour feed system?

RQ-2A: What is the sublimation rate of iodine in the context of the feed system? To what extent is it
described by the Langmuir sublimation model?

RQ-2B: What is the mass flow rate through the thruster?

RQ-3: What performance can an LLC resonant converter achieve in the proposed low-power, high-
voltage application?

RQ-4: Can a thermionic cathode technology effectively neutralize the thruster ion plume?

Project Planning This activities described in this thesis take place over a period of six months. Including
the time required for reviewing literature and project planning, the entire thesis period lasts eight months.
The planning for the project is organized around the research questions. The key tasks associated with each
research question are organized into a workflow diagram. Then each task in the workflow diagrams is sys-
tematically broken down into sub-tasks in a work breakdown structure. The tasks of the workflow diagrams
and the associated sub-tasks are then sequenced on the project timeline using a Gantt chart. The workflow
diagrams, work breakdown structures and Gantt chart can be seen in Appendix A.






Fundamentals

In this chapter is an introduction to all the foundational concepts and equations used in the development of
the iodine-fed pACFT and addressing the research questions which guide the thesis. First, an introduction to
the basics of electric propulsion is necessary. A description of the ACFT concept is also provided, alongside
definitions and relevant concepts from plasma physics. Furthermore, the particular details and benefits of
iodine electric propulsion are discussed. Following on are dedicated sections for iodine feed system fluidics,
LLC DC/DC converter theory and design, and thermionic cathode theory.

2.1. Electric Propulsion
The decoupling of the energy source for thrust from the propellant in electric propulsion (EP) has the advan-
tage of increasing the energy density of the thruster system overall, resulting in a smaller subsystem footprint.
In an ion EP system, thrust is typically generated by ionizing a propellant gas and accelerating the ions across
a potential difference (V},) of 1 kV or more, which results in ion exhaust velocities (v;) on the order of 30 km/s
[68]. The higher exhaust velocities achieved with EP systems imply that a smaller mass flow rate is required
to achieve thrust and thus long term sustainable operations are possible. Due to the electrical energy trans-
fer into the ionized propellant, EP systems are typically characterized by lower thrust (F;) levels and higher
specific impulse (/) than chemical propulsion system counterparts. The characteristically high specific im-
pulse of EP thrusters is achieved with large potential differences which accelerate the ionized propellant to
high speeds, and the low thrust is a result of the limitations on the available power of the system. This is
demonstrated in the following derivations.

The key relationships which define the thrust and specific impulse of an EP system, metrics that are gen-
erally used to characterize propulsion system performance, are:

F;=mjv; (2.1)
F;
Isp=— 2.2)
mp8o

where 7i1; is the mass flow rate of ionized propellant, ri2, is the flow rate of all propellant, and go = 9.81 m/ s?
is the gravitational acceleration on Earth. Overall, the specific impulse for an EP system is expected to fall
within the range of 100 - 10000 s [66]. In the case of an ion thruster, such as the ACFT, a differentiation is
made between propellant flow rate and ionized propellant flow rate since only a fraction of all fuel is ionized
when ejected. This quantity is relevant to the device performance since only the ions, and not the neutral
propellant molecules, are accelerated through the thruster chamber. The mass efficiency is introduced to
quantify this fraction:

fim = L (2.3)

such that F; = nmmp vi and ISP = 77m%~
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The specific impulse is a metric which describes the propellant efficiency of a thruster, ie. the ratio be-
tween the thrust provided to the rate of propellant usage. There is a fundamental trade-off between the
specific impulse and thrust generated by a thruster. This is demonstrated by first defining the ionized propel-
lant exhaust velocity due to acceleration across an electrostatic potential V;, which exists across the exhaust

beam:
[2qV,
=210 2.4
i M; 24)

where M; and g are the mass and charge of the ions. When considering the momentum transferred to the
spacecraft, the term 74 is included to take into account the divergence efficiency of the thruster:

Ng = cosf (2.5)
where 6 is the average exit half-angle of the ions relative to the axis of symmetry of the thrust chamber. This
measure quantifies the efficiency of momentum transfer to the spacecraft such that:

Fy=m;ivi = NgNmmpv;
Due to the kinetic motion of charged particles in the expelled propellant, there exists a current in the exhaust
beam given by:

=g (2.6)

b=4 M, .

where g is the charge of the ions. Substituting Equations 2.4 and 2.6 into Equation 2.1 leads to the following
relationship between thrust and total power:

P = 2Ml-VhI_ 2M; p .7
= q b= qune t .

where 7, is the overall power efficiency of the thruster, which measures the rate of conversion of power con-
sumed by the thruster (P;) into electrical power in the propellant exhaust beam (Pp):

Py =Vplp=n.P; (2.8)

The electrical efficiency can be broken down into a discharge, 7; and acceleration efficiency, 17, such that

Ne =NiNv (2.9)
where
- W (2.10)
v = v, .
Iy
= — 2.11
ni 1, ( )

Lastly, there is the overall thruster efficiency, 7. Noting that the total thrust generated is directly proportional
to n;, Nnm and 7., the total efficiency is calculated as the product of these:

Nr =NaNlmMNe
=NdNmNiNv (2.12)

Considering Equations 2.4 and 2.7, one can see a trade off between I;;, and F;. By using lighter ions
(smaller M;), the specific impulse increases at the expense of thrust. Alternatively, thrust can be improved by
increasing the mass-to-charge ratio of the ions, at the expense of specific impulse. However, clearly both the
thrust and specific impulse increase with the electrical power applied. Assuming singly ionized xenon is used
as fuel, a power input of 100 W with a beam voltage of 1 kV and ideal power conversion at the anode (. = 1),
a thrust of 5 mN can be achieved.
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The thrust level scales linearly with power and thus theoretically the thrust which can be applied is un-
bounded. Note that the linear trend in increasing thrust with increasing power is characteristic of ion propul-
sion technologies but not necessarily of electric propulsion in general [54]. Furthermore, non-linearities
may arise in relation to the efficiencies. The unbounded characteristic is in contrast to chemical propulsion
thrusters in which the internal energy of the propellant is fundamentally limited [60]. However with stan-
dard spacecraft bus power limitations, large thrust levels (beyond multiple Newtons) cannot be realistically
achieved.

Another metric which is used to describe the performance of EP systems is the power-to-thrust-ratio:

Py
PTTR = — (2.13)

F;
which typically measures the electric power, P;, which is consumed in the thruster for each milli-Newton
of thrust generated. State of the art EP systems can achieve a PTTR between 20 - 70 W/mN [41] (PTTR = 20
W/mN demonstrated in the previous xenon example), where a lower PTTR is desirable due to the limitations

on available power onboard a spacecraft.

Aside from the acute performance parameters of the thruster, the overall performance in mission context
must be considered. The fundamental equation which defines the performance of a thruster in the context of
space travel and orbital maneuvers is the classical rocket equation, originally derived by Tsiolkovsky in 1903:

Av=v;In

(M) (2.14)

N&

where M, is the total dry mass of the spacecraft, M), is the total mass of the propellant used, and Av is the
total velocity increment imparted on the spacecraft by the thruster. The Av capability, and thus overall utility
of a thruster is directly related to the total propellant mass and it’s output velocity in operation.

2.1.1. pACFT Concept

The PACFT concept is an ion propulsion system consisting of a cusped magnetic field generated by perma-
nent magnets and a high potential electric field [44]. The cusped nature of the field results in the formation
of magnetic cells which confine electrons near the magnetic poles at the cell boundaries. Confinement is
based on the concept of a magnetic mirror or magnetic trap from plasma physics. The magnetic mirror is a
result of the principle of first adiabatic invariance in a plasma, which states that the ratio of the kinetic energy
of a particle (in the direction perpendicular to the magnetic field vector) to the magnetic field strength is a
constant, u:

mvi

2B
where m is the mass of the particle, v, isit’s velocity in the direction perpendicular to the magnetic field lines,
and B is the magnitude of the magnetic field.

The effect of adiabatic invariance is such that as particles enter a region with high magnetic field intensity,
the velocity of that particle in the direction perpendicular to the field must increase as well. By conservation
of energy, this implies that the velocity of the particle in the direction along the field line is reduced. If the
energy of the particle is low enough, it can be completely stopped from proceeding into the high magnetic
field region. Ultimately, in a periodically cusped magnetic field such as the one in the ACFT, net effect is
particles which are confined between two cusps, where the field is strongest.

Electron confinement results in negative space charge which contributes to ionization and acceleration
of the propellant as it traverses the chamber. Positive ions are generated inside and accelerated to toward
the exit of the chamber via a large potential difference applied between the anode at the entrance to the
chamber and the cathode at the exit of the chamber. The cathode emits electrons collected at the anode
to complete the circuit and neutralize the ion exhaust plume, preventing negative charge build up on the
spacecraft. Figure 2.1 shows the a schematic diagram of the magnetic cell configuration.

U= (2.15)



10 2. Fundamentals

Figure 2.1: Diagram of cusped field thruster concept which is the basis of the pACFT magnetic cusped field thrust chamber design [41].

Due to the use of a magnetic field for confinement of the plasma in the chamber, an important parameter
to consider in design of a pACFT system is the Larmor radius, ry of the particles in the plasma:

_ muv,
lqIB
where g is the charge of the particle. The Larmor radius, also known as gyro or cyclotron radius, is the radius
of the circular motion undergone by charged particles travelling in a uniform magnetic field. The rate at
which particles circulate is given by the Larmor frequency, w:

L (2.16)

_lqi
m
Highly charged, low mass particles oscillate much faster and with a much smaller radius. In order to avoid
excessive collisions of the electrons and ions in the plasma with the walls of the chamber, the magnetic field
amplitude should be as high as possible. The lifetime of the ions in the chamber is typically shorter than the
period of the Larmor oscillations due to the large electrostatic force accelerating them toward the chamber
exit. Thus the main concern is electrons, which dwell in the chamber longer due to confinement at the mag-
netic poles. In principle, the radius of the chamber should be larger than the Larmor radius of electrons for
the provided magnetic field strength to avoid excessive losses to collisions with chamber walls.

Another effect from plasma physics which influences the performance of the thruster is E-cross-B drift. In
general, when an external force is applied to a particle gyrating in a uniform magnetic field, the center point
of the the particles circular motion begins to drift so long as the applied force is not parallel to the magnetic
field lines. In the case of E-cross-B drift, the applied force is the electrostatic Lorentz force. The velocity with
which the center point drifts is given by:

wr (2.17)

. ExB

Vg = qu

Since both magnetic and electric fields play a significant role in the pACFT concept, the E-cross-B drift

motion of the plasma can impact the performance and overall functioning of the thruster. For instance, at

the cusp-points of the thruster, where the magnetic field and electric field are perpendicular, the E-cross-B
drift is forcing ions toward the chamber walls.

The final effect from plasma physics which is related to the dimensions and performance of the pACFT

is Paschen’s law. The law is used to predict the electric potential required to initiate a plasma breakdown be-

tween two electrodes in a gaseous medium. The so called breakdown voltage V is described by the equation:

(2.18)

Ve BPd
- _ 1
In(APd) -In(In(1+ y)

(2.19)

where P is the pressure of the medium, d is the gap distance over which the arc of the plasma breakdown
traverses, y is the rate of secondary electron emission by ions in the arc, and A and B are the Townsend
coefficients which empirically fit the relation to a given gaseous medium. When plotting the breakdown
voltage versus the product pd, there is a minimum which occurs at Pd = %m(% +1).
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2.1.2. Iodine Electric Propulsion

In the case of chemical propulsion systems, the choice of propellant is very closely linked to the thermal and
chemical properties of the substance, as well as the storage density. However in electric propulsion systems,
the selection of propellant is also based on various other properties such as corrosiveness, atomic or molec-
ular mass, ionization and dissociation potential, as well as melting and boiling temperatures. For example,
Equation 2.7 shows that thrust is maximized if an ionic propellant with a high mass-to-charge ratio is selected.
Generally, xenon has been a favoured propellant for ion propulsion due to it’s relatively high mass-to-charge
ratio and it’s inert gaseous state at standard storage conditions. Although pressurized vessels are required to
store xenon propellant, there is significant space-heritage as it has long been an industry standard. However,
in the case of CubeSat applications, pressurized gas propellants are highly undesirable due to strict launcher
requirements on secondary payloads. In response to this specific constraint on CubeSat missions, a search
for fuels which could be effective alternatives to the market-established xenon began, led to a great extent by
NASA and Busek.

In August 2003, the first United States patent was issued to R. A. Dressler et al. for an iodine-fed electric
propulsion thruster [32]. In the following decade, iodine as emerged as a favoured alternative fuel to xenon
in Hall thrusters [30]. During that time, Busek and NASA have been collaborating on iodine-fed Hall thruster
development with the objective of targeting two niche applications: very low power small satellites and high
power exploration-class EP systems [30]. The joint developments are based around retrofitting of the Busek
Hall thruster designs to incorporate iodine as propellant [49, 99], and design of a seperate gridded radio-
frequency ion thruster (RIT) [105]. The developments will culminate in the proof-of-concept missions, incor-
porating the iodine thruster technologies, called iSAT and LunarCube [29, 104]. The iSAT mission is based on
a 12U CubeSat architecture flying a BHT-200-I thruster (modified from the BHT-200 xenon-fed model) from
Busek. Performance of the iodine-fed propellant system is reported to be similar to the xenon-fed counter-
part [74, 76]. The Physikalisches Institut at University Giessen has also demonstrated performance testing
using both xenon and iodine in the RIT-10 thruster from Justus Liebig University, with the former performing
better at higher mass flow, and the latter at lower mass flow [45].

As the pACFT system is also an electrodynamic thruster, the propellant compatibility is similar to that
of the other iodine thrusters. This is promising as using iodine would be an advantage of the pACFT for
CubeSat missions. Adaption of the current pACFT device models to accommodate iodine as propellant is
mostly centered around the feed system. However, the differences in other factors of the thruster design and
performance should be observed when switching to iodine propellant.

Figure 2.2: Busek BHT-200-I thruster firing using iodine propellant and xenon gas RF cathode neutralizer. The yellow color is character-
istic of the iodine plasma.

The physical properties of the propellant play a crucial role in the operation of an ion thruster. The ideal
propellant for an ion propulsion system on a CubeSat platform should have the properties listed in Table 2.1.
A propellant which meets these criteria can be stored in a compact tank, converted into an ionized vapour
at low energy cost, and can provide a high thrust level per ion. Some potential propellant candidates which
subscribe to these requirements, to differing degrees, are shown in Table 2.2.
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Table 2.1: Properties which make a propellant excellent for electric propulsion on a CubeSat platform.

Property Reasoning

A lower ionization potential implies that particles are ionized more easily
and less energy overall is consumed in the process of generating ions.
However a larger potential for higher order ionization is desirable to keep
charge to mass ratio low.

Low ionization potential

, . A higher atomic mass implies that a greater amount of momentum is
High atomic mass .

transferred to the spacecraft when the ions are accelerated out the thruster.
A lower boiling point implies that a lower heat energy is required to convert
the propellant to a gaseous state or to maintain it in a gaseous state.

L ili i . o .
ow boiling point However, with a boiling point above room temperature, the propellant can
be stored as a solid.
A high vapour pressure implies that propellant continues to evaporate at a
High vapour pressure high rate at a given pressure compared to a propellant with a lower vapour
pressure.
. . A high storage density implies that the a high total propellant mass can be
High storage density & 8 tyimp & prop

stored in a propellant reservoir with a small total volume.

Table 2.2: Comparison of properties of xenon and alternative propellant options at standard conditions [6, 30, 89, 99, 114].

Element Iodine Xenon Bismuth Magnesium
Atomic Mass [AMU] 126.9 131.3 209.0 24.3
First Ionization Potential [eV] 10.5 12.1 7.3 7.6
Boiling Point [°C] 184.3 -108.1 1564 1091
Melting Point [°C] 113.7 -111.8 271.4 650.0
Melting Point Vapor Pressure [mbar] 129 830 11.8 4.08
Storage Density [g/cm?] 4.9 1.6 9.8 1.7

Although iodine does not have the distinct advantage in each of the properties mentioned, it is the com-
bination of it’s properties that make it a favoured propellant option for CubeSats applications. Specific argu-
ments for iodine usage include it’s comparable molecular mass to xenon, a relatively low ionization potential
and boiling temperature, and a moderate vapour pressure (meaning it continues to vaporize quickly at mod-
erate pressures). Another advantage of iodine is that it is relatively inexpensive, and particularily cheap in
comparison to xenon. Perhaps most importantly, iodine is in a solid state at standard atmospheric condi-
tions, meaning no pressurized vessels are required to store the propellant. However the downside of this
feature is that the entire feed system must be heated to generate vapour and to ensure it does not deposit and
clog the feedlines. Heating of the feed system will cost extra power, which is typically limited on CubeSats.
Furthermore, management of the excess heat is necessary. lodine vapour can be corrosive to both materials
and humans, meaning it is critical to design a feed system which avoids any leaking, and incorporates robust
corrosion resistant materials.
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2.2. Feed System Fluidics

The pressure and mass flow rate of a typical gas-fed thruster feed system are set by a mass flow controller.
This device releases the propellant from a pressurized vessel, directly setting the mass flow rate and pressure
in the feed lines. However in the case of an iodine-fed thruster, the solid propellant must be converted to a
solid state and thus an additional step is added to the feed system design concept. In the following section,
the basic theories governing the rate of sublimation of a material is described so that the rate of propellant
generation can be characterized in the pACFT device. Furthermore, the principles of flow regime are intro-
duced so that the rate of propellant flow through the feed system can be estimated in the case that no mass
flow controller is present.

Evaporation The sublimation or evaporation rate of a material at a given temperature is directly related
to the vapour pressure of the material at that temperature [45, 65]. The vapour pressure of a material is the
pressure exerted on the surface of a solid when that solid and it’s surrounding gaseous environment are at
equilibrium in terms of exchanging particles. The Antoine equation is a commonly used empirical relation-
ship which describes the vapour pressure of a substance as a function of temperature [100]:

B
T+C
Where for iodine, A =3.36429, B =1039.159, and C = —146.589, validated for measurements in the range
40 - 180°C [98]. The mass evolution rate of solid granular iodine into vapour can be estimated using the
Langmuir equation for quasi-steady sublimation [77]:

[ M
n=aA\| ——=Pyap — P 2.21
m=a ZHRT( vap ) ( )

where a is the sticking ratio (typically assumed to be 1), A is the exposed surface area of propellant, M is the
molecular mass of iodine, R is the ideal gas constant, P and T are the ambient pressure and temperature, and
Pyap is the vapour pressure of iodine. An alternative relation, which describes the maximum molar flux of
substance which is evaporating from its condensed form to its gaseous form, is the Hertz-Knudsen equation
[83]:

logPyap=A- (2.20)

Pyap— P
o= —L (2.22)
2TMRT

With the units of this equation converted so that it describes an evaporation mass flow rate, it becomes:

= NaAM, 22— L (2.23)
*V2nMRT

where N, is the Avogardro number and My, is the mass of a single iodine molecule. In principle these two dif-
ferent relationships describe the same phenomena, but they are defined on different principles. Derivation
of the Langmuir quasi-equilibrium sublimation equation is predicated on the assumption that the number
of particles condensing back into the material substrate is nearly equal to the number of particles escaping
into the gaseous state [57]. On the other hand, the Hertz-Knudsen equation is derived as the limit on the rate
of evaporation of a condensed material into a gas, a state which can sometimes be reached in vacuum con-
ditions [83]. Therefore, as the difference between P and Py, increases, the accuracy of the Hertz-Knudsen
equation increases relative to that of the Langmuir equation.

Flow The mass flow rate of gas through a feed system is dependant on the geometry and pressure inside the
feed lines. For the pACFT, the feed system will operate in a vacuum environment and thus the pressure inside
the feed system may be very low. Gas flow in the very low pressure regime is typically referred to as rarified.
Two parameters relating to rarified flow of iodine through the feedlines are the geometry of the piping and
the Knudsen number, Kn, defined by [94]:

kgT
n=————
V2mnd?PL
where d is the diameter of the piping, L is the characteristic length scale of the pipe.

(2.24)
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Kn is generally used to differentiate between sub-regimes of flow. For Kn = 1, the gas particles very rarely
collide, and this is referred to as the free-molecular limit. When Kn < 0.01, the flow is characterized as lam-
inar, or continuous. This is the flow regime which is most typical for gas or liquid feed systems at standard
atmospheric conditions. Between the laminar and free-molecular regimes (0.01 < Kn < 1) there is a transition
regime [61]. The mass flow rate of sublimated iodine flowing through the short tubes at the free-molecular
limit (Kn = 1) can be calculated analytically as [109]:

M
n=1/ ——d’P 2.25
"\ B2k T (2.25)

In the vicinity of the free-molecular limit this analytic equation approximates the vapour flow through the
lines. In the laminar flow limit, the mass flow through a circular pipe is given by the analytic relation:

__md'p
m= AP
128

(2.26)

where p is the viscosity of the gas, p is it’s density, and AP is the pressure differential driving the flow. The
viscosity can be approximated via Sutherland’s formula:

(T/T0)3/2

=y L1077 2.27
K=o, 2.27)

where o = 3.85+0.36 x 107 kg/m-s and Ty = 417 + 41 K are fitting parameters for iodine vapour [79]. The
density of the vapour can be determined with the ideal gas law:

_ MP

== (2.28)

o
where R is the ideal gas constant. In the case that the gas flows through an orifice instead of a pipe, and the
flow is laminar, it is described by the equation:

m=CyA\/20AP (2.29)

where A is the cross-sectional area of the orifice and C,, is the dimensionless flow coefficient of the orifice.

Aside from mass flowrate, riz, another common way to express the amount of propellant travelling through
the feed system is in a volumetric flow rate, V. Mass flow rate and volumetric flow rate are linked through the
equation of state:

m
PV =—RT (2.30)
M

The volumetric flow rate of propellant is often measured in units of standard cubic centimeter per minute
(sccm).
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2.3. Resonant DC/DC Converter

A DC/DC converter is a device which is used to transform a known DC voltage signal input into a desired DC
voltage signal output. In the case of the yACFT, a DC/DC converter is required to supply a high voltage to
the thruster anode using only the CubeSat bus voltage (5 or 12 V) as input. Many different DC/DC converter
topologies have been developed over the years for high-voltage applications such as connecting to the power
grid, operating medical devices or video displays [81, 102, 117]. However in modern device-based applica-
tions the typical converter architecture consists of a bridge driving inverter acting as a switching regulator,
followed by a high step-up transformer, a rectifier with a low-pass filter, and voltage multipliers (if necessary)
to deliver the final DC voltage [115]. The switching regulator is not a fundamental element of a DC/DC con-
verter, however it improves the efficiency and lowers the thermal load of the converter in comparison to a
linear regulator, which requires a voltage drop and power dissipation in the regulation scheme.

Resonant converters were investigated extensively in the 80’s and are a popular choice for modular DC
converter applications. This is because of the resonant topology leads to very low switching losses. The
concept of the resonant converter is based on the resonant inverter, a device which converts a DC voltage to
a sinusoidal signal. Typically a switch network generates a square wave which is fed into a resonant circuit
tuned to the fundamental frequency of the square pulse pattern [97]. In order to achieve DC/DC conversion,
this sinusoidal signal passes through a transformer and rectifier.

Topology The entire family of resonant and multi-resonant converters is broad and difficult to describe
exhaustively. Figure 2.3 shows an outline of the general structure of a resonant converter, and the signal
transformation which takes place at each stage of the converter assuming a step-up transformer is used.

Pulse Wave > Switching > Resonant >

Modulation Regulator Tank Transformer[™> - Rectifier

Figure 2.3: Block diagram schematic of simple resonant converter topology and signal transformation which takes place at each stage of
the converter.

The pulse wave modulator is responsible for generating pulses at a frequency fs,,. In the switching reg-
ulator, this series of square pulses is converted into a square wave oscillating signal. The switching regulator
achieves this with switching transistors, typically MOSFETSs, in either a half bridge or full bridge configuration.

The two key identifying features of a resonant converter are the resonant tank elements (series or parallel,
inductors and/or capacitors), and the switching scheme of the transistors (half bridge or full bridge). The first
determines how many resonant frequencies the converter has, and what those frequencies are. The second
identifier determines what the maximum gain and power throughput can be achieved with the converter.

The key to the relative high efficiency of the resonant converter topology is the resonant tank. Consisting
of inductors (L) and capacitors (C) to generate a first or second order resonance, the resonant tank allows cir-
culation of the input AC signal through the transformer and switching transistors with significantly reduced
losses [118]. There are a variety of possible resonant circuit configurations, with two to three components
combined in parallel, in series, or both.
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Various popular LLC resonant converter topologies are summarized in Figure 2.4, along with a brief de-
scription of the different design options for switching regulator and resonant tank.

Half Bridge: Two transistors are alternately ‘ Half Bridge, Series Resonant
switched, and never on at the same time. Volt- {

age gain is given by Vs = VkaTL;’, where Ty, is Vin T
the total on time of a single MOSFET, T, is the ) —n—|
switching period, and Vi = n(3 Vin — Vsw) = Viec
with the voltage drops due to the switching reg- +[}L np
ulator (V) and rectifier (V) taken into ac-

D1
.
. ns
ns
D2
count.

Full Bridge: The number of MOSFET switch ‘ FullBridge, Parallel Resonant
pairs is doubled, and as a result the full bridge 1 1

configuration provides twice the output power i§ D1 |

of the half bridge at the same switching fre- Vi%j = ] o
= Vo

quency. Furthermore, the gain of the resonant ns

converter at the point f5,, = f is doubled: V},; = {[—}L -||:—}L Cr::“pg -

n(Vin —=2Vsw) = Vyec. n;z

Series Resonant Tank: A capacitor and inductor

in series with the transformer, generating a first ‘ Hall Bridge, Series-Parallel Resonant
order resonance. p1 lo
Parallel Resonant Tank: One element of the res- Lx . Ctl v
onant tank is in parallel with the transformer. * L
Series-Parallel Resonant Tank: A third element S

is introduced so that both the series and and p2

parallel resonant tanks are implemented, gener-

ating a second order resonance.
Figure 2.4: Common resonant converter topologies [118].

Power losses in the resonant converter topologies arise from many factors. These include the impedances
of the resonant tank components, which scale with the switching frequency of the converter, the AC and DC
impedances of the transformer and diodes, as well as hard switching losses in the switching regulator when
there is a mismatch between resonant and switching frequencies. As frequency increases in the circuit, the
AC impedances of the circuit increase and thus relatively more energy circulates in the resonant tank and is
not transferred to the output. Furthermore, the series and parallel resonant tanks result in greater circulating
energy than the series parallel, making the series parallel more power efficient [118].

Soft Switching The overall efficiency of a switching regulator is closely linked to the switching scheme im-
plemented. The behaviour of the resonant circuit following the switching regulator creates the conditions for
what is called soft switching. Soft switching refers to a switching scheme which achieves zero voltage or zero
current switching. This occurs when either the voltage or current (respectively) falls to zero before the follow-
ing current or voltage (respectively) signal enters the regulator MOSFET. This is in contrast to hard switching,
in which the trailing edge of the voltage (or current) signal overlaps with the leading edge of the current (or
voltage) signal, leading to power dissipation in the MOSFET during switching. Hard switching losses can
be reduced by increasing the switching speed, but this inevitably leads to significant electromagnetic inter-
ference (EMI) due to the large rate of change in the current signals. Soft switching is generally achieved by
introducing a resonant element in the circuit which synchronizes with the switching frequency. As a result,
the resonating signal falls to zero when the MOSFETs switch, and hard switching power losses are mitigated.

The preferred mode for soft switching in a resonant converter is zero-voltage switching, which occurs
when the circuit is driven at a frequency above the resonant frequency of the converter [118]. More specifi-
cally, zero voltage switching occurs when the derivative of the gain curve with respect to switching frequency
is negative.
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Half Bridge LLC Converter Design The half bridge LLC converter is a popular resonant converter topology
for applications which require high efficiency. A common methodology for half bridge design is shown in
Figure 2.5, alongside the relevant design equations. Since the LLC resonant tank consists of three reactive
elements, it corresponds to two resonant frequencies, f;,; and f;.» (Equations 2.32 and 2.34). Normally the
higher frequency f;,; is referred to as the resonant frequency of the LLC circuit, as f» occurs when the two
inductors appear as a single element. The separation of the two frequencies depends on the ratio of L,, to L,
(Ln).

By virtue of the resonant nature of the LLC converter, the circuit lends itself to Fourier harmonic analysis
based around the fundamental driving frequency f,,. The typically used approach is known as Fundamental
Harmonic Approximation (FHA) [31, 33]. Using the FHA approach, the load R, (Equation 2.36), quality factor
Q (Equation 2.37), and gain Mg (Equation 2.38) of the LLC resonant circuit are derived. The load seen by the
resonant tank, R, is directly related to the actual load of the converter and the turns ratio of the transformer,
n. The output voltage is a function of frequency and is calculated as V,,; = %nM ¢ Vin where the total gain is
defined as G = %nM ¢ for a half bridge converter (Equation 2.39). The FHA approach is appropriate for a first
design iteration, however it takes into account only the effects of the primary harmonics of the circuit. As
a result, higher order effects, which may lead to changes in the gain curve and power conversion efficiency,
are ignored. Therefore circuit simulation and hardware demonstration is necessary to identify shortcomings
which are ignored in the simplifications.

n= % (2 31)
Converter Vin
requirements (input, Calculate Ly, .
output voltages). fr1= 2.32)
nl— - — .
¢ T 2nvL,Cy
L
Select C, (or L;) and _Zm
Transformer turns calctrJl(ate Lr)r L,= I (2.33)
ratio, n. (or C)
V)
fr 1
=— (2.34)
v 1 =
Minimum and f
maximum gains Calculate Re _ Jsw
Mg, max and Mg min. fu= 1, (2.35)
¢ T 8n2RL
YES R, = 7 (2.36)
Select L,and Q. [«—NO
Ly 1
¢ Q= - _— (2.37)
Cr R,
Determine if
M and 2
'g,max L
Plot Mg versus f,. ngmm are within Mg _ | nfn | 2.38)
range. V (@n+ D fZ = D2+ (f3 = D faQLn)?
1
G= 5 nMg (2.39)

Figure 2.5: Typical design process flow for an LLC
DC/DC converter.

The operating range of the converter should be defined in terms of the allowable variations of the in-
put and output voltages. The ranges translate into maximum and minimum necessary resonant tank gains
(Equations 2.40 and 2.41). The maximum and minimum gains are considered to be within range if they are
intersected by the gain curve representing the chosen Q-factor. The range in gain translates to a defined
operating frequency range.

Vout,mux Vout,min

Mg,max =

Vin,min Vin,max

(2.40) Mg min = ——2= (2.41)
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2.4. Thermionic Cathode

The need for a cathode neutralizer for an ion propulsion system stems from the fact that expelling a charged
ion plume for an extended period of time leads to a build-up of negative charge on the spacecraft. In turn,
the negative charge would exert an electrostatic force on the positive ions, resulting in an overall elimination
of the thrust generated by the system. Therefore a method of neutralization is necessary in order to minimize
the negative charge build-up on the spacecraft. A common approach is to use an emitter technology to inject
electrons into the exhaust plume from a cathode device onboard the spacecraft, effectively neutralizing the
ion beam and the limiting negative charge build-up on the satellite simultaneously.

Cathode emitters are typically radio-frequency (RF) cathodes, hollow cathode, or thermionic cathodes
[53]. Both the RF and hollow cathodes are plasma-based devices which require a gas feed in order to generate
a beam of free electrons. With control of the gas feed system, the density of the cathode plasma can be
increased and due to the quasi-neutral characteristic of the plasma, space charge limitations are negated and
relatively high currents can be extracted from these devices. This feature makes the hollow and RF cathodes
popular with high power EP systems [39]. On the other hand, for a thermionic cathode the source of electrons
is the cathode material itself.

In an RF cathode, a changing magnetic field is generated via an electromagnet operated with a high fre-
quency alternating current. The electrons in the plasma respond to the changes in magnetic field, while
the larger ions, which are too heavy to respond at a high frequency, are removed with an ion collector. The
circulating electrons collide with incoming neutral gas, sustaining the plasma and electron emission.

The hollow cathode concept uses a heated internal electron emitting surface inserted into the cathode
to initiate ionization of the incoming neutral gas. Very fast moving electrons are known to oscillate between
temporary regions of high potential in the plasma in a motion referred to as the pendulum effect, which is
a primary factor in the generation of electrons [39]. Other factors include photoelectric emission stimulated
by the glow of the plasma, and ion and electron impacts on the emitting insert. Ultimately the plasma flows
through an exit orifice at which point some of the energy is used to heat the emitting cathode insert and
sustain the generation of electrons and plasma.

On the other hand, a thermionic cathode is based on the simple principle of thermionic emission of elec-
trons. Thermionic electron emission occurs when a material is heated to the increase the energy of free elec-
trons, which become more likely to be ejected from the material as the temperature increases. The current
density emitted from a thermionic cathode is limited by the temperature of of the material, and the space
charge limitations related to the geometry of the cathode/anode setup. Furthermore, due to the high tem-
perature operations of thermionic cathodes, a relatively high proportion of the input power can be wasted
via thermal radiation.

Thermionic Emission Thermionic emission of an electron from a material is dependant on an increase in
the energy of free electrons. Increasing the energy of free electrons overall is achieved via increasing the tem-
perature of the material. The minimum energy required for an electron to fully escape a material is referred
to as the work function. For a material with a temperature T and a work function ¢, the thermionic current
density emitted J is given by the Richardson-Dushman equation [39]:

ep
= AT?exp(— —— 2.42
J (=27 (2.42)
where A is the Richardson constant:
Armekie
= % =1.2 x 10°Am 2K 2 (2.43)

where m, and e are the mass and charge of the electron, £ is the Planck constant, and kp is the Boltzmann
constant. The exponential dependence on ¢ and quadratic dependence on 7T ensure that thermionic current
density emitted increases rapidly with an increase in temperature, or with a decrease in work function.
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In general the work function of a material is a function of temperature as well. Typically the following
revision of the Richardson-Dushman equation is used to correct the work function to first order [108]:

d=do+aTl (2.44)

ea e

J = Aexp(— k—)TzeXp(— k—(’b;)
Be¢ B (2.45)
= DT?exp(— —2
(- 7)

where D is the modified Richardson constant.
The work function for common thermionic emitters is typically
on the order of a few electron-volts. A small list of these materials Table 2.3: Work functions of typical thermionic

are shown in Table 2.3. Typical metals have relatively high work emitter materials [108].
functions (4 eV or higher), so that high temperatures are required
to achieve moderate emission current. Ultimately, thermal radia-

Material ¢ [eV]

tion at these high temperatures is excessive and high evaporation Tungsten  4.87
rates lead to shorter lifetimes making standard metals unsuitable LaBg 2.69
for long-term use. For this reason refractory ceramics and metals CeBg 2.50
are often chosen since they are more tolerant to high tempera- Lithium  2.50
tures. Alternatively, more complex boride and oxide cathode ma- Ci2A7 2.40
terials can be created which have much lower work functions (2 BaO 1.55
eV or lower). However, these materials are much more suscepti- BaO-W  2.10
ble to corruption since often a sensitive coating or chemical com- Caesium  1.81

position is the key to increased emission efficacy [53].

Child Langmuir Law The flow of electrons from the neutralizing cathode to the exhaust plume beam closes
the electric circuit in an electrodynamic thruster concept. However for a space-based EP system, the trans-
fer of electrons from cathode to anode occurs through a vacuum medium. The space charge in a vacuum
medium is generally described by the Poisson equation:

vy =L (2.46)

€0

which relates electric potential field V' to space charge p, where ¢ is the permittivity of free space. The Child
Langmuir law is a special case solution to the Poisson equation which gives the upper limit on the space
charge current density in a diode [17, 57]. In the context of the pACFT, the diode consists of the anode and
cathode, where the cathode is generating electrons. A negative space charge can build-up around the electron
emitter resulting in a repulsion of newly emitted electrons. Ultimately there is a saturation effect which occurs
when the generation of new electrons is occurring at a rate faster than the rate of electrons being taken by the
gradient in the potential field or recombining in the ion plume. In the case that the cathode and anode of the
diode are infinite planes separated on a axis perpendicular to the planes by a distance d, the current density
limit J is given by:

]_480 2me V;/z
9 e d?

where A is the area of the cross-sectional area across which the electrons are distributed, V, is the potential
difference between the cathode and anode, and ¢ is the permittivity of free space. In the case that the cath-
ode and anode are infinitely long cylinders with radii r, and r, respectively (with r; < r,) the current density
limit is [15]:

(2.47)
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Iodine-Fed pACFT Engineering Model

In this chapter, the design and testing of the iodine PACFT is outlined in detail. To begin, the system re-
quirements of the device are synthesized based on the intended CubeSat application, as well as the known
characteristics of the pACFT architecture and iodine thrusters. Following is a description of the overall system
design along with relevant details regarding individual subsystem designs. The test results from performance
characterization of the engineering model using both xenon and iodine propellant are presented. Lastly, the
iodine HACFT EM performance is compared to previous HJACFT devices, as well as other CubeSat thrusters,
and other iodine thrusters.

3.1. pACFT System Requirements

The CubeSat design standard prescribes a number of constraints and requirements on the design and con-
struction of a CubeSat. Although these constraints are not utterly strict, they offer a stable framework and
useful guidelines for nanosatellite design that are subscribed to by many developers. Some of these con-
straints apply directly and indirectly to the design and integration of propulsion systems. The requirements
of the pACFT arise from constraints on the system design imposed by the CubeSat platform, the launcher,
mission concepts, and the selection of iodine propellant. A summary of all the system requirements is found
in Section 3.1.5

3.1.1. Platform Constraints

The CubeSat design standard introduces a few constraints specifically for propulsion systems, and a few
which are peripherally relevant for propulsion systems. Firstly, no pyrotechnics are permitted on the CubeSat
platform (Requirement 3.1.3 [67]) and total stored chemical energy shall not exceed 100 Whr (Requirement
3.1.6 [67]). Furthermore, the use of hazardous materials in the CubeSat design should be compliant with the
USA Air Force Space Command Range Safety User Requirements (AFSPCMAN 91-710 Volume 3 [20], Require-
ment 3.1.7 [67]). The combination of constraints strongly discourage the use of chemical propulsion systems
and corrosive or otherwise dangerous propellant options. Requirements 3.1.4 and 3.1.5 [67] relate directly
to propulsion systems. They state that any propulsion systems shall be designed, integrated and tested in
accordance with the AFSPCMAN 91-710 V3. These requirements on the propulsion system are summarized
as:

PRO-001: The thruster shall not incorporate pyrotechnics.
PRO-002: The thruster shall comply with the AFSPCMAN 91-710 hazardous materials allowances.
PRO-003: The thruster shall comply with the AFSPCMAN 91-710 inhibit requirements.

PRO-004: Stored chemical energy in the thruster shall not exceed 100 Whr.

Some efforts have been made in establishing safety standards with respect to CubeSat propulsion systems
[16]. In terms of range safety, current standards and constraints are drawn from AFI 91-217, AFSPCMAN 91-
710, and the user manuals of the specific launcher.

21
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There are other key constraints related to launcher and range safety. The most relevant of these are the
constraints on pressurized systems which are typical elements of propulsion systems. Although safety ver-
ification techniques have been proposed [16], in many cases pressurized vessels are simply not allowed for
CubeSats. This is because CubeSats are typically launched as secondary payloads, which are subject to stricter
constraints in order to ensure the safe and successful delivery of the primary payload [75]. The key require-
ment derived from the launcher and range safety guidelines is:

PRO-005: The thruster shall not incorporate pressurized vessels.

CubeSats are built up of individual units (U) of size 10.0 x 10.0 x 10.0 cm. Units are combined end-to-end
via 0.85 x 0.85 cm rails which run along the edges of the cube or stack of cubes. The California Polytechnic
State University CubeSat standard defines the acceptable dimensions for CubeSats of size 1U, 1.5U, 2U, 3U
and 3U+. The 3U+ design is characterized by a tuna can cylindrical extension mounted on one of the end
faces of the 3U construction with a diameter of 6.40 cm and a height of 3.60 cm [67]. These dimensions are
summarized in Figure 3.1.

In recent years, developers have popularized larger CubeSats configurations, such as the 6U, 12U, or 24U
because of the improved functionality that the size provides. Typically these larger configurations are built
up from the 3U CubeSat as a base unit. In response Cal Poly has released a design specification for the 6U
CubeSat design [72] which also accounts for the tuna can extension on each of the 3U sub-structures of the
design.
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Figure 3.1: Dimensions of 3U+ CubeSat, the intended platform of the pACFT. In (A) is the dimensions of a single U, in (B) the dimensions
of the 3U+ tuna can extension, and in (C) the dimensions of a full 3U+ CubeSat.

Currently, integration of ion propulsion system into a complete and functional 1U or 2U CubeSat system
has not been successful. The key limitations are the the volume and power constraints. Firstly, a typical EP
system can take up to 1U of volume and up to 1 kg of mass on its own [58], leaving little to no space for mission
critical subsystems such as the on-board computer, power or communications systems. Furthermore, due to
the smaller surface area of the 1U and 2U CubeSats, the electrical power generated by body mounted or de-
ployable solar panels is typically not enough to provide power to an EP system and the other key subsystems
such as the on-board computer and attitude control which would likely be active simultaneously.
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On the other hand, the 3U platform has been show to host a variety of propulsion system with it’s larger
volume and power availability, making it the smallest CubeSat platform that is practically capable of using
a propulsion system [85]. Since, the 3U and 3U+ platforms currently serve as the building blocks for larger
CubeSat systems, the design objective for the pACFT is to achieve an envelope which can be integrated into a
3U+ platform. As a result, the thruster would be available for the smaller 3U and 3U+ CubeSat platforms, as
well as larger systems. The requirement defining the thruster dimensions is:

MEC-001: The thruster shall fit within a 3U+ CubeSat platform.

The mass of the fundamental CubeSat unit is limited to 1.33 kg according to the CubeSat design standard.
This scales to 2.00 kg for the 1.5U, 2.66 kg for the 2U and 4.00 kg for the 3U (Requirements 3.2.10-3.2.13 [67]).
However, larger masses may be considered on a mission-to-mission basis. For this purpose, there is a waiver
which must be submitted indicating non-compliance to the standard mass restriction.

An estimate of total propulsion system mass depends on the actual mission requirements. Fundamentally
the mission requirements on Av lead to a total propellant mass requirement (Equation 2.14), which in turn
influences the overall mass. Giving a generous margin to mass of the thruster and CubeSat simultaneously,
the requirement on the total thruster system mass is:

MEC-002: The thruster wet mass shall not exceed 1.00 kg, or 25% of the total 3U+ CubeSat mass.

Standardization of the printed circuit boards (PCB) used in the CubeSat designs is also covered in the
design standard. Although the PC/104 standard predates the CubeSat design standard, it has been adopted
as the de-facto standard for PCB subsystems in CubeSat designs [21]. The PC/104 standard is characterized
by a form factor of 9.0 x 9.6 cm and 104 signal contacts on two bus connectors (P1 and P2), which can be
connected via stacking without no further wiring. The PC/104 stack modules typically operate on +12(+5%)
V (P1 signal bus) or £5(+5%) V (P1 or P2 signal bus) voltage rails.

PWR-001: The power processing unit shall operate on a 12 V regulated, or unregulated, input voltage.

PCB components which integrate with PC/104 systems are either PC/104 compliant, meaning they com-
ply to all indicated mechanical and electrical specifications, or bus-compatible, meaning that the device pro-
vides either a male or female PC/104 bus connector but perhaps doesn’t match the prescribed form-factor.

In terms of microcontroller communication between subsystems, there are no specified standards. How-
ever the most popular protocols used in CubeSats include I*C (Inter-Integrated Circuit), SPI (Serial Peripheral
Interface), RS-232, and CAN (Controller Area Network) bus standards. Of the most popular implementations
(I2C, RS-232 and SPI, in that order), I2C was shown by Bouwmeester et al. to be the least reliable [9]. How-
ever, many COTS components and subsystems which are popular in CubeSat designs include integrated 1>C
controllers. The thruster requirement which relates to the CubeSat design standard for electronics is:

PWR-002: The power processing unit shall be compliant with the PC/104 standard.

Much effort has been made towards accurately estimating the power levels available onboard CubeSat
platforms in order to assess the feasibility of scientific or exploratory CubeSat missions which have high
power requirements [23, 73]. It is estimated that power generation onboard a 3U CubeSat with deployable
solar panels can reach 20 - 30 W [51, 92]. However, instantaneous power produced by solar panels in best
case scenarios does not translate directly into consumable power. More conservative estimates of onboard
available power are in the range of 2 - 10 W [22, 85, 91] depending on the configuration of the solar arrays
(body-mounted vs. deployable) and orbit of the satellite. CANX-2, a 3U CubeSat with body-mounted so-
lar panels and an experimental thruster system launched into Earth orbit in 2008, reportedly generated ap-
proximately 5 W of power on average, and consumed between 1 - 6 W in nominal and transmission modes
respectively [84].

Due to the relatively low thrust provided by electric propulsion systems, significant changes in momen-
tum are achieved over long periods of active operations. Therefore the power processing unit will be required
to supply energy to the thruster over extended periods of time. However the limitations of the power avail-
able on the platform, which varies with the the orbital position and attitude of the spacecraft, will constrain
the ability to sustain operations. Based on the published case studies of successful 3U CubeSats and the
prospects for an increase of power with deployable solar panels, it is reasonable to assume that the thruster,
typically consuming power in the range of 10 W, only operates while the CubeSat is actively generating power.
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The most conservative case with respect to power generation is to assume a low earth equatorial orbit,
where the satellite spend approximately half the time in eclipse. For this case the duty cycle of the thruster
might be 50%. In practice, for a low Earth orbit CubeSat, this translates to approximately forty-five minutes
of continuous operations. In a polar orbit, the CubeSat may be illuminated more frequently, or even per-
manently, and the duty cycle would be required to increase. Based on the estimated instantaneous power
available as well as the duty cycle permitted by the illumination of the CubeSat, the following requirements
are formulated:

PWR-003: The power processing unit shall provide up to 10 W of output power.
PWR-004: The power processing unit duty cycle shall be 50%, or greater.

Finally, as an electrodynamic ion thruster, the pACFT requires a high accelerating potential on the anode
in order to help ionize propellant and accelerate the ions through the chamber. Based on previous tests con-
ducted with miniature ACFT LM and EM, an anode potential in the range of 1000 - 15000 V has typically led to
reliable ignition and operations of the thruster [41, 91]. However, operating a different anode potentials can
lead to different performance with respect to divergence efficiency, for example. Therefore the requirement
on the output potential of the power processing unit is:

PWR-005: The power processing unit shall provide up to 1.5 kV controllable output voltage.

As a general guideline, the CubeSat standard advises limiting the external magnetic field of the space-
craft, measurable outside the structure, to 0.5 Gauss above the Earth’s magnetic field at most (Requirement
3.1.10 [67]). This constraint limits the chances of the CubeSat’s magnetic field interfering with the deploy-
ment mechanism. Furthermore, electromagnetic interference (EMI) requirements are sometimes enforced
by launch providers, and EMI risk must be taken into consideration in the system design of the spacecraft.
Therefore the requirement on the system regarding magnetic influence is:

EMI-001: The thruster magnetic field shall not exceed 0.5 G greater than Earth’s.

EMI-002: The thruster shall comply with the EMI requirements of the chosen launcher.

3.1.2. Launcher Constraints

The Cal Poly CubeSat standard also offers no specific structural requirements related to CubeSat design. In-
stead the structural requirements of the satellite are to be specified by the launch provider. Summarized in
Table 3.1 are the structural requirements of possible CubeSat launchers [91]. The structural requirements of
the CubeSat do not directly translate into the structural requirements of the individual components. How-
ever, they provide a relevant standard for comparison to the vibration frequencies and loads which can be
sustained by subsystem structures. The generalized requirement which addresses structural requirements
imposed by launchers is:

MEC-003: The thruster shall withstand vibrational and static loads of the chosen launcher.

Table 3.1: Summary of structural requirements for potential CubeSat launch providers [2-5, 48, 93, 95, 96]. MFEF: minimum fundamental
eigenfrequency. QSL: quasi-static load.

Launcher Lateral MFEF [Hz] Longitudinal MFEF [Hz] Lateral QSL [g] Longitudinal QSL [g]

Ariane 5 10 31 +0.25 -4.55
Vega 15 60 +0.90 -7.00
Soyuz 15 35 +1.80 -5.00
Delta IV 8 30 +2.00 -6.50
Atlas V 8 15 +2.00 -6.00
Falcon 9 10 25 +3.00 -8.50
H-IIA 10 25 +1.80 -4.00

PSLV 45 90 +6.00 -7.00
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3.1.3. Mission Concepts
Aside from the constraints imposed on the pACFT device with respect to the desired application on a CubeSat
platform, there are also performance benchmarks which must be met in order for the system to be practically
useful. Investigating proposed missions can provide guidelines for performance objectives for a 3U+ CubeSat
EP system. The key performance parameter which is typically associated with a mission concept is the change
in spacecraft velocity Av which is necessary in order to perform a desired orbital maneuver. The Av capac-
ity of a given propulsion system is fundamentally related to the thrust and specific impulse of the thruster
(Equation 2.14), and thus the metric forms a link between thruster performance and orbital maneuverability.
Near-term mission concepts which require CubeSat propulsion systems typically involve change in orbit,
station-keeping, and formation flying in low Earth orbit. The objectives of these mission concepts are to
improve scientific yield and general functionality of nanosatellite swarms by more precisely controlling the
location and orientation of the satellites in orbit. In the context of these missions, there are both absolute
orbital maneuvers and relative orbital maneuvers which must be considered.

Change Orbit Due to the fact that CubeSats are typically launched as a secondary payload, they are not
often injected into an orbit which is ideal for the intended mission, but rather an orbit nearby that of the
primary payload. Alteration of the satellite orbital elements can be achieved via a wide variety of impulsive
or non-impulsive maneuvers. A summary of the Av costs required in order to alter the orbital elements of the
satellite with low thrust maneuvers is given in Table 3.2.

Table 3.2: Summary of Av cost for correction of orbital elements with low thrust maneuvers [82]. Gravitational parameter y is for Earth.

Orbital Element Av Cost
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Evaluating the above equations to determine the Av required in order to re-position a spacecraft (a func-
tional change in orbital elements) in Earth orbit with an altitude of approximately 400 - 500 km is on the order
of magnitude of 100 - 10000 m/s [54]. For example, in order to de-orbit a 400 km altitude satellite (by bring-
ing it into the atmosphere at 100 km altitude), a total of 176 m/s is necessary. Alternatively, to transform a
circular 400 km equatorial orbit into a polar orbit, 14482 m/s is required. However for very minor changes in
the the orbital elements (station keeping activities), the Av requirement is smaller. Generally, station keep-
ing is based on negation of drift in orbital elements which is due to higher order gravitational perturbations,
as well as other perturbations resulting from solar wind, atmospheric drag, or magnetic torque. The change
in orbital elements due to perturbations can be described by the Lagrange Planetary Equations. The many
cases, the perturbations are relatively small and the Av cost of orbital maintenance is not large (typically on
the order of 10 m/s) [25, 37].

Formation Flying The orbital maneuvers necessary for formation flying concern maintenance of the rela-
tive orbit between satellites. The injection into the formation flying orbit can be described by the previous
section, maintenance of the orbit can again be analyzed using Lagrange Planetary Equations, and formation
flying maneuvers with the equations in Table 3.2. To address the requirements of a nanosatellite formation
flying mission, Gill calculated in a 2013 study that a pair of 3U CubeSats could maintain a formation (fixed
separation along track) over 60 days against atmospheric drag at a 300 km altitude with a Av of 12.4 m/s [38].
The AAReST mission proposes to perform a proof of concept of in-space assembly of small spacecraft sub-
units. The mission is to be performed with CubeSat platform-based spacecraft (two 3U CubeSats docking on
alarger 15U core) with propulsion systems requiring a total Av of 10 m/s [107].
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Lunar and Interplanetary Transit A popular, albeit futuristic mission concept for CubeSats is exploration
of nearby planetary bodies. The ultimate goal is autonomous CubeSats which perform orbital transfers and
solo exploration missions. For EP systems which provide little acceleration, constant thrust must be applied
over long periods of time to achieve an orbital transfer. The Av required for a spiralling low thrust orbital

transfer between planets is:
Av= fEs_ B (3.1)
a; af

where a; and ay are the semi-major axis of the initial and final orbits, and y; is the gravitational parameter
of the Sun. The Av for interplanetary transfer within the solar system starting from Earth is in the range of
6 - 23 km/s. A spiral transfer from low Earth orbit (400 km altitude) to the Moon would require about 6.7
km/s. Conversano has studied the space exploration capabilities of a 3U CubeSat with EP for this mission. In
a 2011 study, it was shown that a CubeSat could perform the maneuver with a Av capacity of 6.9 km/s [22].
Then in a 2013 parametric study of a miniature xenon propulsion payload with a volume up to 1.4U and a
mass up to 6 kg, the Av capabilities of the thruster design space was estimated to be in the range of 1.0 - 7.0
km/s [23]. Based on the assumed performance metrics of the thruster, such as 40 W power consumption and
3000 s specific impulse, the mission concepts are not likely achievable on a 3U platform in the short term.
One mission design in progress, the LunarCube, incorporates the Busek BIT-3 iodine-fed RF thruster on a 6U
platform in order to inject into a lunar orbit from a lunar transfer trajectory, with a maximum Av capacity
of 3.2 km/s [104]. Regardless of realistic capabilities, lunar and interplanetary CubeSat missions are popular.
NASA has proposed multiple other missions using CubeSats as companion spacecraft on larger missions to
the Moon and Mars [51, 90].

In summary, there are a variety of different CubeSat mission concepts for which propulsion system per-
formance is a key requirement such as orbital injection, formation flying, or interplanetary travel. The Av
requirement for these missions vary by multiple orders of magnitude (10 - 10000 m/s). Therefore the mini-
mum viable performance requirement for a CubeSat thruster system is a Av capacity on the order of 10 m/s,
however the mission concepts for which this thruster could be used are limited to formation flying or station
keeping. Ideally a thruster would offer more flexibility and thus be applicable in more scenarios. However this
metric can serve as a minimum allowable performance requirement. In principle, the Av capability can im-
proved by increasing the propellant capacity of the thruster in order to accommodate more mission scenarios
as desired.

PRO-006: The thruster shall provide at least 10 m/s of Av capability for a 3U+ CubeSat platform.

3.1.4. Feed System Constraints

The decision to use iodine as propellant has implications on the design of the thruster, and in particular the
feed system. Ultimately, it is the properties of iodine that must be taken into account in the design. First,
iodine is a reactive substance which readily forms compounds with many other materials. As a result, iodine
can cause irreversible discoloring and corrosive damage to materials such as aluminium, copper or some
plastics. Therefore the following requirement is drafted:

FL-001: The feed system shall incorporate materials which are resistant to iodine vapor corrosion.

Since the propellant is stored in a solid form, it must first be vaporized before it can be used in the thruster.
This is simply achieved by heating the propellant reservoir. However, in order to avoid redeposition of the
propellant in the feed system causing a clog, the feedlines must also be heated. As a measure of caution, the
feedlines should be at a higher temperature than the reservoir to ensure the chance of clogging via redepo-
sition is a low. Operating the feed system at high temperatures has implications on the performance of the
entire system, as other components in the pJACFT and the CubeSat are sensitive to excess thermal energy. To
account for the thermally actuated nature of the feed system, the following requirements are needed:

FL-002: The reservoir shall reach a temperature high enough to sublimate Iodine.
FL-003: The feedline temperature shall exceed the reservoir temperature.

FL-004: All components shall remain within their operational temperature range.
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3.1.5. System Requirements Summary

In this section, the synthesis of the main system requirements for the iodine pACFT EM is layed out. A com-
plete list of the requirements can be found in Table 3.3. Many of the requirements are derived from the
CubeSat standard and other related launcher and launch range safety manuals. Other requirements are de-
rived from publications, surveys, and case studies related to CubeSat technologies and mission concepts.
Requirements for the iodine feed system are based on publications outlining development of other iodine
thrusters. This requirement set influences the system design as well as testing activities during the thruster

development.

Table 3.3: List of system requirements for iodine hACFT CubeSat EM.

ID Requirement

PRO-001  The thruster shall not incorporate pyrotechnics.

PRO-002  The thruster shall comply with the AFSPCMAN 91-710 hazardous materials allowances.
PRO-003  The thruster shall comply with AFSPCMAN 91-710 inhibit requirements.

PRO-004  Stored chemical energy in the thruster shall not exceed 100 Whr.

PRO-005 The thruster shall not incorporate pressurized vessels.

PRO-006 The thruster shall provide at least 10 m/s of Av capability for a 3U+ CubeSat platform.
MEC-001 The thruster shall fit within a 3U+ CubeSat platform.

MEC-002 The thruster wet mass shall not exceed 1.00 kg, or 25% of the total 3U+ CubeSat mass.
MEC-003 The thruster shall withstand vibrational and static loads of the chosen launcher.

FL-001 The feed system shall incorporate materials which are resistant to Iodine vapor corrosion.
FL-002 The reservoir shall reach a temperature high enough to sublimate iodine.

FL-003 The feedline temperature shall exceed the reservoir temperature.

FL-004 All components shall remain within their operational temperature range.

PWR-001 The power processing unit shall operate on a 12 V regulated, or unregulated, input voltage.
PWR-002 The power processing unit shall be compliant with the PC/104 standard.

PWR-003 The power processing unit shall provide up to 10 W of power.

PWR-004 The power processing unit duty cycle shall be 50%, or greater.

PWR-005 The power processing unit shall provide up to 1.5 kV controllable output voltage.
EMI-001  The thruster magnetic field shall not exceed 0.5 G greater than Earth’s

EMI-002  The thruster shall comply with the EMI requirements of the chosen launcher.
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3.2. Thruster Design and Assembly

The final design of the iodine pACFT can be seen in Figure 3.2, where all the main elements of the system
are visible except for the DC/DC converter. On the left hand side, a cross section of the dual chamber feed
system with thermally actuated valve can be seen. In the center of the feed system is the magnetic discharge
chamber and high voltage anode, encased in a column of insulating ceramic. Propellant is vapourized in
the large propellant reservoir, is transfered to the secondary chamber through the orifice which is sealed
by the thermal actuator. From the secondary chamber, the vapour flows directly into the anode and then
the magnetic chamber. On the right hand side of the ceramic insulation, there is a feed through in the face
of the thruster where the thermionic cathode neutralizer is visible. A PTFE cap is used to cover the rear end,
shielding the main body of the CubeSat from the thruster. Furthermore, the inner surface of the cap is covered
in a reflective coating in order to reflect thermal radiation back to the feed system. A single feed through is
offered by the cap for electric connections. The total dry mass of this assembly is 280 grams, and the total
volume of the cylinder containing the thruster is 180 cm3.

PTFE Heat

Reflector High Voltage Anode

Feed System
Secondary
Chamber

Thermionic
Cathode

Propellant

Reservoir Boron Nitride

Insulation

Thermally
Actuated
Valve

Magnetic
Discharge
Chamber

Figure 3.2: Half-section view of YACFT CAD model. Through the center is the magnetic thrust chamber and high voltage anode, encap-
sulated in ceramic insulation. The anode is fed iodine directly via the dual-chamber feed system which wraps around the insulation.
The propellant reservoir and secondary chamber are separated by a thermally actuated valve. A section of the reservoir is cut out (right)
for the cathode neutralizer and an electronic feedthrough. PTFE spacers and standoffs are insulate the feed system from panel which
interfaces with the CubeSat structure.

3.2.1. Housing

The pACFT system is nearly completely housed inside of the so-called tuna can extension for the 3U+ CubeSat
platform (Figure 3.1). The cylindrical housing measures 64 mm in diameter and 56 mm in height, with only
a 20 mm extrusion into the main body of the satellite from the end face of the CubeSat. The housing (Figure
3.3) is constructed of aluminum, and includes an integrated end face for a CubeSat structure. The housing
consists of three parts: the end face of the thruster, the end face of the CubeSat combined with the body of
the tuna can extension, and the heat reflector cap. The entire feed system and thruster magnetic chamber
assembly are mounted to the end face of the thruster. In practice, an additional volume margin would be
necessary in the CubeSat system design to account for the dedicated DC/DC converter. In total, the entire
thruster, with electronics, could be housed in the tuna can extension, and one third of the adjacent 1U.
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CubeSat End Face

PTFE Reflector

Tuna Can Housing
Discharge Chamber

Figure 3.3: pJACFT EM and magnetic chamber housing prior to feed system integration. The tuna can housing is aluminium and the cap
is PTFE.

3.2.2. Feed System Design

A key aspect of the iodine-fed PACFT system is the feed system concept since the propellant is stored as a
solid. As a result the concept of the feed system differs from that of a typical xenon gas-fed thruster. A few key
characteristics of the iodine feed system are:

* Depressurized reservoir tank.

¢ Thermal control of vapour generation.

* Heated feed system to prevent redeposition and clogging.
* Material compatibility with corrosive iodine vapour.

A combination of the experimental results of NASA/Busek and Airbus Friedrichshafen with chemical re-
sistance charts from material suppliers was consulted to generate a list of resistant material options which
can be used in feed system construction, shown in Table 2.2.

Table 3.4: Materials (metals, plastics and elastomers) with moderate to excellent resistance to Iodine corrosion. L oge C, 260°C [26, 47].

No Effect Minor Effect Moderate Effect
Epoxy Styrene butadiene (SBR)! Ethylene propylene Polyacetal
Viton Polyvinylidene fluoride (PVDF)! 2 BunaN (NBR)

Ceramic Polypropylene (PP)! Tygon (E-3606)

Noryl Titanium Hastelloy C

Teflon (PTFE) Polyether ether ketone (PEEK)

In designing the feed system for the pACFT system, the new space design philosophy was kept in mind.
Firstly, it was decided that a mass flow controller would not be used in the feed system as it would increase
complexity and impede the effort to miniaturize and simplify the thruster. Instead, the propellant feed system
would be designed such that the propellant flow rate could be predicted as a function of the feed system
dimensions and temperature. Thus in practice the mass flow rate in the thruster is controlled via the power
supplied to the electric heaters used to vaporize the solid propellant. In order to limit the mass flow rate into
the thrust chamber, an orifice is required. The area of the orifice, A, is calculated based on Equation 2.29,
where P is the pressure in the main reservoir, P, is pressure in the secondary chamber, 71 is the desired mass
flow rate and C, is the dimensionless orifice flow coefficient.

mo| kgT
Ap= —)| —— 3.2
°7c,\ 2MPy (P, - Py) 3.2)
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The pressure P, is given by the equation:

b, _ | 12BURT1R 53
2 nd*M )

where d is the inner diameter of the anode. In Equation 3.2, it is assumed that the density of the vapour
is defined by the pressure inside the propellant reservoir, P;. Equation 3.3 is derived from the equation for
laminar flow through a pipe (Equation 2.26), where at one end the pressure is P, and at the other end of the
pipe the pressure is the vacuum pressure P, ., where P,,. < P, and is assumed to be negligible. The density
of the vapour inside the pipe is assumed to be defined by the secondary chamber pressure P».

In order to further reduce complexity and improve overall system synergy, a traditional electric valve is
eliminated in favour of a thermally actuated valve [42]. A thermal working element with kick-up temperature
of 60°C is used. The actuator arm was replaced with a custom-made titanium valve head which seals the
propellant reservoir. Viton o-rings are used to create seals between individual components of the feed system
where possible in order to prevent propellant leaks.

Ultimately, polyether ether ketone (PEEK) was chosen for the feed system material, as it’s resistance to
corrosion, tolerance of high temperatures, high stiffness and low density are ideal characteristics. The glass
temperature of PEEK is 143 °C [112], and thus this is the upper limit on the operating temperature of the feed
system.

The feed system design concept can be seen in Figure 3.4. A dual chamber design with no piping was
chosen to feed the iodine into the anode directly. The propellant reservoir opens into the secondary chamber
when the thermally-actuated paraffin valve is opened. A 0.03 mm? orifice restricts mass flow between the
two chambers. Electric heaters are wrapped around the inner wall of the reservoir and the outer wall of the
secondary chamber. PT100 thermistor temperature sensors accompany the heaters in order monitor the
temperature of the feed system. Raising the temperature of the device is necessary to activate propellant
flow through the thruster, and by monitoring the temperature, the mass flow rate through the thruster can be
estimated.

The secondary chamber is filled with an alumina crystal, which has a porous sponge-like structure, in
order to insulate the feed system from the high voltage of the anode and to help increase the pressure in the
feed system to prevent a plasma discharge.

The feed system reservoir which was constructed for this project (Figure 3.4) can hold up to 200 g of solid
iodine. However if additional fuel were necessary to satisfy mission requirements, the reservoir of the feed
system can be made taller. As a result, other components would need to be extended as well, such as the
valve pin, anode, insulating ceramics, and the PTFE cap. Doing so increases the extent to which the thruster
intrudes in the main body of the CubeSat. Regardless, the feed system concept remains the same in principle.
Increasing the height of the reservoir allows for a 7 g/mm increase in capacity.

Secondary Chamber

Thermal Actuator

Propellant Reservoir

Figure 3.4: pACFT feed system for iodine. The reservoir and secondary chamber are made with PEEK.
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3.2.3. Thermal Design
Since the generation of propellant vapour is thermally actuated, the iodine hHACFT must operate at a relatively
high temperature. Due to the intended CubeSat application, efficient use of heat is critical since the power
available for heating and the tolerance to excessive thermal loads are both low. The thermal design concept
of the pACFT EM accounts for this by insulating the feed system from the housing as much as possible, and
minimizing the temperature of the housing which interfaces with the CubeSat. The objective of the thermal
design is to contain as much heat as possible in the feed system, and to radiate away heat which reaches the
housing. This is achieved by placing low thermal conductivity PTFE standoffs between the feed system and
the housing. The outside of the feed system is covered with a low emissivity coating, so that the heat emitted
by the outer surface is lower than that of the inner surface. Furthermore, the feed system is fully enclosed
so it does not view the rest of the CubeSat. The inner surface of the housing which views the feed system is
covered in a reflective silver lining to increase the proportion of heat radiated from the feed system which is
reflected back. Lastly, the outside of the housing is covered in a white coating to increase it’s emissivity and
reduce the thermal load on the CubeSat structure.

The main source of heat in the thruster is the electric heaters on the secondary chamber and reservoir.
However the anode is typically the hottest component in the system [91], thus heat is generated in the center
of the feed system as well.

Thermal Network Model In order to evaluate thermal design choices as well as estimate the total amount
of heat required to maintain the operating temperature of the feed system, the author has implemented a
simple steady state thermal network model in Multisim. Since electric heater power is necessary for initiating
propellant flow, the thermal design of the thruster impacts the overall power consumption of the system. In
order to ensure the heater power is low, the model is used to rapidly assess changes to the thermal design
of the thruster such as locations of the heaters, using different materials or surface finishes, or changing the
dimensions of an insulator or standoff.

The thermal network model is based on the basic equations of heat transfer, namely conductive (Equation
3.4) and radiative (Equation 3.5) heat transfer.

ks A
Qc=kAT = 2 AT (3.4)
Qr =4co Fi AT! 3.5)

Q. in Equation 3.4 is the heat transferred from one surface to another via a thermally conductive interface
with an area A, depth L, and specific thermal conductivity k; when a temperature differential of AT exists.
In the case of thermal radiation, the heat exchange is driven by the Stefan-Boltzmann law. Q, is the amount
of heat radiated by a surface with area A which is incident on another surface. The received heat is related to
the geometry relating the two surfaces in space, which is encapsulated in the view factor Fj».

The thermal network model implemented is based on a simple analogy between the heat transfer equa-
tions and Ohm’s law. Considering Q. = kAT and AV = IR, one can see that AV is equivalent to AT, I is equiv-
alent to Q. and k is the inverse of R. Thus a network of thermally conducting interfaces could be treated like
an electrical circuit with the correct substitutions. However radiative heat exchange must also be taken into
account. Simplifications must be made regarding the radiative heat transfer between components since it is
a non-linear effect (unlike conduction of electricity and heat). Firstly, Q, is linearized around a constant bias
temperature Tj;,, such that for a small range around that temperature, the linearized result is approximately
equal to the true value.

Qpiin =4€0 F12 AT}, T (3.6)

A target temperature of 100° C is used in the analysis, based on the operating temperatures reported by
developers of other iodine thrusters, namely NASA/Busek and University Giessen [45, 77]. This temperature
is also used for linearization of the radiated heat. The more the temperature of nodes in the model deviate
from T, the less accurate the simulated radiative heat transfer becomes.

A key simplification in the model is neglecting the thrust balance arm on which the thruster is mounted,
which could conduct considerable heat. Furthermore, the view factors were not treated in full detail due to
the complex geometry of the device. Instead, view factors are considered to be zero or one for situations
where components are fully separated or directly viewing each other. View factors of one-half or one-third
were used in situations where the component views two or three others more or less equally.
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Due to the simplifications used in the thermal network model, the numeric results of the simulations are
not highly accurate. Instead the results are used only to estimate the heat power required to sustain a high
operating temperature in testing and in the actual use case in space. The model is also used to evaluate the
temperature gradients between components in order to assess the effectiveness of thermal insulation, and
to the approximate heat load on the CubeSat structure. The results are used to iterate on the design choices
related to material choices and dimensions in order to reduce the overall heat required. The main conclusions
drawn from the thermal network model are as follows:

* Steady state temperature gradients between components are very small (<5 ° C) as a result of the minia-
turized geometry of the system.

e Much less than 10 W of heater power would be required to maintain a 100 °C temperature in the feed
system while in the vacuum chamber, whereas more than 10 W would be necessary in space.

 If operating at high temperatures, volume margin should be assigned to the thruster in a CubeSat sys-
tem design in order to account for sufficient thermal insulation.

Overall the power consumption of the feed systems heaters is expected to be less than 10 W in testing,
and more for an actual CubeSat system in space. This power consumption, being only a part of the total
power budget, would be daunting for a 3U+ CubeSat. Furthermore, the heat load on the CubeSat is large and
significant thermal insulation would be necessary. However, operating at a lower temperatures reduces the
input power required and the heat load on the CubeSat structure.

3.2.4. Discharge Chamber

The discharge chamber is responsible for generating the cusped magnetic field configuration of the ACFT
device, and as such it’s design has significant impact on the thrusters performance. Sintered NdFeB magnets
with a conical internal diameter are used for the chamber. They are chosen for their relatively high magnetic
flux density (B ~ 1 T) and a maximum working temperature (7, ~ 150°C) which is compatible with the
system operating temperature. The magnetic field strength B outside of the cylindrical NdFeB magnets used
can be calculated using Equation 3.7.

2 \/r§+(L+z)2_\/r§+z2 \/rl.2+(L+z)2+\/ri2+z2

where B; is the magnetic remanence field for sintered NdFeB, z is the distance from a pole face, L is the length
of the magnet, and r, and r; are the inner and outer diameters [11]. At the magnetic pole (z = 0), the field
strength is between 40 - 50 uG for the magnets used, beyond which the decrease in B is rapid.

The inner surface of the magnets is electrically insulated from the anode and plasma discharge via a
patented thin boron nitride ceramic coating [40]. The ceramic has exceptional properties for the task. It’s high
dielectric constant (4 - 4.6 [1]) and specific resistance (> 10' Qcm [1]) ensure that a thin coating of boron ni-
tride can insulate the magnets from the anode sufficiently. However increasing the thickness of the discharge
chamber coating increases collisions of ions with the chamber walls, leading to a reduction in thrust overall.
Furthermore, creating a reliably symmetric coating in the magnet chamber is difficult due to its size.

The entire magnet chamber itself is housed with the anode in a pillar of boron nitride along. This stack of
boron nitride cylinders holds the magnets and anode in configuration, while insulating the rest of the thruster
from the high voltage of the anode and the plasma. The relatively high thermal conductivity of the ceramic
(typically 30 W/K [1]) allows heat to conduct between the anode and chamber, and the surrounding feed
system reservoir. O-rings are used to seal the interfaces between the individual boron nitride parts to prevent
leaks.

(3.7)

B, L+z z L+z z )
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3.3. Performance Characterization

The performance of the pACFT EM is measured using both xenon and iodine propellant. Characterization of
the thruster performance includes measuring the thrust generated, the exhaust plume current density and
profile, and the total power consumed. When using xenon, the mass flow rate is known and thus the specific
impulse can also be calculated. On the other hand, with iodine propellant, the mass flow rate is not known
and thus values such as the specific impulse or total Av can only be estimated.

First, a description of the test facilities, methodologies, and measurements uncertainties is provided. Fol-
lowing is a discussion of observations regarding thruster operations during testing and the resulting per-
formance measurements. Lastly, comparisons are made between the measurements made with the iodine
MACEFT and previous PACFT devices, as well as other CubeSat thrusters and other iodine thrusters.

3.3.1. Methodology

Historically, experimental characterization of all ACFT devices has been performed at the Laboratory for
Enabling Technologies (LET) at Airbus Friedrichshafen. A thorough and detailed description of the Micro-
Newton Thruster Test Facility, with all the related plasma diagnostics equipment and the direct thrust mea-
surement tool, is given in the PhD dissertation of E G. Hey [41]. A general overview can be seen in Figure
3.5. The key elements are the vacuum chamber and pump system, the plasma diagnostics setup, and the
micro-Newton thrust balance.
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Figure 3.5: Schematic diagram of LET pACFT test facility [41]. All facility controls and data processing are handled by the workstation.
There are three vacuum pumps and a large chamber, a direct thrust measurement pendulum, and a plasma diagnostics jib arm used in
thruster testing.
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Vacuum The vacuum system is necessary in order to test thruster models in an atmosphere which approx-
imates the space environment. The chamber in which the thrusters are placed is roughly 3 m3, large enough
such that the walls do not impose negative influence on the tests, and that the tests do not damage the walls.
The tank is isolated from the seismic background noise of the laboratory in order to allow for precise force
measurements. The pumping system, composed of a rotary pump, one turbopump, and two cryopumps,
achieves an operational pressure of approximately 3x 10~ mbar.

Plasma Diagnostics The plasma diagnostics system, used for measurement and characterization of the
thruster exhaust plume, consists of a single Faraday cup, which doubles as a retarding potential analyzer
(RPA), and one E-cross-B probe on a jib arm. The jib arm rotates about an axis centered underneath the
thruster, driving the sensor through a cross section of the plume. The distance between the detectors and
thruster can be modulated to account for high or low plume current densities. The Faraday cup is used to
measure the current density in the output beam as a function of position, so that the plume divergence and
total beam current can be calculated. On the other hand, the RPA is used to obtain information about the
energy of the ions. This is achieved by applying a retarding potential in front of the Faraday cup to repel
ions with a kinetic energy lower than the electric potential energy of the RPA. By incrementally increasing the
retarding potential, a distribution of the ion energies can be constructed. This is also used to measure the
actual beam voltage, which relates to the acceleration efficiency of the thruster. The E-cross-B probe applies
both a magnetic and electric field to the incoming plume ions in order to separate the particles based on their
total charge. In this way the relative abundance of ionization states in the plume can be quantified. However
ultimately the E-cross-B probe was not used in characterization of the pACFT as it is still under development
at the time of writing.

Measurement uncertainties associated with the plasma diagnostics measurements include alignment er-
rors and asymmetry in the alignment, inaccuracy in measurement extrapolation and numerical integration,
dark currents, and electromagnetic interference introduced by the measurement device on the thruster op-
erations.

Thrust Balance The ability to measure micro-Newton thrust forces is a key feature of the overall test facility.
The system was specifically designed to test candidate attitude and orbital control thrusters for the LISA
mission, and other high precision space science missions in the future. The thrust balance consists of two
hanging pendulums: a measurement pendulum and reference pendulum. A heterodyne laser interferometer
is used to measure the deflection of the measurement pendulum relative to the reference pendulum with the
thruster mounted on measurement pendulum and a symmetric mass on the other. Due to the symmetry
of the dual-pendulum setup, many known and unknown noise sources are rejected from the measurements
since they are adopted equally by both the reference and measurement pendulums. With adequate damping
of the pendulums, the system could be used to detect forces of less than 0.1 uN [41].

Measurement uncertainties associated with the thrust balance include the seismic noise introduced to
the pendulums by the cryopump and laboratory workers, uncertainty in the alignment of the thruster on the
measurement pendulum, error in balancing the mass of the measurement and reference pendulums, and
thermal energy introducing a drift in the pendulum position.

3.3.2. Test Results
A summary of the measurements which are made for performance characterization of the iodine pACFT is
shown in Table 3.5. Taken together, the measurements can be used to assess the overall efficiency of the
thruster, as well as it’s performance with respect total thrust generated, total power consumed, the power-
to-thrust-ratio, and the specific impulse. These are standard performance characteristics in the field of the
EP, and thus they can be used for comparison of the performance of the pACFT EM to a variety of other
similar systems. Characterization of the thruster performance was done through direct measurements when
possible. In other cases, the outcome must be calculated based on multiple measurements, or estimated
based on a model.

In general, only the anode potential and current and mass flow rate were recorded throughout the en-
tire testing campaign. The other measurements, such as direct thruster and plasma diagnostics, were only
conducted on a smaller subset of the operating points as the processes are much more intensive.



3.3. Performance Characterization 35

Table 3.5: Summary of thruster performance characterization measurements, alongside the intended outcomes and underlying motiva-
tion.

Measurement Outcomes Motivation
. Thrust generated, specific impulse (if mass flow RQ-1 and all
Direct thrust rate is known). sub-questions, PRO-006.
e . RQ-1 1l
Mass flow rate Specific impulse, mass efficiency. Q-landa

sub-questions, PRO-006.

Plasma plume profile Ion beam current, divergence efficiency, RQ-1and all
P P discharge efficiency, mass efficiency. sub-questions.
RQ-1 1
Ion energy Kinetic energy of beam, acceleration efficiency. Q-1anda

sub-questions.

Anode potential and current Contribution to total system power, RQ-1 and all
P power-to-thrust-ratio, discharge efficiency. sub-questions.
I RQ-4, RQ-1 and all
Cathode power Contribution to total system power. Q Q-landa

sub-questions.

RQ-1 and all

Heater power Contribution to total system power. .
sub-questions.

Performance with Xenon In order to fully characterize the performance of the pACFT, the system was first
tested with xenon. Using xenon allows the thruster specific impulse to be calculated since the mass flow
is controlled. Furthermore, with performance benchmarks established using xenon as fuel, differences in
performance due to the switch to iodine can be more easily identified. The tests were performed before
integrating the iodine feed system. Xenon was fed directly into the anode from a mass flow controller and gas
tank outside the vacuum chamber.

Ignition of the thruster was achieved with mass flows between 0.15 - 0.8 sccm, and anode voltages be-
tween 800 - 1300 V. Various operating points were observed during the xenon test runs. However, a complete
measurement and diagnostics test run was not conducted for each operating point. In general, only the an-
ode voltage, anode current, and mass flow rate are recorded. The observed stable operating points could be
grouped into two states, standard operation and current limited operation, based on the current being drawn
to the anode. The standard operations were typically characterized and anode voltage in the range 700 - 1500
V, with a mass flow of 0.2 - 0.6 sccm, and resulting anode current between 1.5 - 7.5 mA. These operating points
are referred to as standard since they are very comparable to operating points which had been demonstrated
with each of the previous pACFT systems [41, 91]. The current limited operation state was encountered with
higher mass flow rates, typically 0.4 - 0.6 sccm, where the anode current spiked to the current limit set by the
power supply of 20 mA, and the anode voltage fell below 300 V. Operating points of the thruster for which the
complete set of diagnostic measurements has been recorded is in Table 3.6.

Table 3.6: Measured operating points of pPACFT with xenon propellant.

Voltage [V] Mass Flow [sccm] Current [mA] Thrust [uN] Specific Impulse [s] PTTR [W/mN]

1500 0.30 5.0+0.2 55+1 192 +£3 136.4 £ 5.2
900 0.60 1.5+£0.2 35+1 63 +£2 42.5+5.7
145 0.60 20.0+0.1 137+ 1 238 +2 21.2+0.1

230 0.35 20.0+0.1 142 +1 423 +£3 31.9+0.2
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Figure 3.6: pACFT operating with xenon propellant. The blue color is characteristic of the xenon plasma. Multiple tungsten emitters are
used for neutralization.
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Figure 3.7: Measurements during thruster ignition with 0.15 sccm xenon mass flow and 1200 V anode potential, resulting in a 5 mA
current consumption at the anode. No deviation in mass flow or voltage occurs when the current begins to flow.
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The 1500 V operating point is most exemplary of typical operating points of the xenon pACFT, where the
voltage is high and mass flow is low. The 900 V operating point, where mass flow is high and the ion beam
current is low, is closer to the performance of a cold gas thruster and is not a desirable operating point for the
HACFT. However in this state, only 3.15 W of power was consumed by the total thruster system. The remaining
145V and 230 V operating points are representative of the current limited operating state.

The current limited operating state was encountered following an observation that a current composed
of thermionic electrons, which varied proportionally with the cathode input power, was reaching the anode
before igniting the thruster. By increasing the mass flow rate of xenon to 0.4 sccm or higher while operating at
the 900 V standard operating point, the thruster could be forced to transition into the current limited operat-
ing state. Figure 3.8 shows the transition, where the anode voltage drops to 235 V while the current and power
consumption peak at 20 mA and 4.7 W. At the operating point shown in the figure, the total power consump-
tion of the system 11.6 W. If the power of the neutralizer is decreased further, the thruster would transition
back to the 900 V standard operating point, even if a high mass flow rate was maintained. The 900 V operating
point in Table 3.6 demonstrates the poor performance of the pACFT after transitioning from current limited
to standard operating conditions if the high mass flow is sustained.
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Figure 3.8: Transition into current limited operating state from standard operation state. The transition is achieved shortly after increas-
ing the mass flow rate above 0.4 sccm. It is characterized by a drop in anode potential to less than 300V, and the anode current rising to
20 mA.
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Plasma plume diagnostics measurements were also performed for both the standard and current limited
operating states. The retarding potential analyzer (RPA) is positioned at the point where maximum current
density is measured in order to characterize the ion energy distribution in the plume. The RPA measurements
(Figure 3.9) reveal that ion energies are more widely distributed in the current limited operating state, and in
the standard operating state the majority of ions possess kinetic energy nearly equal to the potential energy
of the accelerating anode voltage. Thus the total kinetic energy of the beam relative to the accelerating anode
potential is higher when the anode potential is higher, if the mass flow is similar. The acceleration efficiency
of the thruster is 7, = 99.3% for 1300 V and 1, = 88.4% for 145 V. This is determined by the retarding potential
relative to the anode voltage (n, = V},/ V) at the point where the ion beam current falls to zero.
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Figure 3.9: Xenon ion energy density distribution for 1300 Vand 145 V thruster operating points. The results indicates that at high voltage,
the particles kinetic energy is tightly bound to the accelerating potential energy of the anode, while at lower voltage the distribution is
wider. This results in a lower acceleration efficiency (88.4%) at 145 V and compared to at 1300 V (99.3%), which are determined by the
point at which the current density falls to zero.

Figures 3.10 and 3.11 shows the current density and plume profile of the pACFT for both states. The total
beam current, I, is determined by performing a numerical integration of the cross-sectional measurement
of the plume across a semi-sphere:

Iy=Y JmeasA- 4 R|sin(¢)[sin(A¢p/2) (3.8)

where R is the distance between the thruster and Faraday cup, ¢ is the angular position of the Faraday cup
relative to the thruster, A¢ is the angular resolution of the measurements, A is the area of the inlet to the
Faraday cup, and J,eqs is the discrete current density measurement [50]. The direct plume measurements
are indicated by red markers. The blue line is fitted to the direct measurements, and extrapolated, assuming
perfect symmetry of the plume, to account for measurements which were missed due to obstructions in the
path of the jib arm and asymmetry in the measurement setup.
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Figure 3.10: Xenon ion plume profiles at high anode potential. "U" shaped profile at 1300 V indicates significant E-cross-B drift causing
the plume to diverge. In combination with the low discharge and mass efficiencies, the result is an overall low total efficiency.
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Figure 3.11: Xenon ion plume profiles at low anode potential. The overall efficiency of the thruster is high since the beam divergence is
very low and the discharge and mass efficiencies are relatively high.
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The plume profile measured at 1300 V is similar to measurements made with previous ACFT systems
[41,91] in that at high anode voltages, the plume takes on a "U" shape. For comparison, the measured plasma
plume profile of the previous xenon pACFT EM is included in Appendix B (Figure B.3). The large beam diver-
gence which occurs at high anode potentials is a result of the increased E-cross-B drift force pushing the ions
in the radial direction toward the chamber walls. The sharp drop off in beam current at the edges of the 1300
V plume indicates ions are colliding with the chamber walls. The reduction of the anode voltage results in a in
an inversion and narrowing of the plume profile compared to the high voltage measurement. The narrowing
of the beam may be a driver in stimulating a larger plasma breakdown, which is noted by the 20 mA anode
current and order of magnitude increase in the plasma plume current density.

The mass efficiencies presented in the plot are calculated assuming that 20% of the ions in the plume are
doubly ionized, and that 80% are singly ionized [110]. This implies that on average, an ion in the plume has a
charge of Q = 1.1q. The mass efficiency is then calculated with Equation 3.9, where M; is the mass of an ion.

Nm=——r0 (3.9)

The overall efficiency of the thruster was 0.6% (1300 V, 0.3 sccm) and 13.9% (145 V, 0.6 sccm) according
to Equation 2.12. The performance of the thruster improved in almost all respects in the current limited
operation state, with the exception being the acceleration efficiency. A comparison of the characteristics of
the two operation modes is shown in Table 3.7.

Table 3.7: Comparison of standard and current limited operating modes.

Operating Mode Characteristics

Standard V,=700-1500V
I, <7.5mA
F; <100 uN
Higher n,.
Lower 0, i, Na, -

Current Limited V,;=150-300V
I, =20 mA
F;>100 uN
Higher n,,, i, ng and n.
Lower n,,.

The performance in the current limited case is greater for few reasons. First, the lower voltage leads to a
lower beam divergence and thus a greater efficiency with respect to momentum transferred to the thruster by
each ion. Furthermore, the larger plasma discharge ultimately lead to higher mass and discharge efficiencies.

Performance with Iodine By switching to iodine propellant, direct control and monitoring of the mass flow
rate is lost. Furthermore, since both too little and too much propellant can restrict the ability of the thruster
to function, ignition of the HACFT using iodine propellant proved to be more difficult than with xenon.

First of all, the mass flow rate of iodine through the thruster appears to be significantly higher than the
mass flow rate used in operations with xenon, and thus it was not possible to test at all of the points which had
been previously mapped using xenon. Furthermore, backfiring became a common issue when attempting
to ignite the thruster. During so-called backfiring events, only very short, high power sparks would form
in the discharge chamber. These short discharges could be as high as 60 W. Instead, a sustainable plasma
breakdown would be generated in the reverse direction, inside the feed system of the thruster. The ignition of
such a plasma is shown in Figure B.2 in Appendix B. The discharge shown is similar in power to 900 V standard
operating points measured during xenon testing. Since any conductor inside the feed system could act as a
ground and electron source for the discharge, all had to be removed or concealed to prevent the vapour
from coming in contact with a grounded conductor. Thus the valve head sealing the propellant reservoir was
removed and replaced with a pinhole orifice during testing.
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The backfiring of the thruster into the feed system is explained by the Paschen breakdown curve. Figure
3.12 shows the Paschen breakdown curve for a small range of secondary electron emission fractions assum-
ing a 30 mm discharge length. This discharge length is chosen as it is nearly identical for a discharge from the
anode to the cathode or to the edge of the aluminum tuna can housing. For this plot the Townsend coeffi-
cients of air are used, since the coefficients are not readily known for iodine. As a result, there is an unknown
error incurred between the voltages and pressures shown in the figure, and what the reality would be for a
pure iodine vapour. The errors are not critical as the analysis is used to mount an argument for why thruster
backfiring occurs based on the form of the Paschen curve.
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Figure 3.12: Paschen curve is based on Townsend coefficients of air, and is shown for various secondary electron emission coefficients.
At room temperature and slightly higher, the pressure inside the secondary chamber of the feed system is near the minimum of this
Paschen breakdown curve. However in the chamber the pressure is closer to the surrounding vacuum pressure and thus on the steep
left-hand side of the curve. As a result, the breakdown voltage inside the feed system is lower.

The breakdown voltage is near the minimum when the gas pressure is in the range of 1073 - 1072 mbar.
The breakdown voltage at this minimum is below what is necessary to ignite the thruster and thus operating
at this pressure level will consistently lead to backfiring before ignition. In the multistage orifice-separated
feed system design for the HACFT, the pressure in the secondary chamber is near the upper end of this range
atroom temperature (detailed description in Section 4.2). As a result, the risk of plasma breakdown inside the
feed system is high during ignition. According to Figure 3.12, the issue of backfiring can be addressed either
by increasing or decreasing the pressure in the secondary chamber reach the regions of the curve where the
breakdown voltage is much higher.

In order to reduce the pressure, the orifice size must be decreased. However achieving the required pres-
sure gradient while simultaneously maintaining mass flow through the orifice becomes impossible. There are
no solutions to Equation 3.2 which would allow for a mass flow rate greater than 0.2 sccm at a temperature
above 20°C while generating a pressure in the secondary chamber which is lower than the minimum of the
breakdown curve.

Instead the pressure in the feed system is increased by operating at a higher temperature. At 60°C, an order
of magnitude improvement in vapour pressure and a doubling of the breakdown voltage inside the secondary
chamber is achieved. However, mass flow rate of the feed system increases exponentially with temperature.
As a result, the iodine pACFT could not be tested at the low mass flow standard operating points which could
be achieved with xenon. Nonetheless the thruster could be ignited directly into a current limited operating
state. However, the ignition was always proceeded by a series of high power, short duration discharges inside
the magnetic chamber. This is evident in the spikes in anode voltage seen in Figure 3.13
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Figure 3.13: Thruster power consumption and anode voltage during thruster ignition into current limited state with iodine. Sparking is

evident due to the spikes in anode voltage prior to ignition. Temperature of the reservoir is 50°C and secondary chamber temperature is
62°C.

Figure 3.14: pACFT operating with iodine propellant. The iodine plasma emits a pale yellow light. The thruster is covered in a emissive
coating to increase radiation and reduce thermal loading on the pendulum arm. Multiple tungsten emitters are used for neutralization.
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Following ignition, the anode voltage would sometimes rise up to 400 V, but ultimately settle into the
range 210 - 250 V. This observation could be an indication of a release of iodine deposits in the feed system
giving a short-lived surge of propellant and power. The range of thruster power consumption is 4.2 - 8.0 W.
An operating state at about 240 V could be maintained so long as the reservoir temperature did not exceed
50°C and the secondary chamber temperature did not fall below 60°C. At these operating temperatures, the
power required to maintain the feed system temperature in the vacuum chamber is 0.9 W. However with the
thruster running, the temperature would slowly rise. This leads to an extinction of the plasma discharge as
excess mass flow is introduced.

Table 3.8: Measured operating point of JACFT with iodine propellant. * indicates estimated quantity.

Voltage [V] Mass Flow [sccm] Current [mA]  Thrust [uN] Specific Impulse [s] PTTR [W/mN]

241-245+5 2.07 £1.00* 20.0+0.1 227-254+1 115-128 +48* 19.1-21.3+0.4

The thruster is photographed in Figure 3.14 at the 240 V operating point. At this operating point, the entire
system consumes a total 8.3 W of power. The performance of the thruster is summarized in Table 3.8. The
mass flow rate in the thruster is estimated based on the feed system model described in Section 4.2, assuming
a 0.03 mm? orifice size. However since this model is an approximation and the actual mass flow rate is not
measured, the uncertainty is high.

The ion energy density distribution of the iodine discharge is shown in Figure 3.15. The ion energy distri-
bution of the iodine plume is a more closely grouped around the anode voltage than the 145V point discussed
previously, but still much less tightly than in the 1300 V case (Figure 3.9). The acceleration efficiency of the
thruster at this 210 V operating point is 96.7%, and thus is also in between that of the 1300 V and 145 V oper-
ating points. However, due to the higher estimated mass flow rate of the iodine propellant, the total kinetic
energy of the beam is high.
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Figure 3.15: Iodine energy density distribution. The acceleration efficiency is determined by the point at which the current density falls
to zero. Furthermore, the kinetic energies of the particles are not tightly grouped around the accelerating potential energy of the anode.
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The iodine plume profile presented in Figure 3.16 is quite different from the those measured in the xenon
testing campaign (Figures 3.10 and 3.11), but again comparable to the the ion plume profiles measured with
previous PACFT and ACFT systems. The "M" shaped plume profile is characteristic of a thruster operated at
amoderate anode potential (300 - 400 V), and is also comparable to a measurement made with the previous
MACFT EM (Figure B.3) [41, 91]. The plume profile appears lopsided because the cathode neutralizer was
not correctly centered underneath the discharge chamber exit, visible in Figure 3.14. The mass efficiency
presented is also calculated assuming a 20% rate of double ionization in the ion plume (Equation 3.9).
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Figure 3.16: Iodine ion plume profile at an anode potential of 238 V. The mass efficiency is estimated since the actual mass flow rate of
propellant is not known. The overall efficiency of the thruster is 4.3%.
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3.3.3. Comparison of Performance Measurements

The performance of the pACFT with respect to total power consumption, power-to-thrust-ratio, specific im-
pulse, thrust generated, and thruster efficiency were measured and calculated. Here these performance pa-
rameters, as well as the total size and mass of the system, are compared to previous HACFT systems, other
CubeSat thruster systems, and other iodine thrusters.

Comparison to Previous pACFT Systems  Figure 3.17 is a direct comparison of the measurements presented
in this thesis with performance measurements of previous PACFT LM and EM at discrete operating points.
The ideal region for a performance measurement to inhabit in this plot is the upper left corner. This region
of the plot corresponds to a high specific impulse with a simultaneously low power-to-thrust-ratio. Relative
to all other measurements and pPACFT models, the current limited operating points demonstrated by the cur-
rent PACFT EM are characterized by higher total thrust and lower power to thrust ratio. The highest specific
impulse measured with the current EM is also relatively high in comparison to the previous EM.
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Figure 3.17: Performance achievements with pJACFT systems dating back to the initial laboratory model. The ideal region for a measure-
ment is the top left corner, where the thruster is most efficient relative to power consumption (low PTTR) and propellant consumption
(high Isp). The current EM demonstrates a low PTTR compared to the other systems. The I, varies wildly based on the operating point.
With high mass flow at 900 V, the I, is comparable to a cold gas thruster, whereas with 273 V and a lower mass flow, the I, is higher
than most other pACFT systems.
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Table 3.9 shows a summarized comparison of the full range of operating points explored with the various
MACEFT systems.

Table 3.9: Comparison of performance characteristics of fACFT CubeSat engineering model (EM) and laboratory model (LM) systems.

Thruster Fuel AnodePower [W] Thrust [uN] Efficiency [%]
CubeSat LM [41] Xenon 08-7.1 29 - 86 2.0-7.0
CubeSat EM v.1 [91] Xenon 1.3-6.7 63-75 1.0-3.0
CubeSat EM v.2 Xenon 1.5-9.3 35-142 0.6-13.9
CubeSat EM v.2 Iodine 4.5-8.2 227 - 254 4.3

The pACFT EM presented in this thesis demonstrated exceptional performance with respect to thrust
generated, power-to-thrust-ratio, total thruster efficiency, and specific impulse. The current EM demon-
strated better performance than the previous pPACFT LM and EM systems with respect to power-to-thrust
ratio [41, 91]. Furthermore, the highest measured specific impulse is improved compared to the previous EM.
However, the best measurements of power-to-thrust-ratio and specific impulse did not take place simultane-
ously. Furthermore, the best results were measured in the current limited operating state.

The performance of the current pACFT model with respect to the specific impulse is poorer with iodine
than with xenon. This is in large part due to the estimated mass flow rate in the iodine test being many times
larger than that of xenon. As a result, the thrust generated with iodine is significantly higher, but the specific
impulse is much lower. The larger thrust contributes to the low power-to-thrust-ratio measured with iodine.

Comparison to Other Iodine Thrusters A list of iodine thrusters which have been discussed in literature is
shown in Table 3.10, alongside measured or expected performance specifications.

Table 3.10: Comparison of performance characteristics of iodine thrusters. * indicates target performance specifications

Thruster Total Power [W] Thrust [mN] Efficiency [%]
Airbus DS pACFT 8.3-11.6 0.23 - 0.25 4.3
ThrustMe Neptune [80] 30-60* 0.2-0.7% N/A
Busek BIT-3 [103] 55-75 0.65-1.14 N/A
University Giessen RIT-10 [45] 65 - 82 0.1-1 N/A
Airbus DS ACFT [111] 104 4.7 N/A
Busek BHT-200I [49] 200 13 31
Busek BHT-6001 [49] 600 40 50

The field of iodine thrusters consists of three small systems (LACFT, Neptune and BIT-3), and four larger
systems (RIT-10, ACFT, BHT-200I and BHT-600I). The pACFT is the smallest thruster on this list with respect
to total volume, power consumption and maximum thrust. Typically, the larger thrusters operate with a lower
power-to-thrust-ratio and higher total efficiency compared to the smaller thrusters. However the power-to-
thrust ratio of the current iodine pPACFT EM is more comparable to the larger thrusters than the smaller ones.

Notable entries in the list include the Neptune thruster from ThrustMe and the BIT-3 from Busek. The
Neptune and BIT-3 are both gridded ion engines which are also targeting CubeSat applications, making them
the most comparable systems to the iodine JACFT. However both thrusters are many times larger than the
HACFT. The BIT-3 takes up 1615 cm?® (nearly 2U) with a wet mass of 3 kg, and the Neptune 1000 cm® (1U)
with a wet mass of 1 kg. Furthermore, both the total power consumption and power-to-thrust-ratio of the
HACFT are lower than the expected values of the Neptune and the measured values of the BIT-3. However
both of these systems are expected to generate a specific impulse which is two to five times higher than that
of the PACFT. These differences make the Neptune and BIT-3 more suitable for larger CubeSats, 6U and 12U
for example, where the volume and power allowances as well as total CubeSat mass are larger. On the other
hand, the pACFT is better suited for a smaller platform with a tighter volume and power budget and lower
total mass, such as the 3U+.
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Comparison to Other CubeSat Thrusters Figure 3.18 shows the performance of a variety of thrusters avail-
able for CubeSat missions ranging up to a power consumption of 50 W and mass of 1 kg. The left-hand side
of the plot references only electric thrusters, whereas the right-hand side shows all available thrusters. The

operating points at 230 V from Table 3.6 and 245 V from Table 3.8 are featured in the plot.
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Figure 3.18: Comparison of pJACFT performance to other thrusters for CubeSat applications. Data is compiled from [58, 69, 1062 ]. Left:
Only electric thrusters, plotted according to power-to-thrust-ratio and specific impulse. Right: all available CubeSat thrusters below
50 W and 1 kg, plotted according to thrust and specific impulse. The pACFT measurements are ranked highly in power-to-thrust-ratio,
moderate in thrust, and low in specific impulse compared to electrostatic and electrodynamic thrusters.

In general, the performance measurements JACFT EM fits in with the cluster of electrodynamic thrusters
in the region representing low thrust but moderate to high specific impulse and power-to thrust-ratio. Con-
sidering only electrodynamic and electrostatic thrusters, to which the pACFT is more comparable, the power-
to-thrust-ratio of the current pACFT EM is highly ranked. However the specific impulse of the thruster ranks
low in comparison to the thrusters in these categories.

Table 3.11 shows a comparison of the pACFT with a some similar electrodynamic thruster systems [58].
In this comparison, the total power consumption of the pACFT system is considered, not just the power in
the thrust chamber. With a total dry mass of 280 g and a 6.4 cm diameter by 5.6 cm height, the pACFT is
comparable in size and mass to the smallest options in this field of CubeSat thrusters. However the packaging
of the pACFT into the 3U+ tuna can extension is a unique advantage in the context of CubeSat system design,
as other thrusters are less isolated from the main body of the CubeSat. Furthermore, the thrust of the pACFT
is much greater than that the alternatives in this category. Another advantage is the low EMI of the pACFT,
relative to the pulsed plasma thrusters (PPT). However, the notable deviation is still the lower specific impulse
of the pACFT.

With an improved specific impulse, the pACFT would be a great option for a 3U+ or larger CubeSat mis-
sion. The relatively low power consumption and form factor make it easy it integrate and a higher specific
impulse would make it very versatile. Currently, the pACFT would be best suited for 3U+ CubeSat station
keeping or de-orbiting.
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Table 3.11: Comparison of small electrodynamic thrusters for CubeSats [58].

Thruster (Propellant) F¢ or Fs Isp Piot DryMass Size

Airbus DS pACFT (Xe) 35-142uN  63-423s 3.15-11.6 W N/A N/A

Airbus DS pACFT (I) 227-254puN 103-115s 8.3-11.6W  280g 180 cm3
Mars Space PPTCUP (PTFE) 40 uNs ~640 s 2W 280¢g 203 cm?®
Fotec GmbH PPT (PTFE) 25-10uNs  900s <1W 300g 243 cm?®
GWU pCAT (Metal) 1-20uN 3000 s <10W 200 g 200 cm®

U. Illinois uBLT (Al) 54 uN N/A 4W 250 g 64 cm® (PPU)

3.4. Discussion and Conclusion

In this chapter, the derivation of system requirements and overall design of the iodine pJACFT engineering
model is described. The EM is a miniature cusped field electric thruster consisting of an iodine feed system,
high voltage anode, magnetic discharge chamber, and thermionic emitter cathode. The thruster is designed
so that it integrates inside the tuna can extension of the 3U+ CubeSat structure, taking up only a small frac-
tion of the internal volume of the main body of the spacecraft. The novel element of the pJACFT design is
the propellant feed system architecture. By using iodine propellant, pressurized gas tanks and feedlines are
forgone in favour of two-stage feed system design which supplies propellant to the anode directly from the
reservoir. The compact feed system design leads to a small overall form factor, and low power consumption
required for heating.

Following the design description is an overview of the testing facility and the methodologies employed in
the thruster performance characterization. Then the measurement results are presented for both xenon and
iodine propellant. Various comparisons are drawn to previous pACFT systems, as well as other iodine and
CubeSat thrusters to contextualize the pACFT performance.

The first test conducted used xenon propellant in order to validate the construction of the pJACFT. This
also allows the opportunity for direct comparison of thruster performance using both xenon and iodine pro-
pellants. The thruster demonstrated two distinct modes of operation with xenon propellant. The first, re-
ferred as the standard operating mode, is typical for the pACFT based on previous models [41, 91]. In this
mode, the anode potential is very high (700 - 1500 V), and the current low (1.5 - 7.5 mA). The alternate mode,
the so-called current limited state, had not been discussed in the context of the legacy of pACFT develop-
ment. It would occur when the mass flow rate of the thruster was high (= 0.4 sccm), and would result in a
low anode potential (140 - 300 V), but high current (20 mA, limited by the power supply). While the standard
operating points led to performance in terms of specific impulse (100 - 300 s), thrust (35 - 55 pN), and power-
to-thrust-ratio (43 - 136 s) which are comparable to previous pACFT systems, the current limited operating
points demonstrated superior performance with respect to thrust generated (> 100 uN), specific impulse (238
- 423 s), as well as total thruster efficiency (> 10%). The main disadvantage was that a lower anode potential
would lead to a lower acceleration efficiency.

With iodine propellant, only the current limited operating state could be achieved. This is a result of the
high mass flow rates which were generated by the feed system. The mass flow rate of the thruster could not
be throttled down since at lower mass flow rate, the feed system pressure decreases and the thruster would
discharge into the feed system but not the discharge chamber. However, once ignited, the performance of the
iodine HACFT exceeded the measurements made in the xenon testing with respect to thrust generated and
power-to-thrust-ratio. However much of the additional thrust is likely due to the larger mass flow rate. A large
mass flow rate is also responsible for the decrease in specific impulse relative to that measured with xenon.
Another notable difference between performance with xenon and iodine was the total power consumption
of the thruster while in the current limited operating state. With iodine, the pJACFT could run with a mini-
mum of 8.3 W of total power, while with xenon the minimum was 11.6 W. The extra power while testing with
xenon was consumed by the neutralizer. If this power was reduced, the thruster would transfer into the stan-
dard operating state, and performance would degrade. However the absolute minimum power consumption
measured with xenon propellant is 3.5 W.
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The HACFT EM presented in this thesis is the first to be operated with iodine propellant, and has demon-
strated good performance with respect to thrust, power-to-thrust-ratio, and total thruster efficiency when
comparing to previous HJACFT systems. With respect to other CubeSat electrostatic and electrodynamic
thrusters under 50 W and 1 kg, the power-to-thrust-ratio of the pACFT is very highly ranked. The small size
and unique packaging of the pACFT is also notable when comparing to other electrodynamic thruster in it’s
class. However, despite the specific impulse measured of the pACFT being the highest recorded of any pACFT
device since the original LM demonstrator, the specific impulse of the system is very low relative to other
electrostatic and electrodynamic thrusters. In most cases, the specific impulse of the pACFT lies in between
a high I, cold gas or electrothermal thruster and low Iy, electrostatic or electrodynamic thruster.

Aside from the choice of propellant, some other aspects of the pACFT design had an impact on the perfor-
mance. For one, the positioning of the discharge chamber relative to the end face of the thruster housing was
observed to have a direct effect on the divergence efficiency of the thruster. In the current EM, the discharge
chamber is displaced further inward relative to the end face of the thruster. As a result, some ions which
would have escaped the chamber at a high divergence angle in the previous pACFT systems collide with the
walls of the chamber near the exit. The collision of these ions with the walls leads to a faster degradation of
the insulating coating applied in the chamber. Since this is the only significant design change with respect
to the discharge chamber of the thruster, the position of the discharge chamber may also contributing to
the current limited operating state. However, reducing collisions with the chamber walls by moving the dis-
charge chamber close to the end face may would likely lead to an improvement in the specific impulse of the
thruster.

Insulation also plays an important role in the reliability and consistency of the thruster performance.
When the magnetic chamber is not properly insulated from the anode voltage, the performance of the thruster
degrades since the accelerating voltage across the chamber is reduced. Furthermore, insulation inside the
feed system is critical in order to prevent backfiring. In order to achieve this the an insulating material must
prevent the vapour in the feed system from coming in contact with any grounded conductors.






Feed System Fluidics

The rate of propellant flow through a thruster is a driving factor in generating thrust, and thus it effects the
overall performance of the device. For this reason it is critical to be able to be able to predict or monitor
the propellant mass flow rate into the thruster. The pACFT operates on granular propellant, which must first
be vaporized before being fed into the thruster. Furthermore, in the effort to miniaturize the entire thruster
for compatibility with the 3U+ CubeSat, a standard mass flow controller and piping feed system design is
abandoned. This simple change is a key difference in the propellant feed system design which obscures the
actual mass flow rate in the thruster. Furthermore, the miniature dimensions of the thruster, as well as the
relatively high pressure differentials that exist between the propellant reservoir and the vacuum of space,
make it difficult to predict what the flow regime of the vapor through the feed lines would be.

The problem of the mass flow rate of propellant into the thruster can be broken into two sub-problems:
the rate of generation of vapor in the reservoir, and the flow rate of vapor through the feedlines. In flow
modelling of the iSAT thruster, the Polzin et. al. use the Langmuir quasi-equilibrium sublimation equation
to estimate the rate of vapor generation [79]. This model can also be used for the pACFT system, so long as it
is still applicable in the case that there is no mass flow controller. However aside from the vapour generation
rate, the mass flow rate in the thruster also depends on the flow regime in the feed system.

This chapter provides a description of tests conducted to assess the suitability of the Langmuir quasi-
equilibrium sublimation equation, as well as to determine the flow regime in the feed system and estimate
the mass flow rate through the feed lines. The results of the tests are analyzed and used to create a flow system
model for the pACFT. In the conclusion the results of the model and limitations of the model are discussed,
as well as the implications on the feed system design.

4.1. Sublimation Rate and Flow Regime

Noting that the propellant feed system can be characterized by the rate of sublimation of iodine and the
flow regime of the feed system is the basis for understanding of the feed system fluidics. The rate of vapour
generation and flow are dependant on the pressure and temperature of the system as well as the dimensions
of the feed system. In order to characterize the feed system, either complicated thermodynamic models or
direct measurements of the influential factors are necessary. However due to the size of the feed system,
accurate direct pressure measurement in the feed lines is difficult. Likewise, because of the complex thermal
and electrodynamic processes in the thruster, theoretical modelling can be very complicated and prone to
many simplifications. However, control and monitoring of feed system temperature and measurement of the
mass flow rate of vapour out of the feed system is feasible. With measurements of mass flow rate made at
multiple temperatures, the pressure profile and flow regime inside the feed system can be inferred.

51
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4.1.1. Methodology

In order to determine the flow regime inside the iodine feed system, and what the sublimation rate of io-
dine is as a function of the temperature of the feed system, a small number of tests were conducted. The
measurements made in the tests are described in Table 4.1

Table 4.1: Summary of measurements for characterization of the iodine feed system, alongside the intended outcomes and underlying
motivation.

Measurement Outcomes Motivation
RQ-2 and all
Initial and final mass of Total mass loss rate of iodine, sublimation rate sub-questions, RQ-1 and
iodine, time elapsed of iodine, flow regime inside feed system. all sub-questions,
PRO-006.

RQ-2 and all
sub-questions, RQ-1 and
all sub-questions.

Temperature of propellant ~ Sublimation rate of iodine, pressure inside feed
reservoir system.

The tests consisted of filling a variety of tester feed systems, which have dimensions comparable to the
actual feed system designed for the yYACFT EM and placing them in a vacuum environment to measure to the
rate at which the propellant evaporates and passes through the feed system. By measuring the mass flow rate
through a feed line with a known geometry, the pressure profile in the feed system and the flow regime in the
feed line can be inferred. Ultimately, by comparing the reservoir pressure to the vapour pressure of iodine,
it is possible to assess whether the Langmuir quasi-equilibrium sublimation model or the Hertz-Knudsen
vacuum evaporation model is most suitable.

The dimensions of the feed system testers are representative of the dimensions of the actual feed system
design, detailed in Section 3.2.2. The feed system design concept simply consists of a large reservoir, a smaller
secondary chamber, and a long narrow feed line. Ultimately three different test setups were used, all witha 17
mm diameter reservoir, and varying secondary chamber and narrow feed line diameters and lengths. Copper
wire windings and PT100 thermistors were used to increase and monitor the temperature of the reservoirs
which were heated.

The reservoirs were filled with approximately 20 g of granular iodine to start the test, and placed in the
vacuum chamber with the narrow feed line exposed directly to the vacuum environment. The total mass of
the filled reservoirs was recorded and compared to the total mass of the reservoirs after the duration of the
test. By recording the exact time that the reservoirs were placed in the chamber and the vacuum pumps were
started and the time that they were removed, a first order approximation of the mass flow rate out of the feed
system tester can be obtained:

. Am
m~— (4.1)
At

4.1.2. Results

The total duration of the experiments was just under six hours for the heated reservoirs, and just over forty
hours for the unheated reservoirs, and the pressure in the vacuum chamber was 3 x 10~7 mbar. The total mass
loss was between 5 - 10 g from all the cases tested. The total mass flow rate measured in each of the reservoirs
was assumed to be constant throughout the duration of the experiments. By assuming equilibrium between
the sublimation rate of the iodine and the mass flow rate through the secondary chamber and narrow feed
line, it is possible to calculate the pressure in each stage of the feed system tester. First the pressure in the
reservoir stage, which is assumed to be uniform, is calculated using both the Langmuir and Hertz-Knudsen
models. The solutions to both equations differ by less than 0.3% in all cases tested. This indicates that the
rate of iodine evaporation in the reservoir is simultaneously the maximum possible given the temperature
and pressure conditions, and that generation of new vapour particles is nearly in equilibrium with the con-
densation of vapour particles. Furthermore, the calculated pressure indicates that the reservoir was within
1% of the vapour pressure for iodine at the appropriate temperature (Figure 4.1).
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It is important to note that the constants used to determine vapour pressure with the Antoine equation
are reportedly only accurate for the range 40 - 180°C [98]. However since no alternative could be found, the
constants A, B and C quoted in Section 2.2 are used in all vapour pressure calculations.

Vapour Pressure of Iodine

Pressure [mbar]
w E [6)]

N

0 ‘ ‘ ‘
20 30 40 50 60

Temperature [C]

Figure 4.1: Vapour pressure of iodine in temperature range 20 - 60°C. This pressure is nearly equal to the pressure inside the propellant
reservoir during testing.

The pressures in the later stages of the feed system testers are calculated using both the equations for lam-
inar flow and for free molecular flow. In doing so, two results for the pressure inside the secondary chamber
and narrow feed line were generated for each of the cases tested. However, based on the laminar flow model,
positive pressures (> 1 bar) are found, which is implausible based on the surrounding vacuum environment.
Thus the results obtained with the free molecular model are used in further analysis.

Figures 4.2 and 4.3 summarize the results of the mass flow rate tests conducted. Shown in the each plot is
a quarter section view of the feed system geometry used in the test. Each 'x’ indicates the pressure in that sec-
tion of the feed system which was calculated. In all cases where a second chamber exists, the pressure inside
the feed system is minimum at this point. A smooth spline interpolation is included as visual reference for
the relative difference in pressures and gradients in the system. The vapour pressure of iodine in the reservoir
is also noted, as is the ambient pressure of the vacuum environment that the feed system is surrounded by.

Due to the magnitude of the pressure gradients inside the feed system, there should be a plume with a
size on the order of 10 - 20 mm at the outlet. This is assuming that the pressure gradient across the plume is
larger than the internal gradients so that vapour is forced to exit the system and not circulate. This plume is
a key reason why a pressure differential of multiple orders of magnitude can exist between the feedlines and
the surrounding atmosphere environment.

Assuming that the mass flow rate through the feed system was equal at all stages, the pressure is a mini-
mum in the secondary chamber. For this to be the case, the pressure in the narrow feedline must be relieved
before more propellant can move forward into this stage, after which the pressure in the narrow feedline rises
again. This barrier helps to explain how the pressure in the reservoir can build up to the vapour pressure of
the reservoir. Furthermore, this process would result in the propellant vapour puffing out of the exit of the
feed system.

The Knudsen number was calculated based on the dimensions of the feed system and the pressures de-
rived from the free molecular flow equation. In the feed system experiments, Kn lies within the range 0.004
- 1.1 across all the feed system stages, indicating that the flow is actually in the transitional regime between
laminar and free molecular flow. Generally Kn is lowest in the reservoir, where the pressure is high. In this
stage, Kn is in the range 0.04 - 0.2, where Kn falls as the temperature rises. In the secondary chamber, Kn is in
the range 0.2 - 1.1, where the lower Kn again corresponds to the higher temperature. Finally, in the long and
narrow feedline, Kn falls in the range of 0.02 - 0.2, with the same temperature dependence. Although overall
the feed system is in the transitional flow regime, Kn suggests that the flow is closer to laminar in the reservoir
and the narrow feedline, but closer to the free molecular limit in the secondary chamber.
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Figure 4.2: Interpolation of pressure profile inside room temperature to-scale feed system model, based on the measured mass flow
rate of iodine into the vacuum surroundings at 3 x 10~ mbar. The pressure inside the propellant reservoir (left side) is near the vapour
pressure of iodine, the secondary chambers are at the lowest pressure. A plume of 10 - 20 mm maintains the higher pressures of the feed
system.



4.1. Sublimation Rate and Flow Regime 55

Heated to 50°C

10 T T T T 35
o 13
25
= E
g 2 Q2
= =
2 15 §
3 7
1
o= &
A
0.5
] 0
m = 0.399 £ 0.013 mg/s
0 L 1 1 1 1 1 1 1 1 _0.5
0O 10 20 30 40 50 60 70 80
Central Axis of Test Feed System [mm)]
Heated to 50°C
10 T T T T T T T T 3_5
ol m = 0.402 £ 0.013 mg/s
13
25
= E
g 2 2
] £
2 15 %
E 2
1
o= 8
A
0.5
0
0 1 1 1 1 1 1 1 1 _0.5

0O 10 20 30 40 50 60 70 80
Central Axis of Test Feed System [mm)]

Figure 4.3: Interpolation of pressure profile inside heated to-scale feed system model, based on the measured mass flow rate of iodine
into the vacuum surroundings at 3 x 10~ mbar. The pressure inside the propellant reservoir (left side) is near the vapour pressure of
iodine, the secondary chambers are at the lowest pressure. A plume of 10 - 20 mm maintains the higher pressures of the feed system.
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4.2. Mass Flow Rate

A key insight from the feed system tests described in Section 4.1 is that the pressure in the propellant reser-
voir is nearly equal to the vapour pressure of iodine. Another key observation is that the flow occurs in the
transitional regime between laminar and free molecular flow. However, the flow tends toward laminar in the
propellant reservoir and narrow feedline, while it is closer to the free molecular limit in the secondary cham-
ber of the feed system. Combining these observations with the dimensions of the actual pACFT feed system
leads to a model for estimating the mass flow rate through the thruster.

The propellant flow rate is calculated by modelling the feed system in the same three stages that were rep-
resented in the tests. The first stage is the propellant reservoir, which is assumed to be at the vapour pressure
ofiodine Py,p. Inreality, the reservoir and secondary chamber are separated by an orifice with area A,, where
the mass flow rate through this orifice is described by Equation 2.29. The secondary chamber is defined by a
diameter d, and the mass flow through this stage is assumed to be in the free molecular limit. The third stage
is the narrow feedline which in reality is the anode of the thruster. The flow through this stage is assumed to
be laminar, where the pressure gradient across the channel is given by the difference in pressure between the
secondary chamber and the surrounding vacuum environment. This is a key difference in comparison to the
analysis in Section 4.1, where the pressure gradient occurs outside the end narrow feedline and not inside.
With fixed feed system dimensions, the only free parameter is the temperature of the reservoir. Therefore the
flow rate can be solved for as a function of temperature.

The mass flow rate through this simplified feed system model is assumed to be the same at all stages. The
pressure in the secondary chamber, P, is calculated as the positive solution to Equation 4.2

o (TMgd’ 2C2 A2 MamuPuapy 2C5AMamuPjap
e E— +P2 — =

0 4.2
2\ 32kpT RT RT 4-2)

where Mg,y is the molecular mass of iodine in units amu or grams per mol, and My, is the mass of an iodine
molecule in kilograms. This quadratic equation is derived by equating the relationships for the mass flow
through the orifice (Equation 2.29) and the free molecular flow through the secondary chamber (Equation
2.25), using the width of the chamber as d. The solution found for P; is then used to calculate the mass flow
rate through the anode using Equation 2.26, where AP = P, — P4.. The solution to Equation 4.2 and Equation
2.26 is shown for various orifice diameters in Figure 4.4. For the calculation, the 2 mm inner diameter of the
anode is taken as the feedline diameter.
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Figure 4.4: Volumetric flow rate through feed system and pressure in second stage chamber for various orifice diameters, based on the
three stage feed system model. The flow between the propellant chamber is at the vapour pressure of iodine, and flow to the secondary
chamber is controlled by the orifice while the flow through the anode is laminar. The pressure in the secondary chamber is calculated
assuming a free molecular flow.
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4.3. Discussion and Conclusion

In this chapter, characterization of the iodine pACFT feed system with respect to flow regime and mass flow
rate is investigated. Since both aspects of the feed system fluidics rely upon correctly estimating the subli-
mation rate of solid iodine, the suitability of using the Langmuir quasi-equilibrium sublimation model is first
assessed.

A small series of experiments were conducted. The tests consisted of placing four iodine filled reservoirs,
with dimensions comparable to the pACFT feed system, inside the vacuum chamber at the LET test facility.
The test feed systems consist of three stages: propellant reservoir, secondary chamber and a narrow feedline.
The total mass of the reservoirs are measured before and after the going into the chamber in order to estimate
the mass flow rate of iodine out of the reservoir. By assuming an equal mass flow through each section of the
test reservoirs, a pressure profile could be calculated using the equation for free molecular flow. Two tester
reservoirs were heated to 50°C and the others were left at room temperature. In each of the cases tested,
the pressure in the reservoir was calculated to be in the range of 99.6 - 99.8% of P4, while in the feedline
the pressure is lower, and in the secondary chamber the pressure is minimum. Calculating the Knudsen
number in each region reveals that on average, the entire feed system is in the transition regime between free
molecular and laminar flow. However, inside the reservoir and feedline, the flow is closer to laminar, while in
the secondary chamber, it is closer to free molecular flow.

The magnitude of the measured mass flow rates at room temperature (0.050 and 0.086 mg/s, correspond-
ing to 0.265 and 0.456 sccm) is comparable to the typical mass flow rate used to ignite and run the pACFT
system with xenon. However, the heated test reservoirs generated mass flow rates much higher, approx-
imately 2.1 sccm. This mass flow is higher than what is necessary to ignite the JACFT according to tests
conducted with the current and previous HACFT systems. Furthermore, it was noted that it would be possible
to operate the thruster at temperatures much lower than the initial design objective of 100°C, since the mass
flow rate near room temperature was already sufficient for the pACFT. In practice this observation could be
incorporated into the feed system design to reduce the overall power required for heating the device, and
simultaneously reduce the burden of excess waste heat in the CubeSat design.

A model of the pACFT feed system is created using the observations regarding flow regime gathered from
the tests. The model is based on the three stages of the feed system. The pressure inside the reservoir is
assumed to be equal to P4y, and vapour flow between the reservoir and secondary chamber is determined by
the cross-sectional area of the orifice. In the secondary chamber, the flow is assumed to be the free molecular
limit, while in the anode the flow is assumed to be laminar. Under the assumption that the mass flow rate
through each stage of the feed system is equal, the pressure inside the secondary chamber and the overall
mass flow rate are calculated.

This model is only an approximation of the actual behaviour of the feed system since it is based on sim-
ple equations for laminar and free molecular flow through a pipe, when in reality the feed system is in the
transitional regime. Furthermore, the geometry of the secondary chamber is overly simplified and gradients
in temperature are not considered. The pressure inside the discharge chamber is also not taken into ac-
count, and the gradient across the narrow anode feedline leading into the discharge chamber is assumed to
be AP = P, — P,,.. Nonetheless, the model shows that the mass flow rate grows exponentially with temper-
ature. In order to restrict the mass flow to the range where standard operating points are achieved (0.2 - 0.4
sccm), the feed system must either be operated at lower temperatures, or the orifice must become smaller.
However as noted in Section 3.3.2, a high temperature is required to maintain high pressure and avoid back-
firing. Therefore a redesign of the feed system orifice may be necessary. Both reducing the orifice to the
micro-scale and relocating it to the interface between the secondary chamber and the anode could resolve
the issue.






Resonant DC/DC Converter

The pACFT CubeSat EM is a miniature, low power device which must generate a high voltage for the anode of
the thruster with only a 12 V input line. For this purpose a high gain, and low power DC/DC converter is re-
quired. This specific combination of attributes is rather niche, and thus design of the converter is favourable
to a general purpose COTS option which would not perform optimally.

Commonly used converter topologies used in modular device applications include flyback or buck-boost,
two-switch forward, push-pull, and resonant. Due to the characteristically higher efficiency the resonant
converter (upwards of 90% in many cases [63, 97, 117]), it is a favoured DC/DC converter topology where
power is limited and thus very high efficiency is desired.

In this chapter, the design of an LLC resonant DC/DC converter for the pACFT is described. The results
of simulating and testing the device in hardware form are presented. Ultimately, results from the tests, as
well as observation and analysis of the LLC converter concept are used to assess the suitability of a simple
LLC resonant converter for applications in which a large gain is required to produce a large voltage for a low
power load.

5.1. Converter Design

The design methodology used to develop the LLC converter for the yYACFT CubeSat EM is outlined in Figure
2.5. From the design flow shown and the equations of the FHA approach, one can see that the key design
parameters are the nominal input and output voltages V;;, and V,,;, the converter load impedance R;, and
the resonant tank elements L, L,;,, and C;. It is noted that different transformer turn ratios are necessary for
a full bridge or half bridge converter design. Additional, the equation used for total converter gain, G, differs
with these cases as well.

The design methodology in Figure 2.5 was consulted as a framework for designing a DC/DC converter
for the pACFT, however some deviations were made in selection of the Q factor, and determining the mag-
netizing inductance L,,. The reasons are detailed as the design steps are encountered in the discussion. The
requirements for the power processing unit are:

PWR-001: The thruster shall be compliant with the PC/104 standard.
PWR-002: The power converter shall provide up to 10 W of power.
PWR-003: The thruster shall operate on a 12 V regulated, or unregulated, input voltage.

PWR-004: The power converter shall provide up to 1.5 kV controllable output voltage.

The first three requirements arise due to the intended CubeSat application, whereas the final requirement
is based on cold-starts demonstrated with previous pACFT engineering and laboratory models. Based on the
previously demonstrated operating points of the pACFT, it was decided that the nominal output voltage of the
converter should be 1200 V [41, 91]. The selection of this nominal output voltage also includes a conservative
margin such that in the case that the designed gain cannot be achieved in practice, the thruster may still reach
lower operating voltages (400 - 1200 V) [91].
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Simple graphical trade offs for the resonant converter switching regulator scheme and the resonant tank
topology are shown in Tables 5.1 and 5.2. All criteria in the trade offs have equal weighting and the design
options are evaluated as having a positive, neutral, or negative inclination toward the criteria. Green indicates
that the design option is well suited with respect to a given criteria, yellow indicates a neutral compatibility,
and red indicates a poor compatibility.

All components are assumed to be space-grade, implying that costs could be high. For this reason cost is
a criteria in both trade offs. For the switching regulator trade off, the suitability for the low power and high
gain application are the other criteria. For the resonant tank, the sensitivity to changes in load and energy
storage are considered. The converter should be isolated from changes in the load, which will vary with the
voltage and the current of the anode. Furthermore, reduced circulating energy is preferable for reduced EMI
and better power transfer.

Table 5.1: Graphical trade off for resonant converter switching regulator scheme.

Cost Low Power Suitability Gain
Half Bridge Two trapmstors Intended for %ow power Offers half 'Fhe gain of
required. applications. full bridge.
. Four transistors Intended for higher Offers twice the gain of
Full Bridge . L .
required. power applications. half bridge.

A half bridge switching regulator topology is selected since it is suitable for a low power application, and
the cost is generally lower. However, the main drawback of the half bridge relative to the full bridge is gain.

Table 5.2: Graphical trade off for resonant converter switching regulator scheme.

Cost Sensitivity to Load Energy Storage
. Moderate ener
. Two components Sensitive to changes . &Y
Series . . storage in resonant
required. in load.
tank.
o Moderate ener
Two components Sensitive to changes . gy
Parallel . . storage in resonant
required. in load.
tank.
. Three components Isolation from Low energy storage in
Series-Parallel . P . & &
required. changes in load. resonant tank.

The series parallel resonant tank design was chosen due to the lower circulating energy leading to reduce
waste energy, and reduced sensitivity to load change offered by the series-parallel tank [118]. The additional
cost of an LLC resonant tank is outweighed by these attributes.

In order to transform an inverted 12 V signal (6 V peak-to-peak) into a 1200 V DC signal, a transformer
with a turns ratio of n = 200 is required (Equation 2.31). Based on requirement PWR-003 identifying the pos-
sibility of an unregulated input voltage bus, an uncertainty in input voltage of £2 V is assumed to determine
the minimum and maximum input voltages. This leads to minimum and maximum gain requirements of
Mg min =0.71 and Mg, max = 1.50 which correspond to a frequency range of 0.82 < ];r—‘f < 1.48. Selection of the
inductance ratio L,, was influenced by availability of components for PCB manufactﬁring, and the magnetiz-
ing inductance of available transformers, since COTS components were used in the design.

A resonating inductance L, = 1.0 £ 0.1 pH was chosen to compliment the measured magnetizing induc-
tance L, = 1.4+0.1 pH of the transformer. The value of L,, was not selected freely as designing a transformer
is necessary to achieve desired magnetizing inductance but instead a COTS option was selected. Figure 5.1
shows the gain curves for an LLC resonant converter with L, = 1.4, for a range of Q factors. The vertical lines
show the locations of f;,; and f;2, while the horizontal lines show the levels of Mg ;in and Mg ;nax. As Q
increases, the peak of the gain curve moves toward f;,1, and as Q decreases it moves toward f.». A Q factor of
Q = 0.86 is required to ensure both Mg ;;,4x and Mg i, could be achieved. Establishing a range of acceptable
Q factors to select from effectively allows the designer to complete the process decision loop in Figure 2.5 in
two steps.
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The equations for Q and R, (Equations 2.37 and 2.36)) are then considered to determine what AC impedance
is seen by the resonant tank during operations, and what Q factor be realistically chosen based on the loading
conditions. Based on the maximum power requirement of 10 W, and the output voltage range of 1000 to 1500
V, the load resistance presented by the pACFT anode should be in the range of 100 < Ry < 225 k{2 (or larger
for less power consumption). Since Q is inversely proportional to n? Ry, which has an order of magnitude of
10°, the Q factor is much less than one. For practical design purposes, the Q factor of this converter is equal
to zero. This indicates that the resonant tank sees an open circuit at it’s output.

LLC Converter Gain Curves, L, = 1.4

LLC Stage Gain

fsw/fr,l

Figure 5.1: Gain curves of L, = 1.4 LLC resonant DC/DC converter for various Q factors. Noted are the resonant frequencies f;,; and
fr2, and the minimum and maximum required gain of the converter, Mg ,;, and Mg, max. For the pACFT converter, Q < 1 and the
gain curve is nearly identical to the Q = 0.01 curve shown. Therefore the frequency operating range (0.82f; - 1.48f;) is the span on the
horizontal axis between the intersections of the outermost Q curve with Mg, max and Mg yip-

The final step in the circuit design is acknowledging the need for split resonant capacitors at the primary
side of the transformer. These two capacitors connect the V;, line and ground, with the mutual node con-
nected to the transformer [97]. With this simple network, the signal in the transformer is isolated from the DC
ground, which would drain the circulating energy. However the second capacitor connecting the transformer
to ground will introduce additional LC resonance frequencies.
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5.2. Simulation and Hardware Testing Activities
Table 5.3 shows the components selected for each element of the half bridge LLC converter design. Devel-
opment of the converter proceeds from a low voltage breadboard to a high voltage PCB. Both circuit designs
are simulated in Multisim to estimate the power and gain characteristics of the design. The measurements
conducted during the development are summarized in Table 5.4.

Table 5.3: Hardware overview of DC/DC converter.

Element Description Component Relevant Specifications
Resonant mode controller which Generates pulses up to 22 V
offers two alternating PWM in amplitude.
Pulse Wa‘ve output channels with TIUC25600 Switching frequencies
Modulation programmable frequency and between 40 kHz and 350
dead-time as well as soft start
kHz.

feature.
Low power consumption.
80 V signal rating.

Switching GaN half bridge switching TI LMG5200 10 A throughput current

Regulator regulator power stage. rating.

Low power consumption.
0603 SMD
Resonant Surface mount inductor and package 1 puH,
Tank capacitor 440 nF and 200 30V signal rating.
nF
Voltage-time product 100
Vus.
Transformer 1:200 coil miniature surface TDK 0.6 mQ primary side and
mount current transformer. B82801B0925A200 33.2 Q secondary side
resistance.
Magnetizing inductance 1.4
pH (measured).
1300 V signal rating.
Rectifier High voltage ultra fast surface BYG23T 1.0 A throughout current

mount rectifying diodes.

rating (average).

75 ns reverse recovery time.
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Table 5.4: Summary of DC/DC converter measurements, alongside the intended outcomes and underlying motivation.

Measurement Outcomes Motivation

Power consumption and conversion efficiency,

P i . . . RQ-3, PWR-002.
ower input and output comparison to simulation. Q
Voltage gain, frequency response of converter,
Voltage output ; . . RQ-3, PWR-004.
comparison to simulation.
Switching frequency Frequency response of converter. RQ-3.

5.2.1. Low Voltage Breadboard

As a first step, the design concept is implemented on a breadboard setup with a smaller transformer (n =
5) to confirm that the components function together as expected, and to determine whether a high power
efficiency could be achieved with the proposed design.

For the breadboard, an n = 5 transformer and standard BAT54 30 V Schottky diodes are used with the
UCC25600 PWM controller and LMG5200 GaN half bridge, switching at 100 kHz. Ideally 30 V output is pro-
duced from a 12 V input with this circuit. The key features of the lower voltage breadboard converter are
summarized below.

Vour=30V L, =40 nH
n=>5 Ly =1.00 pH
fsw =100 kHz C; =2.54 uF

Simulation The lower voltage breadboard circuit was simulated in Multisim (Figure 5.2) to verify the design
and to compare with the experimental efficiency measurements. The UCC25600 PWM controller is repre-
sented by switches which have are set to alternate at 100 kHz with a dead time between pulses of 0.15 ps for
a 47.5% duty cycle. The LMG5200 half bridge power stage is represented by two 25K2980 high speed power
switching MOSFETs as a SPICE model representation of the device was not available.
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Figure 5.2: Multisim circuit simulation of 30 VLLC DC/DC converter breadboard.
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Breadboard The switching mechanism of the PWM controller can be easily tuned between 50 to 250 kHz
using a potentiometer connected to RT pin of the UCC25600. Similarly the dead time between pulses can be
tuned with a potentiometer on the DT pin. Datasheet recommendations are taken into account when deter-
mining what value of capacitor or resistor is appropriate for the VCC pins of the LMG5200 and UCC25600. A
1 yF capacitor is used to create an RC low pass filter with a low cutoff frequency at the output.

This circuit is tested at fs;,, = fr, where the gain of the resonant tank is unity. The output voltage and
power throughput, measured across a range of loads from 50 2 to 10 k{2, are shown in Figure 5.3. The output
voltage of the converter is stable and greater than 29 V for any load larger than 3 k2. The power efficiency of
the converter varies across this range of loads, peaking at 77% near 1 k{2 load. The actual power throughput
of the converter never exceeds 2 W. The Multisim simulation is used to calculate the the power throughput
and conversion efficiency of the design, and the results are also shown in Figure 5.3. At lower load resistances,
the power throughput predicted by the simulation grows while in the breadboard circuit it fell off. This may
be due to a power limitation of the potentiometer used to vary the load resistance, or a particularity of one
of the circuit components which was not implemented in the simulation. Aside from this particular region
of the test domain, the experimental measurements and simulation predictions appear to be in agreement,
particularly for the power conversion efficiency of the device. This agreement is taken as confirmation that
the representation of the PWM controller with switches and half bridge power stage with 2SK2980 transistors
in the simulation is adequate.

LLC Converter Breadboard Performance
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Figure 5.3: Comparison of results from Multisim simulations and breadboard hardware performance of LLC resonant DC/DC converter
design. Peak efficiency measured is 77%, and efficiency curve agrees with simulation. Measured power output is below 2 W.

Although the breadboard efficiency peaks at only 77%, limiting parasitic and non-ideal effects in the
breadboard circuit by transferring the design onto a PCB should improve the efficiency overall.

5.2.2. High Voltage Circuit Board
The design of the high voltage PCB is very similar to the breadboard, with a few key distinctions. The mod-
ifications to the breadboard design include replacing the transformer with one which provides the neces-
sary turns ratio (n = 200), replacing the diodes and output filter capacitor with components which can with-
stand the high voltage, and adjusting the resonant and switching frequencies of the circuit to account for the
voltage-time product of the transformer.
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The features of the high voltage converter circuit are summarized below.

Vour =1200V L, =1.08 yH
n =200 m =1.40 uH
fsw=200kHz C, =606 nF

Simulation The Multisim simulation of the high voltage converter design is shown in Figure 5.4, where the
UCC25600 PWM controller and LMG5200 half bridge converter stage are represented the same way as in the
previous simulation. The dead time of the switches is 0.11 ps for a 47% duty cycle. A custom Multisim compo-
nent is created to represent the BYG23T switching diodes in the rectifier. This custom component is assigned
the voltage rating, current limit, and reverse recovery time of the actual diode. Furthermore, the transformer
model is customized to account for the primary and secondary side resistances and the magnetizing induc-
tance of the actual component. However, the one feature of the transformer not represented in the Multisim
component designer is the voltage-time product.

HO | 25K2980
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v g

Cb1
==100nF 1:200
D3
PR
BYG23T
D4

7 Tz
| o2 BYG23T =

100nF
o, T

Figure 5.4: Multisim circuit simulation of LLC DC/DC converter printed circuit board.

During investigations with this Multisim circuit, it became apparent that the power conversion efficiency
of the circuit at nominal gain had decreased relative to the low voltage design. For a load on the order of
200 k€2, which is the expected load presented by the anode of the pACFT, the maximum power conversion
efficiency which could be achieved is 53%. Both increasing and decreasing the output load from this point
results in a decrease in efficiency.

Printed Circuit Board The converter PCB design is created in Eagle. The schematic diagram and routing
diagram for the circuit can be seen in Figures B.4 and B.5 respectively in Appendix B. The PCB requires 12V, 5
Vand GND connections, as well as one high voltage output for the anode. However due to the small footprint
of the circuit, a board with only one half of the total PC/104 area is used. Furthermore, the 104 pin structure
is not used. The fully assembled circuit board can be seen in Figure 5.5.

The output voltage range and power efficiency of the converter are measured by varying the switching
frequency and output load, respectively. The measured gain curves of the converter are shown in Figure 5.6,
plotted versus the theoretical gain curve based on Equation 2.38. Ultimately, the converter did not achieve
the expected gain. The maximum gain measured with the converter was G = 65, for an output voltage of
Vour = 780 V. When driven at the resonant frequency of the circuit, the gain of the converter was half of the
designed value, achieving 600 V output.
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Figure 5.5: LLC resonant DC/DC converter PCB for the pACFT EM, inside grounded housing for safety.
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Figure 5.6: Open circuit and loaded gain curves of DC/DC converter PCB. Noted are the theoretical gain curves of the designed LLC
converter using fundamental harmonic analysis based on fr,) and f;,2, and the effect of the f},,, resonance with the split resonant

capacitors.

Noted on the plot are resonant frequencies f;; and f;2, and a third resonant frequency f; ,. The first
two resonances refer to those generated by the resonant tank (Equations 2.32 and 2.34), while the third is a
resonant frequency associated with the LLC resonant tank components resonating with one of the 100 nF
split-resonant capacitors (Cs/,) used to isolate the transformer from ground.

1
(5.1)

fr.p =

2my /L, (CH+C 7!
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Despite the fact that the parasitic resonance is more than 2.5 times higher than the resonant frequency
of the LLC circuit, it’s influence on the gain of the circuit is not negligible. As shown in Figure 5.6, the gain
of the converter continues to climb when f,, > f;1, which is the opposite of the typical behaviour of an LLC
converter. In theory, f7, could be increased, reducing its influence on the gain curve of the converter, by
using smaller capacitors for isolating the transformer. However in practice, capacitors smaller than 100 nF
led to much weaker isolation and a complete loss of energy coupling into the transformer.

The power conversion efficiency of the converter was tested using a small variety of loads with suitable
power ratings. The results are shown in Table 5.5. The agreement between the simulated and measured ef-
ficiencies is not as close it is for the low voltage breadboard. However a similar trend in power conversion
efficiency as a function of load appears. As the load increases, the simulated and measured efficiencies con-
verge, which is also observed in the breadboard tests. The measurements and simulations indicated that a
peak efficiency greater than 15.7% could be achieved at 200 k{2.

Table 5.5: Gain and efficiency of DC/DC converter with various loads. No power transferred at open circuit (O/C) and so no power
efficiency available. Peak simulated efficiency occurs at Ry, = 200 kS2 load, but this load has not been bench-top tested.

Load Measured Gain Simulated Gain Measured Efficiency Simulated Efficiency

0/C 65.0 108.2 N/A N/A
5MQ 35.8 108.2 2.8% 2.3%
1 MQ 36.6 108.3 9.5% 11.5%
96 k(2 15.8 50.0 15.7% 36.3%
200 k2 N/A 108.3 N/A 53.1%

5.3. Discussion and Conclusion

In this chapter, the design for a low power, high voltage gain resonant LLC DC/DC converter is described with
the intention of developing a PC/104 compliant power processing unit for the pACFT device. The driving
factors for the design of the converter are the PWR requirements of the pACFT CubeSat EM. The compliance
two the PC/104 standard implied a 12 V or 5 Vinput. The pACFT requires an anode potential on the order of 1
kV. The necessity for a low power consumption ultimately lead to the selection of the resonant LLC converter
topology, due to it’s characteristically high efficiency. Thus the development of the power processing unit is
dependant on what performance can be achieved with an LLC converter in the context of a high voltage gain
but low power consumption application.

The converter is designed to transform a 12 V input voltage into a variable 1000 - 1500 V output voltage.
The converter is composed of COTS integrated circuits and surface mount components. The circuit design
is simulated in Multisim, as well as tested on a low voltage breadboard and a high voltage printed circuit
board. Comparison of measurements made with the breadboard circuit validate the design and show that
the selected components work together as expected. Furthermore, the Multisim simulation of the design
produces results which are in agreement with the breadboard measurements, except in the case of the power
output of the converter for small loads. The gain of the breadboard at the resonant frequency of the converter
is equal to the gain predicted by the FHA model for an LLC circuit. The maximum measured power conversion
efficiency of the breadboard device is 77%, and the maximum power output is 1.9 W. The final high voltage
PCB implementation of the converter meets only the power processing unit requirement for input voltage
(PWR-001), but not the others and thus it was not used in testing of the pACFT EM.

The performance of the converter is much lower than anticipated in a few key ways. Firstly the maximum
gain measurement G = 65.0, achieved with an open circuit output, is approximately half the required max-
imum gain of G = 150 (violating PWR-004) and still much less than the minimum gain of G = 83.3. When
adding a load to the output, the gain decreases significantly. Although the power consumption of the device
is very low (< 2.4 W), the measured power conversion efficiency is also very low, and the measured power
output of the device never exceeds 0.4 W (violating PWR-002). Ultimately the converter was not used in the
testing the pACFT due to the inadequate performance.

Three issues can be identified with the design concept for the LLC converter described in this thesis which
lead to lower performance relative to a typical LLC converter. Ultimately, all the points are related to the
characteristics of the transformer and the simultaneous requirements on high voltage gain and low power
consumption.
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Restricted Design Space The design space of the LLC converter is limited in the case that both a high voltage
gain and low power consumption are required. This is a result of the fact that a very high turns ratio is required
to produce the very large voltage gain, and that the low power consumption at the output implies a large load
resistance. By combining Equations 2.36 and 2.37, one can see that Q o n+&' The Q factor of the LLC circuitis
constrained to Q < 1 when n? > 1. Another factor limiting the choice of Q is the low power requirement. For
a high output voltage implies a large output load R, and thus a further decrease of Q. In the case presented
in this thesis, Q ~ 107%. The only way to counteract this restriction on Q is by increasing the L, /C, ratio by
multiple (approximately eighteen) orders of magnitude. However this is not practical since C, would need to
so small that the capacitance becomes negligible in comparison to parasitic effects.

The effect of having a restricted design space with respect to the Q factor does not make the design im-
possible. Several LLC designs with Q <« 1 can be achieved simply by tuning the inductance ratio L,, such
as the one presented in this thesis. However Q is typically a free design parameter in LLC converter design
which allows for the designer to select a gain curve which best suits the specific requirements of the converter.
However in the specific case where high voltage gain and low power consumption are required, Q is not a free
design parameter since all gain curves for Q < 0.1 are effectively identical (Figure 5.1).

Limited Gain The gain of the converter appears to be restricted by the voltage-time product of the trans-
former. The voltage-time product, V; is a measure of the energy density that the transformer is capable
of transferring in each half period of the signal. It is typically measured in units of Vus and is described by
Equation 5.2

T
Vas=V 5.2)

where V is the peak voltage in the transformer and T is the period of the AC signal. For the converter design
demonstrated in this thesis, the product on the right-hand side of the equation is 30 Vs at the transformer
primary side, and 3000 Vs at the secondary side. However the datasheet for the transformer chosen quotes a
voltage-time product of 100 Vps, indicating that the transformer can not accommodate the large output volt-
age signal at the chosen switching frequency. Furthermore, the transformer is a current sense transformer,
who's primary application is reducing large currents to small signals for monitoring or feedback.

Low Efficiency The low efficiency of the demonstrated by the converter, both in the simulations and hard-
ware testing, can also be linked to the transformer and the low power consumption of the device. The trans-
former chosen is a current sense transformer. As such, the relationship between primary and secondary side
current is I, = nl;. Assuming all currents which are consumed by components in the circuit are negligible in
comparison, then I, ~ I;; of the converter, and I ~ I,y Using these relationships and approximations, the
efficiency of the converter 1 could be estimated with Equation 5.3
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Since the circuit should provide a low output power but large output voltage, Ry is large and on the order
of 10° . For the case considered in this thesis, V;,, = 12V, n = 200, and ideally P;,, <10W, thus I;;; <833 mA.
Using the above equation to estimate the efficiency in this case leads to a result of n < 2%. With this simplified
analysis of the circuit, it is possible to demonstrate how the simultaneous requirements on high gain and low
power consumption lead to the power conversion efficiency of the device being low. Clearly the analysis is
overly simple and does not accurately describe the actual efficiency of the device across a range of operating
points. However it does show the way in which the power efficiency is impacted by the requirements, and

that a higher power consumption or lower gain would lead to higher efficiency.

(5.3)



Thermionic Cathode Neutralization

A key element of an ion thruster system is the cathode, which serves in establishing the potential difference
responsible for accelerating the ions and in providing a neutralizing current so that charge does not build
up on the spacecraft. In this chapter, the steps taken to assess whether a thermionic cathode technology
would be suitable for the pPACFT system are outlined. Analysis of the fundamental limitations of space charge
accumulation imposed by the Child-Langmuir limit is provided alongside calculation of the emission current
of various thermionic emitters. A design option trade off is executed to select the most suitable option from
available technologies, and measurements made during testing of the pACFT are discussed.

6.1. Neutralization Efficacy

The objective of the cathode investigation is to determine whether a thermionic emitter can be effective. The
meaning of effective must be defined in the context of neutralization of the pACFT plume. Neutralization of
the thruster exhaust plume is considered effective it meets the following criteria.

1. Sufficient thermionic current is produced to sustain thruster operations.
2. Little power is required (< 10 W).

3. The technology is reliable and can sustain long term operations.

In order to address the first criteria, the Poisson equation for electric potential (Equation 2.46) can be an-
alyzed in the context of the hACFT geometry in order to assess the likelyhood that the space charge limitation
would impact the performance of a thermionic emitter. The Child-Langmuir space charge limit is calculated
for the planar diode case (Equation 2.47), using the separation of the anode and cathode and the area of
the anode to find the actual current. The space charge limit, formally a current density limit, is converted
to an actual current using the geometry of the thruster. Since the current density in the planar case is more
restrictive than in the cylindrical case, the analysis is relatively conservative.

The expected ion beam current is calculated for a range of mass efficiencies and propellant flow rates
(Equation 2.6). By comparing this plume current to the Child-Langmuir limit at various thruster operating
potentials, it is possible to assess whether this plume current would exceed the current which corresponds to
the Child-Langmuir space charge limit. The thermionic emission current of a variety of thermionic emitters
is calculated based on Equation 2.42 to determine the operating temperature required to achieve the plume
current and the Child-Langmuir current limit.

In Figure 6.1 is a contour map showing the ion beam current of the pACFT as a function of the the mass
efficiency and propellant flow rates. Highlighted in white contours are the Child-Langmuir current limit at
the 145, 230, 900, and 1500 V operating points identified in Table 3.6. Also shown on the plot are the 145V
and 1300 V operating points for which the mass efficiency was calculated in Section 3.3.2.

In principle, the thermionic emitter must supply a current of electrons at least as large the ion beam
current. Thus the proximity of the Child-Langmuir limit to the ion beam current at a given operating point
can be used as an indicator for the suitability of a thermionic emitter.
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Typically, the pACFT operates in the range 700 - 1500 V, and the Child-Langmuir current limit in this range
exceeds the resulting beam current by approximately one order of magnitude. Thus for standard operating
points for the pACFT, the cathode is not near the Child-Langmuir limit. However there in the current limited
operating state, where anode potential is low and the beam current is high, the situation is the opposite.

Ion Beam Current [mA]

10

Mass Efficiency [%]

05 ] 15 2
Propellant Flow Rate [sccm]

Figure 6.1: Ion beam current of CubeSat pMACFT compared to the Child-Langmuir space charge limitation for a planar diode. At low
voltage, high current operating points (145 V, 230 V) exceed the limit, while the high voltage operating points are far below the Child-
Langmuir limit.

The current of the ion beam in the current limited case exceeds the Child-Langmuir space charge limit
on the cathode emitter by nearly one order of magnitude, indicating space charge limitations could impact
performance. Although a thermionic cathode technology might not be suitable for operations in the current
limited state, it is certainly a feasible method for neutralizing the beam in standard operating states.

6.1.1. Design Option Trade Off

The next step in determining whether a thermionic cathode technology can neutralize the ion exhaust plume
in a way that meets the criteria for effectiveness set forth at the start of this chapter is selecting the most
suitable technology from the available options.

First, a list of available design options for thermionic cathodes is compiled. For example, Figure 6.2 shows
the emitted current of a variety of thermionic materials. In generating the design option list, technologies
with commercial availability and short development times are considered in order to comply with the new
space design philosophy. In order to rank the design options, a trade off is conducted. The analytic hierarchy
process (AHP) is selected as the trade off method. With this method, a number of trade off criteria are estab-
lished and ranked systematically according to their importance relative to one another. Relative importance
is evaluated pairwise. The result of ranking via the AHP is a weighting assigned to each criteria. Then the
performance of each design option is scored with respect to each criteria according to defined thresholds.
The overall score for each design option is calculated as:

Ti=wjtij (6.1)

where Tj is the total score for the i‘" design option, w ; is the weighting of the j trade off criteria, and 7; jis
the corresponding score of the design option. Following on from the selection, the chosen technology should
be analyzed and tested to assess the performance and ultimately determine if it is a suitable and effective
cathode technology.
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Figure 6.2: The thermionic emission of various cathode material options including refractory metals (Ir, W, Ta, Mo), boride crystals
(CeBg, LaBg), and an oxide coated crystal (BaO-W).

Design Options The typical design options for thermionic emitters are refractory materials, both metals
and ceramics. Refractory materials are those which are able to withstand very high temperatures. Both re-
fractory metallic and ceramic materials can be used as a thermionic cathode. Refractory metals are familiar
thermionic emitters which have a variety of commercial and scientific uses. Although the emission efficacy
of refractory metal emitters is relatively low, they are reliable and inexpensive. However refractory metals
with lower work functions generally require higher operating temperatures, which in turn leads to a higher
evaporation rate and shorter lifetime. With respect to refractory ceramics, boride crystals are available com-
mercially in the form of thermionic cathode neutralizers with moderate emission efficacy, but are typically
very expensive. These crystals have a long lifetime and relatively high emission efficacy. Another design
alternative are coated emitters, which are thermionic emitting materials whose modified surface properties
which result in a lower material work function and an improvement in the emission efficacy. Although coated
emitters are typically very efficient, they are also very susceptible to corrosion from any source due to the re-
activity of the surface coating. On the other hand, boride crystals are strongly resistant to corrosion from
atmospheric gases and iodine since they are ceramic refractories. Metals are typically resistant to corrosion
when handled in atmospheric conditions, but not necessarily to a corrosive substance such as iodine.

1. Boride Crystal

ex. Lanthum hexaboride, cerium hexaboride.
2. Coated Emitter

ex. Barium oxide, thorium oxide, calcium aluminate, aluminum oxide, yttria coated iridium.
3. Refractory Metal

ex. Molybdenum, tantlum, tungsten, rhenium.

The categories of boride crystal, oxide coated crystal and refractory metal are considered the design op-
tions for this trade off. The specific material selected from the winning design option category will depend
on availability and cost.
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Trade Off Criteria The trade off criteria selected stem from the initial criteria set out in this chapter which
define effective neutralization of the exhaust plume. Cost is also included as a criteria in order to incorporate
an element of the new space design philosophy, which favours inexpensive commercial products when they

are suitable.
1. Reliability: The success rate of thruster ignition when using this design option.

2. Resistance to Corrosion: The ability of the design option to maintain an operating condition during
handling and in proximity to iodine.

3. Emission Efficacy: The thermionic emission efficiency of the design option.
4. Lifetime: The length of time for which the design option can maintain thruster operations.

5. Cost: The cost of development or purchasing a product based on the design option.

The decision matrix for the AHP criteria ranking shows the relative importance of the criteria as ranked by
the author. A scale of one to nine is used for the pairwise comparisons, where one indicates equal importance
and nine indicates a extreme importance in favour of the criteria in the vertical column. In comparisons
between criteria, the emphasis is first on the general reliability of the design option with respect to igniting
the thruster, resisting corrosion from the iodine and atmospheric gases, and having a longevity suitable for
the thruster. The second priority is the performance of the design option with respect to the it’'s thermionic
emission efficacy, as this is directly related to the power consumption of the cathode. The lowest priority is
cost.

Reliability Resistance to Corrosion Emission Efficacy Lifetime Cost
Reliability 1 2 2 3 4
Resistance to Corrosion 1/2 1 2 3 2
Emission Efficacy 1/2 1/2 1 2 2
Lifetime 1/3 1/3 1/2 1 2
Cost 1/4 1/2 1/2 1/2 1

Solving for the principle eigenvector of this matrix provides the weighting, w;, of each criteria. The consis-
tency ratio of this decision matrix is 3.1%, indicating that the importance comparisons were self-consistent.

Table 6.1: Thermionic cathode emitter trade off criteria weightings.

Criteria Weighting
Reliability 37.3%
Resistance to Corrosion 25.3%
Emission Efficacy 12.2%
Lifetime 11.4%
Cost 8.8%

Result The scoring of the design options with respect to each criteria is determined based on the thresh-
olds outlined in Table 6.2. When calculating the final score of the design option, low corresponds to 7 =1,
acceptable to T = 2 and superior to T = 3. Scores are assigned based on available products, known material
properties, as well as accumulated knowledge and test results. The scores of each design option are outlined
Table 6.3 and the final result is shown in Table 6.4.
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Table 6.2: Thermionic cathode technology trade off criteria thresholds used for AHP trade off.

Criteria Low Acceptable Superior
Reliability < 80% 80 - 90% > 90%
Resistance to Corrosion  Significant Effect Minor or Moderate Effect ~ No Effect
Emission Efficacy <2 mA/W 2-4mA /W >4 mA/W
Lifetime < 50 hours 50 - 100 hours <100 hours
Cost > €500 €200 - 500 < €200

Table 6.3: Thermionic cathode design option scores for each AHP trade off criteria.

. . e 1 e Resistance to Emission e e
Design Option Reliability Corrosion Efficacy Lifetime Cost
Boride Crystal Acceptable Superior Acceptable Superior Low
Oxide Coated . .
Crystal Acceptable Low Superior Superior Acceptable
Refractory Metal Superior Acceptable Low Acceptable Superior

Table 6.4: Result of AHP design option trade off for thermionic cathode emitter.

Design Option Score
Boride Crystal 2.18
Oxide Coated Crystal 1.88
Refractory Metal 2.24

The result of this AHP trade off indicates that a refractory metal thermionic cathode is the most suitable
option for the HACFT. Some decisions made during the analysis of trade off criteria had a large influence
over the result. The emphasis on reliability of the design option coupled with the test results from the LET
demonstrating that tungsten emitters are a reliable method of igniting the ACFT thrusters, had significant
impact on the result. The runner up, boride crystals, is a good design option due to its resistance to corrosion
and relatively high efficiency, but the key drawbacks of this option are the comparably low reliability and
very high price. Although oxide coated crystals have the highest emission efficacy, they are the least suitable
design option due to the low resistance to corrosion, comparably low reliability and moderately high price.

6.1.2. Test Results

The main focus for testing of the thermionic cathodes is based on observing the power consumed by the
emitter and the thruster simultaneously. Firstly, the emitter power consumption is monitored to calculate its
contribution to the overall power budget. The thruster power is monitored in order to explore the correlation
between cathode power and thruster power. The measurements are summarized in Table 6.5.

Table 6.5: Summary of thermionic cathode measurements, alongside the intended outcomes and underlying motivation.

Measurement Outcomes Motivation

RQ-4, RQ-1 and all
sub-questions.
RQ-4, RQ-1 and all
sub-questions.

Cathode emitter input power Total power consumption.

Thruster input power Total power consumption.

In testing, typically four to six tungsten filaments were placed near the exit of the discharge chamber, with
a single filament taking the place of the cathode 29 mm from the anode. It was observed that typically a large
input power (8.7 - 9.6 W) distributed across all the filaments was required to ignite the thruster. However
following ignition, the thruster could be operated without the additional filaments, relying on only a single
filament in the cathode position.
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For a tungsten filament operating at the typical operating temperature of 2500 - 3000 K, the theoretical
thermionic current output is between 0.03 - 1.45 mA/cm?. Measured current densities of the pACFT ion
beam are between 1 x10™ - 9 x 1073 mA/cm?. Thus a single tungsten emitter can emit sufficient neutralizing
current to operate the thruster, provided that the recombination rate is sufficiently high and the space charge
limit is not reached.

During the xenon test campaign, the thruster was observed to operate reliably at standard operating
points using a single tungsten filament with only 1.8 W of input power. On the other hand, the thruster
could maintain current limited operations with 7.6 W of input power to the filaments. Further decreasing
the cathode power input results in the thruster transitioning back into the standard operating state. During
the iodine test campaign, the thruster could be operated at the current limited operating point with only the
cathode filament, consuming 2.5 W of input power. Typically, the thruster power would decrease along with
the cathode power until the discharge would extinguished. In the other direction, the thruster power would
increase with the cathode power. However at a certain point the thruster power saturates and will no longer
increase with the cathode power.

6.2. Discussion and Conclusion

In this chapter, the viability of using a thermionic emitter as an effective cathode neutralizer for the iodine
MACEFT is investigated. Neutralization of the exhaust beam of the thruster is defined as effective if sufficient
thermionic current is supplied to sustain operations, little power is consumed by the the neutralizer, and
the technology is reliable over a relatively long period of time. Both analytic and experimental methods are
employed to explore the issue. A trade off is conducted to determine what the most suitable thermionic
technology is for the system, and experimental results obtained during testing of the pACFT are presented.

The design option trade off was conducted to determine whether a boride crystal, coated emitter, or re-
fractory metal is the most suitable thermionic emitter for a cathode. The criteria used in the trade off are
reliability, resistance to corrosion, emission efficacy, lifetime and cost. The AHP method was used to rank the
criteria based on relative importance, and thresholds are applied to the criteria to assess the performance of
each design option relative to each criteria. Ultimately the refractory metal scored highest in this design trade
off due to the highly weighted importance of the reliability and resistance to corrosion. In the end a tungsten
filament was selected for the pPACFT due to the high reliability, easy handling, moderate resistance to iodine,
suitable efficiency and lifetime, and very low cost.

The Child-Langmuir law for the space charge density limit in a planar diode is applied to the case of the
MACFT to determine whether a thermionic emitter is likely to be space charge limited in the context of fHACFT
operating points based on the corresponding ion beam current which must be neutralized. The planar diode
geometry is selected since it provided a more conservative result compared to the space charge limit in a
cylindrical geometry. The space charge limit predicted by the Child-Langmuir law is converted into a current
limit on the emitter, which is compared to the typical ion beam currents of the pACFT to assess the risk of
the neutralizer becoming space charge limited. This analysis shows that a neutralizer would not be risk of
becoming space charge limited in standard operations, where the anode voltage is in the range 700 - 1500 V
and the beam current is in the range 1.5 - 7.5 mA. However in current limited operations, where the voltage is
less than 300 V and the anode current is 20 mA, the space charge limit may prevent effective neutralization of
the ion beam. However in testing, the tungsten emitter is used to successfully ignite and run the thruster in
the current limited state. The limitations of the analysis which may have lead to this contradiction between
the model and test observations include the geometry of the diode being greatly simplified, and not taking
into account the recombination of the electrons with ions in the plume reducing the negative space charge
build up.

In testing, the tungsten filament demonstrated adequate performance as a neutralizer across all tested
operating points. Although a relatively high power was used during ignition of the thruster, the total power
consumption of the thermionic emitters used stayed below 10 W. The total power consumption of the single
tungsten filament cathode was as low as 1.8 W during standard operation with xenon, and 2.5 W during
current limited operation with iodine.



Conclusion

In the new space paradigm, the CubeSat has proven to be an incredibly popular satellite platform which has
lead to the emergence of various new companies and engineering groups at universities which are build-
ing and operating these spacecraft. Many researchers and developers in the industry are planning for future
CubeSat missions which incorporate swarm formation services for Earth, deep space exploration, or debris
removal. A key technology which would enable these types of missions is small sized CubeSat compatible
propulsion systems. In the field of electric propulsion, iodine based systems may have game changing poten-
tial when it comes to CubeSat propulsion systems. Since the propellant can be stored as a solid, the thruster
design can become compact and unpressurized. In this thesis, the design, construction and and testing of a
miniature iodine-fed advanced cusped field thruster (LACFT) for the 3U+ CubeSat platform is outlined. The
overall objective the project is to validate the use of iodine as a viable propellant alternative to xenon in the
context of CubeSat electric propulsion systems by demonstrating the concept via an iodine pACFT engineer-
ing model.

The performance of the iodine pACFT EM is measured at the Laboratory for Enabling Technologies at
Airbus Friedrichshafen. The measured performance is compared to previous JACFT demonstrators, other
CubeSat thrusters, as well as other iodine thrusters. Key factors unrelated to propellant choice which impact
the performance of the device are identified. Additional research questions related to the thruster subsystems
were also explored throughout the project. The topics relate to characterizing the iodine feed system for the
thruster, designing an LLC resonant DC/DC converter for the pACFT power processing unit, and determin-
ing the suitability of using a thermionic emitting cathode technology. The research objective and questions
which guided the activities of the this thesis are as follows:

OBJ-1: To investigate the viability of iodine as a propellant alternative (to xenon) for ion electric propul-
sion systems in the context of CubeSat applications by constructing and testing a fully integrated engi-
neering model of an iodine-fed pACFT device.

RQ-1: How does the thruster performance compare in the context of the legacy of miniaturized ACFT
devices?

RQ-1A: How does the device compare relative to other iodine thrusters?

RQ-1B: How does the performance compare to other CubeSat thruster alternatives?

RQ-1C: Aside from propellant choice, what other aspects of the hHACFT design impact the performance?
RQ-2: What flow regime(s) characterizes the iodine vapour feed system?

RQ-2A: What is the sublimation rate of iodine in the context of the feed system? To what extent is it
described by the Langmuir sublimation model?

RQ-2B: What is the mass flow rate through the thruster?

RQ-3: What performance can an LLC resonant converter achieve in the proposed low-power, high-
voltage application?

RQ-4: Can a thermionic cathode technology effectively neutralize the thruster ion plume?

75
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In the following section, an assessment of the iodine pACFT status with respect to the system require-
ments is first provided. Then, the key outcomes of each chapter of the report are summarized in a way to
address each of the related research questions. Lastly, there is a section discussing ideas and topics for future
work.

7.1. Summary and Key Outcomes

In the introduction to this thesis (Chapter 1), the relevant context for CubeSats and electric propulsion are
discussed to establish a motivation for the project. In Chapter 2 the fundamentals of electric propulsion are
introduced, along with the pACFT concept and theories from plasma physics which are relevant to design of
a cusped field thruster. The specific benefits of using iodine as propellant for CubeSat propulsion systems
are discussed as well. Then the relevant theories required for the characterization of the feed system fluidics,
design of an LLC resonant DC/DC converter, and assessment of thermionic emitters and cathodes are dis-
cussed. Following on in Chapter 3, the design of the iodine-fed HACFT is described in detail, beginning with
the synthesis of the system requirements. The thruster is designed for use on a 3U+ or larger CubeSat, and is
housed inside the tuna-can extension of the spacecraft. Measurements made in performance characteriza-
tion are discussed and compared to other pACFT devices, CubeSat thrusters, and iodine thrusters. Chapter 4
covers the iodine feed system characterization with respect to the flow regime and mass flow rate. In Chapter
5is a discussion of the design and testing of a resonant LLC DC/DC converter for the pACFT power processing
unit. Finally, in Chapter 6, the the design and assessment of the thermionic cathode neutralizer is described.

HACFT EM Status The pACFT EM was tested with both xenon and iodine propellants. The specifications
achieved with the final iodine-fed yACFT EM are summarized in Table 7.1.

Table 7.1: Specifications of iodine HJACFT engineering model. * indicates an estimated parameter

Parameter Specification
Dry Mass (No PPU) 280¢g
Iodine Capacity 200g
Size 180 cm?
Power 83-11.6 W
Thrust 227 -254 (£ 1) uN
Specific Impulse * 103 -115(+48) s
Efficiency 4.0%
Av (3U CubeSat) * 49.3 -55.0m/s

The compliance of the thruster with respect to each of the system requirements is shown in Tables 7.2
and 7.3. The key shortcomings of the current design with respect to the requirements are related to the power
processing unit (PWR-002, PWR-003, PWR-004, PWR-005) and feed system inhibitor (PRO-003). Other re-
quirements still remain to be verified. These are generally related to which launcher and launch range are
chosen for the CubeSat. The selection will dictate the further requirement breakdown of PRO-002, MEC-003,
and EMI-002.

Table 7.2: Compliance of JYACFT EM with MEC system requirements.

ID Requirement Outcome Remark
The thruster shall fit within a 3U+ ) System envelope includes tuna-can
MEC-001 1 . . .
€-00 CubeSat platform. Compliant extensions and one-third of 1U.

The thruster wet mass shall not
MEC-002  exceed 1.00 kg, or 25% of the total =~ Compliant.
3U+ CubeSat mass.

Dry mass is 280 g and the propellant
capacity is 200 g.

Launcher must be chosen and then the
requirement can be elaborated. Both
simulation and environmental tests will
be necessary.

The thruster shall withstand
MEC-003  vibrational and static loads of the Unverified
chosen launcher.
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Table 7.3: Compliance of yYACFT EM with PRO, FL, PWR, and EMI system requirements.

ID Requirement Outcome Remark
PRO-001 The thrustfzr shall not incorporate Compliant, No combust}on or pyrotechnics used in
pyrotechnics. thruster design concept.
The thruster shall comply with the Iodine is corrosive to some materials and
PRO-002 AFSPCMAN 91-710 hazardous Unverified. = would likely need to be approved on a
materials allowances. mission basis.
The thruster shall comply with Non- Current inhibitor needs to be replaced
PRO-003 AFSPCMAN 91-710 inhibit . with an insulating material since it
. compliant. . .
requirements. contributes to thruster backfiring.
Stored chemical energy in the . The heat of vaporization of 200 g of
PRO-004 thruster shall not exceed 100 Whr. Compliant. molecular iodine is only 18 Whr.
PRO-005 The thrgster shall not incorporate Compliant, The pressure in thg feed system is far
pressurized vessels. below atmospheric levels.
The thruster shall provide at least ﬁrclcﬁgénizo;sngxlgnnigtlfhs é) ecific
PRO-006 10 m/s of Av capability for a 3U+ Unverified. pUise, ppea .
requirement but direct measurement is
CubeSat platform.
necessary.
The feed system shall incorporate
FL-001 materials which are resistant to Compliant.  Feed system composed of PEEK.
iodine vapor corrosion.
The reservoir shall reach a
FL-002 temperature high enough to Compliant.  Feed system is heated to 50 - 60°C.
sublimate Iodine.
FL-003 The feedline tempe;rature shall Compliant, Secondary reseryour temperature .
exceed the reservoir temperature. exceeds reservoir temperature by 10°C.
All components shall remain Thruster operates below maximum
FL-004 within their operational Complaint.  temperature of PEEK and the NdFeB
temperature range. magnets.
The power processing unit shall .
, The converter uses the 12 Vand 5 V lines
PWR-001  operate on a 12 Vregulated, or Complaint.
. of the PC/104 bus.
unregulated, input voltage.
The power processing unit shall .
PWR-002  be compliant with the PC/104 Non- ‘ Converter uses PC/104 1nput§ but does
compliant.  not have the PC/104 connection harness.
standard.
The power processing unit shall Non- Maximum measured power output of the
PWR-003 . . .
provide up to 10 W of power. compliant.  converter is 2.4 W.
The power processing unit duty Non- The converter was not tested with the
PWR-004 .
cycle shall 50%, or greater. compliant.  thruster for duty cycle measurements.
The power processing unit shall
. Non- . . .
PWR-005  provide up to 1.5 kV controllable compliant Maximum output achieved is 780 V.
output voltage. P
The thruster magnetic field shall The thruster magnetic field is 40 - 50 pG
EMI-001 not exceed 0.5 G greater than Compliant.  and thus cannot exceed that of Earth by
Earth’s. such a large margin.
The thruster shall comply with the
EMI-002 EMI requirements of the chosen Unverified Launcher must be chosen and then

launcher.

requirement can be elaborated.
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Thruster Performance Comparison The pACFT EM was tested with both xenon and iodine propellant. Di-
rect thrust and plasma diagnostic measurements were made with both propellants. The outcomes of the
measurements include thrust generated, power-to-thrust-ratio, specific impulse and total thruster efficiency.
The PACFT operated in standard and current limited operating modes with xenon, but only the current lim-
ited mode was possible with iodine.

RQ-1: How does the thruster performance compare in the context of the legacy of miniaturized ACFT
devices?

The pACFT EM in this thesis performed well in comparison to previous pPACFT demonstrators in terms of
power-to-thrust-ratio, specific impulse, total thrust generated and total efficiency. The current EM demon-
strated the best recorded thrust, power-to-thrust-ratio, and efficiency of any pACFT system. The best per-
formance measurements were all made when the thruster was in a current limited operating mode. The
operating state could be reliably reached with the current EM with a mass flow rate of 0.6 sccm or higher,
and sustained with a mass flow rate as low as 0.35 sccm. The operating state was first achieved following an
observation that a small current (10’s pA) travelling from the thermionic emitter into the anode high voltage
line. The combination of the presence of additional charge in the chamber along with a higher mass flow rate
may contribute to a more extensive plasma breakdown. During this mode of operations, the thruster demon-
strated a greater specific impulse, thrust, power-to-thrust-ratio, as well as divergence, mass and discharge
efficiency in comparison to the typical pACFT operating points. However there is a noted disadvantage in the
acceleration efficiency when operating at lower anode voltage.

The performance of the thruster with iodine propellant exceeds the performance of all documented op-
erating points of the pACFT using xenon with respect to total thrust and power-to-thrust-ratio. However the
specific impulse and efficiency are higher with xenon. The increase in thrust is most likely due to the increase
in mass flow during iodine testing, which is estimated to be 2.1 sccm. However, since the mass flow rate
in the iodine pACFT is not directly controlled, it is instead estimated using a thermodynamic model. Thus
the results presented for specific impulse are estimates and have large uncertainties. Operations are more
consistent with xenon since the thruster is very sensitive to fluctuations in temperature when running with
iodine. The operating temperatures of 50°C in the reservoir and 60°C in the secondary chamber are criti-
cal, as alower secondary chamber temperature or higher reservoir temperature would result in the discharge
extinguishing.

RQ-1A: How does the device compare relative to other iodine thrusters?

The field of iodine thrusters discussed in literature consists of two other CubeSat thrusters (the Nep-
tune and BIT-3), four larger thrusters, and the iodine pACFT. Although the maximum thrust generated by
the pACFT is comparatively low, the power consumption is significantly lower than all the others as well.
As a result, the power-to-thrust-ratio of the pACFT is very low, and comparable to the larger more efficient
thrusters. The size and mass of the pACFT is very small with respect to the other iodine CubeSat thrusters.
Ultimately, the pACFT is the smallest iodine thruster which has been built and successfully tested at the time
of writing, and the only iodine thruster which is suitable for the 3U+ CubeSat platform due to it’s small size
and power consumption.

RQ-1B: How does the performance compare to other CubeSat thruster alternatives?

With respect to other CubeSat thrusters, the pACFT performs similar to the other electrodynamic and
electrostatic thrusters in the same power and size class. In comparison to cold gas and electrothermal thrusters,
the specific impulse of the pACFT is higher, while the thrust is lower. Within the groups of electrostatic
and electrodynamic thrusters, the pACFT shows notable deviation from the average in power-to-thrust-ratio,
where the pACFT has an advantage, and in specific impulse, where it has a disadvantage. In overall volume,
the pACFT is one of the smallest out of the electrodynamic thrusters identified in this thesis which have a
comparable size and power consumption. In addition to the small size, making use of the tuna-can hous-
ing is a distinct advantage of the pACFT from a systems engineering perspective, since almost no volume is
taken up inside the main body of the CubeSat. Another advantage is the relatively low EMI of the pACFT
in comparison to the pulsed plasma thrusters (PPT) which are popular in the field of miniature, low power
electrodynamic thruster.
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RQ-1C: Aside from propellant choice, what other aspects of the JACFT design impact the performance?

Only a small contribution to the change in thruster performance can be attributed to the fundamentally
different ionization energy and atomic mass of the iodine and xenon propellant. The most major design
change in the iodine pACFT EM relative to the previous EM is the incorporation of the iodine propellant feed
system, which was prone to backfiring. Any conductor used inside the assembly of the feed system which
comes in contact with iodine vapour could contribute to backfiring. The temperature of the feed system,
which is related to the pressure inside, must be raised in order to prevent backfiring. As a result of higher
temperature operation, the mass flow rate through the thruster was high, leading to additional thrust, but
a reduction in the specific impulse. Aside from the feed system, it was noted that the positioning of the
discharge chamber relative to the end face of the thruster may be leading to more collisions with the chamber
walls near the exit of the chamber. This leads to erosion of the insulating coating on the chamber, and reduced
specific impulse as more ions do not make it to the plume and contribute to the momentum transfer.

Feed System Fluidics The simplified JACFT design excludes a mass flow controller for the sake of reducing
size, cost and complexity. As a result, the mass flow rate of iodine propellant is controlled indirectly through
the temperature of the feed system. A series of experiments were conducted with true-to-size feed system
testers in order to determine the flow regime inside the HACFT feed system and estimate the mass flow rate
in the thruster.

RQ-2: What flow regime(s) characterizes the iodine vapour feed system?

The relatively high pressure in the feed system and the small dimensions of the feed system combine
such that the flow is in the transitional regime between free molecular and laminar. A three stage feed system
model was constructed based on this observation.

RQ-2A: What is the sublimation rate of iodine in the context of the feed system? To what extent is it
described by the Langmuir sublimation model?

By measuring the mass loss through a replica feed system into the vacuum environment, the mass flow
rate and pressure inside the reservoir are estimated. The measured sublimation rate of iodine was between
0.05 - 0.40 mg/s at 20°C and 50°C respectively. The observations show that the reservoir pressure would rise to
within 1% the vapour pressure of iodine, which is typically in the range a 1 - 10 mbar for temperatures below
100°C. This indicates that the Langmuir quasi-equilibrium sublimation equation is certainly applicable as it
is intended for estimating the sublimation rate of the materials near the vapour pressure. However it was also
noted that the Hertz-Knudsen equation for vacuum evaporation could be used to achieve a nearly identical
result, and is more suitable than the Langmuir model for the case that the surrounding pressure is much
lower than the vapour pressure of the material.

RQ-2B: What is the mass flow rate through the thruster?

The mass flow rate through the discharge chamber, and the pressure in the secondary chamber of the
feed system can be estimated as a function of the temperature using the three stage feed system model. The
measurements and model reveal that at temperatures beyond room temperature, the mass flow rate into the
discharge chamber grows exponentially. At the operating point tested in this thesis, the reservoir temperature
was 50°C, leading to an estimated mass flow rate of 2.1 sccm (0.4 mg/s). This far exceeds the mass flow rates
required to operate the pACFT, which was tested in the range of 0.15 - 0.8 sccm using xenon. In principle, a
mass flow rate in this range could be achieved at room temperature, but operating at higher temperatures is
necessary in order to maintain a high enough pressure in the feed system to prevent backfiring.
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Resonant DC/DC Converter The PACFT relies on a high potential anode to accelerate ions and generate
thrust. Thus the engineering model requires a power processing unit to convert the 12 V input line available
from the CubeSat into a much higher potential. An LLC resonant DC/DC converter was selected for the
MACFT since the topology offers a very high power efficiency. However the power requirements of the pACFT
system present a mixture of objectives which are not common for DC/DC converters. Namely, the combined
low power requirement (PWR-002) and high voltage gain (PWR-004). The suitability of the LLC resonant
converter in this context required investigation. The research question guiding the activities is:

RQ-3: What performance can an LLC resonant converter achieve in the proposed low-power, high-
voltage application?

A half bridge LLC resonant converter design with an input voltage of 12 V, resonant frequency of 200
kHz, and nominal output voltage of 1200 V was designed using an n = 200 current sense transformer. The
design was successfully demonstrated on a breadboard using a smaller transformer (n = 5) and a Multisim
simulation of the circuit was validated based on the breadboard measurements. However after switching in
the larger transformer and transferring the design to a printed circuit board, the converter failed to meet the
performance requirements for voltage gain and power output.

Three key issues were identified with the LLC resonant converter design which are ultimately related the
high voltage gain, low power consumption application. First, achieving a high output voltage and low power
consumption simultaneously requires an output load much larger than what is typical for the pACFT. Fur-
thermore, the high voltage gain requires a transformer with a large turns ratio. The combination of large load
and large turns ratio results in a quality factor of Q ~ 0, meaning the designer no longer has a free design pa-
rameter for selecting the converter gain curve. Secondly, the voltage-time product of the chosen transformer
is such that a very high switching frequency is required in order to accommodate the very large voltage swings
on the secondary side. However selecting a switching frequency high enough to accommodate the voltage
time product of the transformer would require the reactive components in the resonant tank to shrink to a
point that they are comparable to parasitic elements. Furthermore, power losses in the reactive components
increase with frequency, and thus this would result in a decrease in power conversion efficiency. Lastly, a
current transformer with a large turns ratio used to step up a voltage for a low power output load results in
a low power conversion efficiency. Increasing the power consumption at the load and decreasing the turns
ratio of the transformer are both ways to mitigate this effect and improve the efficiency.

Thermionic Cathode Neutralization As an ion thruster, the pACFT requires a neutralizer for the mitigat-
ing negative charge build up onboard the CubeSat. The suitability of using a thermionic emitter for beam
neutralizing is explored in Chapter 6. The research question related to the cathode activities is:

RQ-4: Can a thermionic cathode technology effectively neutralize the thruster ion plume?

A thermionic cathode technology is considered effective it can provide enough current to ignite and main-
tain the plasma discharge, consumes little power, and can remain reliable over long term operations.

The Child-Langmuir law is used to estimate the practical limitations of a thermionic cathode when it
comes to producing a thermionic current to match the ion beam current. It was found that space charge
limitations should have no effect on the pACFT during normal operations where the anode voltage is in the
range 700 - 1500 V and the plume current is in the range of 1.5 - 7.5 mA. However in the current limited
operating state, the conditions suggested that the cathode would be Child-Langmuir limited.

A design trade off using the analytical hierarchy process was conducted to select the most suitable tech-
nology for thermionic neutralization of the ion plume. An emphasis on reliability and resistance to corrosion
was made in ranking the relative importance of trade off criteria, resulting in refractory metals being the best
design option. Ultimately tungsten was chosen for the pACFT. It was confirmed via experimentation that a
tungsten emitter can be used to ignite and maintain the plasma discharge in both the standard and current
limited operating points. The tungsten filaments used in testing came from commercial lightbulbs. A single
filament of this type is not robust enough to handle the power consumed during ignition. Thus the test results
presented serve only as a validation of the concept, but not a validation of the hardware.
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7.2. Future Work

With respect to the iodine pACFT as a whole, multiple system requirements are not met with the current EM.
Many of these requirements must be verified in collaboration with the CubeSat designer and launch provider.
For example, the load tolerances of the mechanical design are not known but must be both analyzed and
tested in future work. The compliance with the EMI restrictions, hazardous material allowances, and inhibit
requirements are dependant on the chosen launcher. The remaining requirements for which the current EM
is non-compliant are related to the power processing unit and the feed system inhibitor.

Despite the feed system design concept used in the iodine pACFT EM being successfully demonstrated
in this thesis, various improvements can be made. First of all, the thermal actuator and valve head sealing
the propellant reservoir was removed, eliminating the main propellant flow inhibit in the thruster. Since the
titanium valve head used in the thermal actuator serves as an electron source for backfiring discharges, it
should be replaced with an insulating material. The sealing between the individual parts of the feed system,
and between the feed system and the discharge chamber insulation should be improved since in some cases
sealing was poor. Integration of the feed system into the thruster could be improved by providing a separate
mounting opportunity for the secondary chamber aside from the screws which secure the discharge chamber
and ceramics. Lastly, the control of the pressure in the secondary chamber can be improved by moving the
orifice away from the interface between the propellant reservoir and the secondary chamber, and instead
positioning it between the anode and secondary chamber. As a result, the secondary chamber pressure would
increase, and then the risk of backfiring decreases. Furthermore, by manufacturing a micro-scale orifice, the
mass flow can be sufficiently limited to mass flow rates below 2 sccm. Alternatively, by incorporating an
orifice with an area that can be modulated, the mass flow rate of the thruster could be controlled via this
mechanism instead of temperature. This would relieve the current issue of operating at critical temperature
points, this could reduce the overall power consumption for heating, and reduce the thermal load on the
CubeSat. Lastly, the temperature of the housing of the thruster should be monitored in testing to determine
what temperature will be in contact with the CubeSat structure.

The resonant DC/DC converter design concept used for the pACFT failed in that it does not provide the
voltage gain nor the power output required for the thruster. Multiple reasons have been identified as to why
the performance and design space of the LLC resonant converter are limited when both high gain and low
power consumption are desired simultaneously. However specific issues exist with the current design which
could be improved in future work. In order to achieve the high gain with the current design while maintaining
areasonable switching frequency, a transformer with a larger voltage time product is required. Furthermore,
with a reduction in the resistance of the transformer, a peak efficiency closer to 50% could be achieved. The
converter model in Multisim should be improved to account for the voltage time product of the transformer.
It may be possible to create an effective model with a low pass filter at the transformer input. Regardless,
since the large turns ratio necessary to achieve a high output voltage with only a single gain stage leads to
a low power output, redesigning the converter to boost the voltage in multiple stages would likely lead to
better performance overall. In order to increase the power throughput of the converter, a full bridge switching
regulator should be considered.

A thermionic emitter is shown to be an effective cathode neutralizer for the JACFT system. However, with
respect to both the theoretical and practical developments demonstrated in this thesis, many improvements
are necessary. Firstly, a more accurate assessment of the space charge can be made with a finite element
solution of the Poisson equation. The model should take into account the positive space charge of the plume
and the actual geometry of the thruster. Secondly, a more robust mechanical design of the tungsten filament
is necessary. A design which either incorporates multiple small filaments, or one larger one, is required in
order to accommodate the large power consumption during thruster ignition.
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Figure B.1: Plasma plume profile measured with first JpACFT CubeSat EM, using xenon propellant [91].
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