
Electric design of the Power Processing
Unit for Pulsed Plasma Thrusters for
CubeSat applications.

Marco A. Sanromán Reséndiz

School of Electrical Engineering

Thesis submitted for examination for the degree of Master of
Science in Technology.
Espoo, Finland / Tainan, Taiwan

Thesis supervisor:

Prof. Jaan Praks

Thesis advisor:

PhD. Jordan Vannitsen



aalto university
school of electrical engineering

abstract of the
master’s thesis

Author: Marco A. Sanromán Reséndiz

Title: Electric design of the Power Processing Unit for Pulsed Plasma Thrusters
for CubeSat applications.

Date: Language: English Number of pages: 6+72

Department of Radio Science and Technology

Professorship: Space Robotics

Supervisor: Prof. Jaan Praks

Advisor: PhD. Jordan Vannitsen
The opening of space to the private and academic sector has cause a rapid increase
in the activities on this field during the last two decades. This movement is known
as New Space, where by creating collaborations between governments, private
industry and universities is defining what could be the new space race. The use
of nano-satellites, in special CubeSats, the creation of more specific missions has
risen with them the necessity of more complex subsystems. Odysseus Space Inc
in collaboration with the National Cheng Kung University (NCKU), decided to
create a propulsion system where Pulsed Plasma Thrusters (PPTs) are targeted
as an Attitude Control System (ACS) for CubeSats. Pulsed Plasma Thrusters
have a great legacy being the first electric propulsion thruster to flight in space.
Nevertheless, PPTs faced an apparent abandonment for the use of more efficient
technologies, it has been brought to CubeSats due its robustness and scalability.
This work presents different approaches to develop a modular power processing unit
(PPU) for PPTs for Cubesats applications, resulting in a functional PPU which
meets the tight budget of 10X10X10 cm that conforms the CubeSat Unit standard.
Each chapter covers a brief review of the concepts, their analysis and the description
of their development while facing the challenges that brings to manage voltages in
the order of kilo volts in such small spatial budget. Finally, using a combination
of high gain Fly-back and Cockcroft-Walton voltage multiplier topologies for the
sparkplug circuit, a main discharge and control circuit are prototyped and tested
as part of the PPU, making the baseline for further investigations.

Keywords: Space technology, CubeSat, nano-satellite, electric propulsion, PPT,
PPU
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"For forty years I have worked on the reactive engine and have felt
that the journey to Mars would not begin for many hundreds of years.
But times are changing. I believe that many of you will be witnesses to
the first voyage beyond the atmosphere."
K.E. Tsiolkovsky. 1 May 1933.
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1 Introduction
As most space-related technologies, the major advances recall from the cold war, when
the Soviet Union (USSR) and the United States (USA) where competing to establish
a military dominance in space, what can be called the first space race. Since then
and even after the falling of the USSR becoming what today we know as Russia, the
space domain was uniquely controlled by governments. Nevertheless at the beginning
of the 2000’s, the concept of CubeSat Unit (1U), a satellite with dimensions about
10x10x10 cm and no more than 1.3 kg mass, brought an unexpected revolution in
what space field means, marking a new era known as New-Space [3].

Although the effervescence that New-Space has brought, the concepts used during
the cold war have been still applied by space engineers during the last 50 years, and
as is expected, the use of PPTs is not an exception. PPTs dates back to the Soviet
Mars probe Zonda-2 launched in 1964 towards the red planet, where this propulsion
system was used for first time. The probe was equipped with 6 PPTs to provide 3
axis attitude stabilization, leaving with it a great amount of literature and making
history as the first electrical propulsion in the history of the space flight[1] [5] [9].

Since then, the concept was dropped and partially replaced by more efficient
technologies as Ion thrusters, hall-effect, resistojets, cold gas, etc. Nonetheless, the
emergence of the New Space has brought an easier access to space to universities
and private sector by nano and pico satellites. Consecutively a new market has been
opened where the demand for the miniaturized systems that drive these satellites has
increased significantly during the past 10 years, bringing with it all the necessities
of traditional spacecrafts. Therefore, PPTs have been retaken by the academy and
industry, mainly due its relatively simplicity, low number of parts, no necessity of
tanks to storage its fuel and compact structure, facilitating in this way its scalability
into the CubeSat standard. Some of the latest attempts to bring them back have
been carried out by the Surrey space center in UK who in 2013 included a set of 8
micro PPTs in the 3U CubeSat STRaND-1 mission [10]. Mars Space LTD and Clyde
Space also in the UK [11], one of the companies leader in nanosatellites solutions,
who together have a completely set for orbit station keeping since 2016 while other
universities in the USA, Japan, Germany, Italy and Iran have shown increasing
interest on this technology.[10][18][17]

Whereas the scheme robustness is one of the main attractive of PPTs, one of the
biggest challenges for its inclusion in CubeSats lies in its operational principle of
controlling a high voltage discharge within the small space a 1U CubeSat is and the
effects this burst has on the performance of the system itself. One of the common
issues mentioned in the literature is the carbon coating formation in the igniter as
result of the ablation of the PTFE as part its working principle. In addition the
power electronics needed is usually difficult to manipulate within nanosatellites due
its bulky size and clearance between components working at high tensions is limited
by an area of 10 cm2.
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Thereby, this work presents a modular power processor unit (PPU) for an array
of 4 thrusters for attitude control. It includes the power stage, where the voltage
coming from the Electronics Power System (EPS) is stepped up to 8-10 kV. The high
power storage stage on charge to provide a targeted 6 µNs total impulse controlled
by a basic control system test bench. Moreover and recalling some of the lessons
encounter in the literature, a totally free-mechanical trigger is developed while a
galvanic isolation keep independent the power stage to the logic stage.

During the development of this thesis, was spotted the possibility of a customized
scalability depending of the necessities of the mission, where not only an attitude
control would be possible but orbit keeping could be aimed. In this way was how a
modular configuration of the power stages was designed, allowing the easy scaling of
the system from 1 up to 8 thrusters.

For the spark plug circuit, a flyback topology was used to initially step up the
voltage from 5 volts to 1 kV. Then an array of 8 stages Cockcroft-Walton voltage
multiplier was the responsible to deliver the targeted 8 kV to a small capacitor bank
located right before the physical sparkplug. Parallel to this, a main discharge circuit
was designed to develop a maximum energy of 5 Joules per discharge. For this, the
generation of a regulated 2 kV DC was provided using an array of DC-DC converters
from the EMCO series, which main characteristic was the possibility of controlling
its output voltage, and consequently its power consumption and thrust by software.
Finally, either the discharge and the main discharge energy were controlled by a
basic control schema using a Atmega328 microcontroller, which by pulse modulation
allowed to control the charge and discharge of the system.

Along the 5 months that this work lasted and summing efforts between the ZAP
lab of the National Chen Kung University and Odysseus Space, was developed a
engineering model formed by 4 thrusters, offering a quality twat bench for future
investigations. The project was divided in 4 main stages, where 3 of them are: Spark
plug circuit, Main discharge circuit and Control platform. Being the fourth one the
mechanical design of the main body and sparkplug, which is not covered by this
work.
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2 Pulsed Plasma Thrusters
In the following chapter will be described a comprehensive review of the working
principle of the PPTs, where are tackled topics as the history, fundamental theory
and work schema for the development of the ARGO project. This chapter is aim to
introduce the reader with the basic knowledge to follow the subsequently sections of
this work.

2.1 Introduction to electric propulsion
An electric propulsion system is such subsystem intended to provide kinetic energy
by transforming the electric power supplied by the EPS on board the S/C using
a propellantas an agent to provide thrust. Typically this process is managed by
a subsection known as the power processing unit or PPU. Therefore, the PPU
processes the requirements of the OBC and convert the raw power coming from the
EPS into the specific proportion required by each kind of thruster. This task make
the PPU usually the one of the most challenging subsystem of the EP.[2]

In Figure 1 is pictured the PPU developed by Airbus for the GOCE mission,
which was making use of an Ion thruster.

Additionally to its main function, usually the PPU is on charge of more complex
tasks such as:

• Full control of the system; start up, thrust control, shut down.

• Monitoring the subsystems.

• Failure detection and recovery mode.

It can be said, that its main goal is to drive the EP almost autonomously, leaving
apart the OBC intervention except for switching on/off the system and data handling.

Figure 1: Airbus’s PPU for the GOCE ion thruster mission.
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After the PPU, the energy has to be induced to the main system and because of
it, each type of thruster is defined by how they make use of the available power to pro-
duce thrust. As it is always easier to interpret a topic if this is narrowed and classified,
within the EP systems it can be done by understanding the working principle of each
technology, therefore, they will be boarded in the following classification. See Figure 2.

Electrothermal
Commonly, this kind of thrusters works as a normal motor rocket. Where through

a heat source heat up the propellant until this is expanded and then accelerated out
using a throat and a nozzle, generating thrust by the second expansion at the output.
Depending how the heat is generated, they can be either resistojet or arcjet. [4]

Electromagnetic
These thrusters use the electromagnetic force, known as a Lorentz force,to accel-

erate ionized plasma in the perpendicular direction to its magnetic field. Thereby,
the Lorentz force is who provide the thrust. Within this classification, exist primary
the PPTs and the MPDT, which its main difference lies on the way in how each one
ionize the propellant. While PPTs use a pulsed plasma discharge, the MPDT uses a
continuous high current arc.[4]

Electrostatic
Thrusters whose particles are accelerated by the Coulomb’s force, are catego-

rized in this section. The Coulombs force is a function of the static electric field
which is perpendicular to a magnetic field. These are perhaps the most efficient
type of thruster. Nevertheless, its construction usually involves several processes as
micro or nano mechanics. Making them very sensitive to the manufacture accuracy.[4]

Figure 2: Classification of the main electric propulsion devices
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2.2 History of PPTs
The concept of electrical propulsion dates back to the beginning of the XX century,
when visionaries from that time not only dreamed but left the concepts to what later
on will be the baseline for scientist and engineers into the way to reach the stars. Of
course they are the Russian Konstantin Tsiolkovsky and Robert Goddard from the
United states, who even living in different geographical positions converged in what
today is commonly called, rocket science [3].

Calling back Tsiolkovsky, who was a school teacher and a rocket scientist in
his free time, introduced the concept of electrical propulsion in his publication
[3] in 1911. At that time, many physicist were working on the development of
cathodic rays, and therefore, was not a coincidence that Tsiolkovsky has thought
to implement that in his already published rocket equation. The idea was simply
to use the cathodic rays to increase the exhaust velocity of the "particles" coming
out from the thruster, analogically to the rocket motor where heavy particles are
accelerated in the EP Tsiolkovsky was visualizing electrons being accelerated out.
Probably this could have been taken as a misunderstood of concepts, due his used
of electrons instead of ions but one has to remember that this concepts were stated
at the time when the concept of atomic-sized particles was not fully understood. [4] [1]

Figure 3: Mars space probe Zond-2 1964- USSR [5]
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Meanwhile in the other side of the world, Robert Goddard started working on
the concept of electric propulsion since 1907, however, it was not until 19017 when
submitted a USA patent titled "Method of and Means for Producing Electrified Jets
of Gas" which can be considered the earliest model of an ion engine. [8][1]

Active development of electric propulsion methods start in the 1960’s in both
the United States and Soviet Union. Design effort was led in the USA by the Glenn
Research Center (GRC) and Jet Propulsion Laboratory (JPL) of NASA. Privately
operating Hughes Research Laboratories had also significant input. On the Soviet
side, the research was divided between a group of research institutes.[9]

In this way, the 30th of November of 1964, the USSR was the first to put a Pulsed
Plasma Thruster (PPT) into their Zond-2 probe in direction to Mars (See Figure 3).
Although the probe eventually failed due an unclear cause when its communication
was lost, it made history of the space flight having the PPTs designed by Antropov
and Khabrov, as the first electric propulsion device flown and used in space.[3][9]

Four years later, USA sent its first PPT into space on board the LES-6 satellite,
which provided 10 years of service on charge of the attitude control system(ACS),
later on in 1971 and 1981, another sets of PPTs were deployed on the missions
Synchronous Meteorological Satellite (SMS) and the Navy TRANSIT navigation
satellite system, respectively[9].

Since then, PPTs were abandoned due their relatively low efficiency in comparison
with their competitors ion thrusters, hall-effect thrusters, resistojets and arcjets,
leaving a long history and a vast literature with it. [3]

More recently with the emergence of the CubeSat concept where the use of COTS,
an adjective that describes software or hardware products that are ready-made and
available for sale, reduces the costs significatly and allows the introduction of research
institutions and private sector in which can be known as the new space era. Taking
this advantage, the necesity of the traditional systems, now in a miniturized package,
carried with it some attempts to bring back PPTs. Can be mentioned as it is the
ACDS in Figure 4, designed by Peter Shaw and the Surrey Space center in 2011[10]
for the STRaND-1 mission and the already approved by ESA for space flight in 2016,
made by Mars Space and Clyde Space[11].
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(a) (b)

Figure 4: a) Conceptual design of the PPTs module by Shaw[10] b)Single PPT
module for orbit correction by Mars S. and Clyde Space.
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2.3 Working Principle
Pulsed Plasma Thrusters are not very different from other means of propulsion when
speaking about the role PPU has on them, in fact the PPU in this kind of thrusters
makes a difference when talking about performance. This is, because besides to dose
the energy to the system, it has to step up the raw voltage coming from the EPS
(typically in between 5 to 12 V) in the order of kilo-volts. This order magnitudes
makes PPTs to sometimes be avoided due the possible charging potentials it can
cause to the surface of the S/C.

Figure 5: Classic model of a Pulsed Plasma Thruster.

PPTs operate by generating pulsed high current discharges in between a set of
electrodes. The electric arc resultant from the discharge, is used to ablates/vaporizes
and then ionize the propellant which can be gas, liquid, powder or solid, being this
last one the most popular. Thereafter, the ionized propellant is expelled out by the
resultant Lorentz force product of the self-generated magnetic field [6]. See Figure5.

Typically this process happens in few microseconds (around 0 and 25) and the
behaviour of the plume depends on the mechanical configuration of the discharge
chamber which naturally, affects the impulse generated by it. The sequence of the
PPT discharge is pictured in Figure 6 where it can be seen how the concept works
in a parallel-electrodes configuration.
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(a) (b)

(c) (d)

Figure 6: a) Electrodes are charged at the discharge voltage b) The spark is generated
by the igniter c) The breakdown is initiated, the propellant gets ablated/vaporized.
d) The Lorenz force expels out the plasma with the charged particles product of
cross product of the electric field and the magnetic field.

PPT has demonstrated the capability to perform a variety of propulsion tasks
delivering an impulse bit ranging from tens of micro N-s to up to 10,000 mN-s and
has operated within an energy range of approximately 1–700 J [7].

2.4 Different types of PPTs
By definition, the dielectric strength is considered as the maximum electric field a
material can withstand before undergoing into an dielectric breakdown. Overcome
this barrier is the main challenge of the igniters in PPTs.

Up to now, there is insufficient study describing the actual mechanisms by which
the igniter starts the PPT discharge.Proposed theories include simply providing an
initial plasma discharge near the propellant surface. This initial discharge causes
sufficient evaporation of the propellant to sustain higher currents. But have been seen
in diverse experiments [10] that is possible the discharge even without the propellant,
leading more to be the ablation of the sparkplug insulator what facilitates the path
to electric current. Alternatively, ultraviolet radiation from the ignition spark can
free electrons from the propellant that initiate a discharge along its surface [9].
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Within the PPT family, there are different factors that determine the functionality
of the thruster. These are mainly classified as how is the spark generated by the
igniter and what kind of propellant they use.

This is specially important to due the working principle of the PPTs is based on
generating such breakdown in the vacuum of the space where a medium to propagate
the electric field is almost non-existent and the dielectric strength goes around 20
-40 kV per millimeter[12].

For this reason, there are several methods for ignition as mentioned in [14][17],
being the most common:

• Thermionic emission

• Gap

• Through the surface

• Semiconductors

Thermo-ionic emission

This igniter type works by shooting a pulse of electrons that alters the space
charge in the gap, increasing the electric field making ionization more likely and
causing the breakdown [15]. This method is not so popular mainly because its
necessity of extra drivers and a higher power consumption. Moreover it is more com-
monly used in gas fed PPTs, due its principle of electron propagation through the gas.

Gap

Gap type are the most common igniters, they are widely present in the automotive
industry and its simplicity makes them very attractive. They work by having two
electrodes separated by an air gap where the negatively charged electrons on the
electrodes are pulled in the direction opposite to the possible positively charged ions
until they combine each other creating a path which enables the conduction of the
electric current in the form of a thunderous spark.

In air, molecules become ionized in a very high electric field and the air changes
from insulator to a conductor, resulting in a standard dielectric strength of 3 kV/mm.
For PPTs working a very low pressures as is the vacuum of the space, this dielectric
strength increases around 10 to 20 kV per millimeter, making them impractical for
µPPTs purposes [12].
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Figure 7: Thermo-laser emission, Princenton.

Through the surface

Through the surface igniters are very similar to gap types, differentiating them-
selves by the way in how the spark is generated. When, in gap sparkplugs the current
has to cross the vacuum in between the electrodes, in through the surface the current
travel over the insulator surface that separates both electrodes, decreasing in this
way the dielectric breakdown voltage around 5-10 kV per millimeter.

Semiconductors

In semiconductors sparkplugs, the working principle is the same as in through-
the-surface with the only difference that along the surface of the insulator, it has a
small layer of semiconductor material that reduces the potential needed to trigger
the spark. This approach has been well used by Mars Space and Clyde Space in their
µPPT system. Although this approach reduces the breakdown to around 3-6 kV per
millimeter, it needs a custom-made sparkplug which is considerably expensive for a
prototype stage.

Considering the aforementioned ignition methods and because the spark plug
is widely considered as important key of the entire PPT due is the component
which suffer direct wear during its lifetime, the project moved forward taken the
through-the-surface approach considering the manufacturing options available.

Within the propellant side, there is a deeper case of study on the selection of
it where the most common are gas PPTs, powder PPTs non- propellant and the
ablative thrusters. These last type of thrusters were selected on this work due its
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extensive heritage and literature available.

2.5 Argo. Project overview
2.5.1 Previous research

Along the previous research carried out by Odysseus in [17], the baseline was proposed
for the PPT’s configuration and characteristics that helped to identify the proper
PPU for this project. The chosen setup is a compilation of the shape, propellant,
geometry, type of ignition and aspect ratio in between the electrodes. The previous
is followed listed in the Table 1 :

Parameters Chosen configuration
Propellant PTFE (TeflonT M)
Geometry Parallel plate electrodes
Shape Triangular sharped end

Flare angle 15o

Aspect ratio h/w h=20 w=10
Ignition type Surface flash-over

Table 1: Selected PPT parameters for ARGO ACS

These parameters were the result of previous tests in a low-energy discharge
setup, where a main discharge <1 Joule was achieved [17]. Nevertheless the low
energy discharge was demonstrated to be possible but the results were not totally
satisfactory at the long run and the the impulse bit was not sufficient to provide a
considerable thrust (around 2.21µNs) but worked as a proof of concept and gave
valuable information regarding the shape, geometry and propellant used.

After the aforementioned investigation the main body of the PPT was slightly
modified, principally to fit a new spark plug design which aimed to bring a better
control by triggering the main discharge causing the electric breakdown of the
electrical insulator surface in the sparkplug as is appreciated in the Figure 8.

Additionally, the previous investigation pointed the necessity of a reliable PPU
due the lack of repeatability the current system had, resulting difficult to determine
the real causes of failure. From this point, the present work took as an objective to
complete the first functional PPT test bench for its further development. Within the
frame of the Argo project was chosen the use of PPTs for attitude control, providing
manoeuvrability in the 3 axis of a 3U CubeSat. In order reach this goal, a minimum
of a 4-PPTs set is needed while keeping the design modular for its further scalability
into 6U or 12U CubeSats.
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Figure 8: Sparkplug model designed by Odysseus Space

Figure 9: Electric block diagram of the Argo ACS

From this point, the Argo ACS was restructured to meet the development of the
engineering model in a period of 7 months. This time was determined by the National
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Space Program Office (NSPO) from Taiwan to whom was planned to present the
second stage of Argo in order to continue with its development. The system was
divided in 2 main parts; the mechanical design which have had considerable progress
at this point, leaving the preamble of this investigation and the electrical side, being
the PPU which is the main topic of this thesis.

Moreover, due its its modular nature was possible the construction of one SPC
instead of the full arrangement of 4 allowing to prioritize the development in a single
module.

Main discharge circuit
Main discharge circuit which allocates the capacitor bank operating in a 1.5 to 2 kV
and delivering 5 J discharge to for ablation and ionization of the propellant.

Sparkplug
High voltage and low current discharge, aiming to overcome the surface dielectric
strength of the PTFE in order to reach the flashover and trigger the main discharge
in the vacuum of the space.

MCU
Finally, the control is commanded by a microcontroller which main function is to
coordinate the discharge of each thruster, manage the power budget by restricting
the charge and discharge of the capacitor banks and keep the contact with the OBC.

Thereby the following chapters of this manuscript are focused to the development
of each subsystem.
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3 Main discharge circuit
As a concept, a propulsion system is a machine that produce thrust, which working
principle is based on the Newton’s third law of motion. For every action there
is an equal and opposite reaction. In any propulsion system, a working fluid is
accelerated by the system and the reaction to this acceleration produces a force that
is proportional to the mass flow and the exit velocity. In PPTs this is possible due
the ejection of charged particles as plasma throughout the electrodes due the Lorenz
force. To achieve this, a relatively high amount of energy is discharged in a small
fraction of time in the order of milliseconds. This energy is stored in a particular
section known as the main discharge circuit, which consist in an bank of capacitors
triggered by an ignitor in a determined fashion[44].

Figure 10: PPU:Main discharge circuit

3.1 Early analysis

Following the guideline of Odysseus Argo project, a previous study was carried
out before the start of this work, where a low energy PPT was presented. In this
investigation [17] was studied the performance of a 1 Joule energy PPT. The author
used a capacitor arrangement composed by two strings of capacitors in parallel, each
one rated at 0.5 µF and 700 V, resulting in a total capacitance of 1 µF at 1400 V
storing a theoretical maximum of 0.98 J.

One of the issues observed, was the increasing rate of misfires after few thousands
discharges. Is believed the increasing of discharge energy helps to decrease the carbon
coating formation on the electrodes, thereby prolonging the life time of the system.

In base of the aforementioned work, new ideas have been planted and an energy
of 5 Joules have been chosen with an operational voltage in between 1500-2000 Volts.
At this working conditions, can be calculated the capacitance needed to reach such
energy. This can be done directly from the equation
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Figure 11: Previuos low energy capacitor bank[17]

E = 1
2CV

2, (1)

where C stands for the value of the capacitance in Farads, V for operational voltage
in Volts and E for the energy in Joules.

From the derivation of this equation we get

C = 2E
V 2 (2)

substituting

C = 2 · 5
20002 = 2.5µF. (3)

This is the capacitance needed to achieve the desired energy.

Next step was to define the charging rate of the capacitor. By formula this is
defined as:

t = 5RC, (4)
where R stands for resistance in Ohms, C for the capacitance in Farads and t is the
time in seconds.

This 5RC, is the theoretical 100% of the charging voltage. Nevertheless, to
understand the capacitor charging and discharging process is important to know that
it is not a linear function.

It can be seen in Figure 12 that, at the period of time 1 T the electrons transfer
rate is faster and decreasing as the potential in the capacitor get closer to the charging
voltage. This is because the charging rate follows an exponential function given as:

Vc = Vs(1 − e−t/RC), (5)
where each T represents the 63.2% of the remaining charging voltage at each point.



17

Theoretically, after a period equivalent to 4 time constants (4T), the capacitor is
virtually fully charged and the voltage across the capacitor is approximately 98% Vs.
This time period is known as Transient period.

Once the voltage is equal to the charging voltage (5T), the incoming current is
equal to 0 and the capacitor behaves as an open circuit. This point is known as the
Steady state period.

Figure 12: Capacitor charging rate

It is particularly important because it will define the firing frequency and the
energy at any moment. This can be better understood from the Table 2.

Time constant Percentage of maximum Voltage
1T= 1RC 39.3%
2T= 2RC 86.2%
3T= 3RC 95.0%
4T= 4RC 98.2%
5T= 5RC 99.3%

Table 2: RC charging table

Considering the aforementioned, the selection of a suitable resistor was made. It
should deliver a reasonable charging time for the capacitor bank because, after all,
it will define the maximum frequency at which the PPT can be operated and the
power drawn from the power unit of the satellite.

As all experiments were done in the Combustion Lab from the Aeronautics
department facilities in NCKU, the power supply available was a MATSUSADA
ES-5R1.2-2G rated at 5 kV at a maximum delivering power of 5 W. Hence, following
the Ohm’s law, we derived :

I = P

V
= 5

2000 = 2.5 mA, (6)
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where 2.5 mA is the maximum current the power supply can deliver. Therefore, a
suitable resistor must be

R = V

I
= 2000

2.5 · 10−3 = 800 kΩ. (7)

After to look in the repository the closest value available was and arrangement of
2 resistors of 470 kΩ each one, giving a total series resistor of 940 kΩ. Which is the
value used for next calculations.

In accordance with the Equation 4, this resistor value, at 5T will represent a
charging time of :

t = 5 · 940000 · 2.5E − 6 = 11.8 sec. (8)

For safety reasons at the moment to manipulate the board, the use of a Bleed
resistor is necessary. A bleed resistor is an extra resistor with the only purpose of
discharge the capacitor in a certain amount of time. Using the Equation 4 can be
calculated the time the capacitor bank will take to discharge. At the same time,
due the resistor is placed in parallel to the capacitor and in series with the charging
resistor, it produce an undesired voltage divider, which will decrease our charging
voltage, and of course this represents a power loss.

A voltage divider is a basic configuration used when from an input potential (Vin)
is desired to take an output voltage (Vout) which is a proportional fraction of the
input. The output voltage can be derived from the equation:

Vo = Vi ·R2

R2 +R1
. (9)

Figure 13: Simple voltage divider.

A suitable resistor was selected in order to have as less looses as possible, but at
the same time do not have the necessity to wait too long to handle the circuit in
case that is needed during the tests. So, deriving the Equation 9 results:

R2 = Vo ·R1

Vi + Vo

= 1950 · 940
2000 · 1950 = 36.6 MΩ. (10)
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Due the availability of the resistor, a 50 MΩ was chosen, representing an increase
of only 13 volts at Vo.
Once all the values were calculated, the simulation was performed. On the schematics
from the Figure 14 is shown the basic diagram of the circuit. Something that has to
be mentioned is the fact to have used an inductance to simulate the PPT’s electrodes.
This came from the inherent plasma properties and also observed in [22] where the
plasma created in between the electrodes at the moment of discharge, electrically
behaves as a very small inductance in the order of µH.

Figure 14: Schematic for the Main discharge circuit.

3.2 Testing and validation

Consequently the commercial components suitable for working at vacuum envi-
ronment were selected.

Find capacitors at 2.5 µF and rated at 2000 V was not a simple task. Usually the
capacitors suitable to work at vacuum conditions are ceramics. This kind offers a
wide variety of capacitances and voltage rating. However, capacitors rated at higher
voltage usually have capacitances in the range of nano Farads. After to look into the
available options, was found an array of ceramic capacitors from EPCOS(TDK) in
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package of 10 capacitors in parallel of 1µF each one rated at 500 V and an operating
temperature -55 to 125◦C. Therefore, to reach a maximum voltage of 2000 V was
necessary to stack them in series, getting a total capacitance of 2.5 µF at 2000 V.

Due the relatively small amount of components used for this circuit, the proto-
typing process was very quick. But the low expertise working at such high tensions,
was decided to run out all the necessary precautions.

Thereby, it were soldered the capacitors on the uncoated side of the board. This
with the idea to minimize the risk of flash-over on the board surface.

Figure 15: PPU: Main discharge circuit breadboard.

For the input and output connections were used ring connectors with M3 bolts
and nuts with the purpose to make it robust and give a wide gap in between ports
to avoid potential breakdowns.

Testing

The simplicity and functionality of the circuit made the testing going very smooth.
The capacitor bank was in overall, tested for around 100,000 discharges without
presenting any physical or electrical wear. These discharges were performed along
this work and are better described in the following chapters.

3.3 Final design
After have overcame more than 20,000 discharges, the circuit was mature enough to
be designed for manufacturing. Even when the previous version fulfill the necessities
of a proof of concept stage, for the final version some other characteristics had to be
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(a)
(b)

Figure 16: a) Discharge of the developed prototype at 1700 V and 3.62 Joules.
b)Characteristic discharge of the capacitor bank in PPts[13].

considered.

First of all a DC-HVDC converter has to be chosen. For the task the use of 4
DC-DC converters EMCO AG20 was chosen. They are reliable converters able to
step up voltages in DC from 5 V up to 2000 V with an maximum output current of
0.5 mA and an average power consumption of 1.6 W per unit. Moreover they offer a
controllable linear output by varying the voltage in the control pin by software using
PWM.

Within the design considerations were evaluated the current space available and
the chance to provide a fast charging by switching on the HVDC converters, otherwise
turning them off and operate only with one for lower the power consumption to 1.6 W.

Finally, a bleed resistor of 50 MΩ was included for safety reasons during the
campaign tests.
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Figure 17: Main discharge circuit layout, final design.
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4 Spark Plug Circuit
One of the central components in such micro-PPT is the igniter subsystem, which is
required for creation of the flash-over plasma and initiation of the main discharge.
There are several methods to provide the ignition of the main discharge in vacuum,
however, to provide a reliable, compact and robust ignition with a reasonable life
time (about 1E6 discharges) is still a challenge.

In this section are evaluated the possible solutions for having a reliable electronic
circuit from their theoretical analysis to the prototyping and testing.

Figure 18: Spark plug.

4.1 Early analysis

Being the SP circuit one of the main reasons of failure in PPT’s, was decided
to keep the work flow as simple as possible. Hence, it was decided to start the
experiments in which seemed, the easiest approach to the most elaborated.

An deep investigation was carried by the author of this work on this special
subsystem because according to literature[10][18][19][21], is the most likely system to
fail. This is, mainly because the life time of the components and the carbon coating
formation around the electrodes altering the breakdown voltage necessary to reach
the spark in vacuum, affecting directly the reliability of the system response.

Several solutions have been thought about how to discharge a controlled pulse of
high voltage withing such small space. Taking in consideration the heritage from
literature and the aims of the project, some of them are listed below:

They have been classified in groups according the voltages at which there are
handled because after all, this is one of the biggest concerns due the danger of
flash-overs within the circuitry.



24

Low voltage input High voltage input Other
1) Inductance/

Coupled inductance 3) Mechanical trigger 6) Thermo-ionic
emission

2) Dc-Ac-Dc voltage multiplier 4) Reed Relay switch
5) High voltage transistor

Table 3: Identification of possible solutions.

After the discussion of all the possible approaches, some of the options have been
already discarded. The reason is because they resulted unsuitable for the target
application, as is Thermo-ionic emission. In the case of the mechanical trigger, facts
as mechanical fatigue and arc welding are some of the main concerns, moreover from
previous work[10], have been faced problems at the moment to design a reliable
mechanism to induce the sparks and even when one of the cleanest solutions could
be the use of electronic switches as the case of the high voltage transistor, the
IXYL60N450 IGBT was the highly rated transistor available in the market and it is
up to 4500 V only.

In this way was organized from the simplest and cheapest option the remaining
options, being

1. Reed Relay switch

2. Dc-Ac-Dc voltage multiplier

3. Inductance/ Coupled inductance
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4.2 Reed relay switch
One of the most important considerations in any design is to keep the lowest number
of components as simple as possible. Following this logic, the use of a simple electro-
mechanical switch seemed to be a straightforward alternative for the purposes of the
Argo Project.

It consist on a switch activated by inducing current into a coil creating a magnetic
field and closing the contacts as is shown on the Figure 19a. This reed relay seemed
to be the suitable alternative for the aim of the project because it offers insulation
between the logic and the power circuits, keeping the switch contacts in a vacuum
tube inside its package.

The relay chosen is the DAT70515F-HR from Cynergy 3, rated at 10,000 VDC
and a maximum current of 3 Amps controlled by a 5 V coil with a mechanical
response time of 5 ms.

(a)
(b)

Figure 19: a) Reed relay mechanism. b)D-HR Cynergy3 10,000 VDC.

As it is well known from previous experiments [18], one of the major problems is
the carbon coating formed around the spark plug electrodes and the heating on the
insulator due high current going through it. Have been seen how the coating effect can
be diminished by using a high energy discharge at the ignition. Typically the energy
range is in between 0 to 0.1 Joules, so that, a higher energy was aimed for this project.

An array of 8 capacitors HV2225Y332KXMATHV from Vishay Vitramon was
chosen. Their selection was based on the high working voltage and their versatil-
ity to form different configurations if needed. Each of them is rated at 5,000 V
and 3,300 pF. They were settled in an array consisted by 2 strings in series each
of one with 4 capacitors in parallel. Where the total capacitance can be calculated by:

Capacitance

Ctot = C1 + C2 + C3 + C4

Ctot = 3300 + 3300 + 3300 + 3300
Ctot = 13200 pF

(11)
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Considering the 2 strings are in series:

Ctot = 13200
2

Ctot = 6600 pF.
(12)

From the Equation 1 at an operational voltage of 8 kV the equivalent energy
would be:

E = 6600 · 10−12 · 50002 · 0.5
E = 0.206 Joules.

(13)

Furthermore, a set of resistors had to be chosen. They were divided on the
charge and discharge resistors. Both are directly related by the equation 4 where
the time was intended to be as short as possible. The purpose of these resistors is
to protect the power supply from possible fly-back currents and the reed relay re-
spectively to be burned by the high instantaneous current coming from the capacitors.

The charging resistor, was chosen at 100 kΩ giving a charging time of 3.3 ms at
5 RC. On the other hand, the discharging resistor was chosen in order to protect
the maximum allowed current through the relay. Following the same logic, at 5 RC
the minimum suitable resistor for 8 kV should be 5.3 kΩ limiting in this way the
current to 1.5 Amperes. However, is known the capacitors discharge current operates
at large electric current(10’s Amperes), bringing a new concern about the properties
of the resistors to withstand such high current even for a short period of time.

This new concern led to not only pick the appropriate current limit but to double
check the properties of the components required for such application. In this way,
High pulse load carbon film resistors from Vishay were chosen. These resistors are
used for the automotive and medical sector and according to data sheet they can
withstand pulses up to 100 W for a maximum of 10 ms without being damaged.
Thereby, 1 MΩ CMB0207 resistors were selected, handling a theoretical maximum of
64 Watts with a discharge time of 31 ms (Equation 4).

From Figure 20 can be observed that one of the advantages of this topology is its
straight forward and scalable configuration. Where S1 represents the Reed Relay
connected to the Spark Plug electrodes, R1 the charging resistor, R2 the discharging
resistor and C1-C8 the capacitor bank. Although the proposed circuit was built for
only one spark plug, it can be seen how the concept can be easily scaled up.
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Figure 20: Proposed topology for the reed relay circuit.

Figure 21: Reed relay circuit.

4.2.1 Testing and validation

Test 1

After have been soldered, the circuit was placed outside the vacuum chamber
and connected the input voltage to the power supply and the output to the spark
plug electrodes. To control the discharge a simple routine was carried in an Arduino
Uno and wired directly to the relay control coil. As it was the first attempt, it was
decided to not plug the main discharge circuit to the PPT electrodes until first have
a controlled spark.



28

Once everything was wired, the tests begun and the first issues were faced. During
the charging process the circuit started discharging without being triggered by the
control but no clear sparks were observed and the power supply was shutted down on
every time it reach a voltage around 4 kV. It was thought to be a board flash-over
problem so, it was decided to place the board into the vacuum chamber and run the
test again.

At this time, the vacuum chamber from the NCKU ZAP Lab was working rela-
tively well and used to take around 1 to 2 hours to pump out the air and reach a
vacuum of 5 · 10−5 Torr.

The experiment was restarted and the results were not different. The power
source automatically shutted down in between 3.5 and 4 kV. The problem was
thought to come from the soldering pads on the circuit board. So they were sanded
down and the components were covered with Kapton tape as it is shown in Figure
21. The circuit was tested again, this time a dim spark was seen around the charging
resistor R1. For this reason, the resistor R1 was replaced by a 470 kΩ through the
hole resistor with the idea to increase the space in between the terminals and avoid a
flashover in between them. This did not completely work because the power supply
was still shutting itself down after the first test.

Therefore, the capacitors were wrapped in Kapton tape and the charging resistor
was changed to 5 MΩ as it was thought the capacitors could be drawing too much
current from the power supply and it was the cause of the constant rebooting. Now
with the implementation of the new resistor, the power drawn from the supply was
limited to 5 Watts.

Nevertheless, the problem was not solved and the capacitors were taken away
from the board and tested only with the resistor in series, wired by a high voltage
cable. The purpose of such experiment was to discard a problem caused by the mount-
ing on the breadboard. As it kept presenting the same behavior, the experiments
were stopped and was determined the problem was coming from the HV power supply.

Test 2

In this new set of experiments a new high voltage power source was needed. Thus
was decided to continue the investigation to the next approach for the generation of
the high potential needed. For practical purposes, a circuit from a "mosquito zapper"
was recycled due its low cost and quick availability. It is a simple circuit which in
principle is a DC-AC-DC voltage multiplier. It is described in the next section of
this manuscript but for purpose of the current experiment it was used as continuous
high voltage supplier. It delivered 5 kV DC going directly through the reed relay
switch to the spark plug electrodes.
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Figure 22: Reed Relay circuit schematics.

The circuit was wired and tested with the new power supply in vacuum. Nev-
ertheless, the circuit was unable to produce the discharge on the sparkplug. The
first idea was that the voltage was not enough to overcome the dielectric strength on
vacuum. Following this idea, the circuit was taken out the chamber and tested in
atmosphere to ensure there was not any wiring problem. As a result, several sparks
were seen in between the capacitor bank and the test was stopped. This happened
because the high potential and incorrect isolation of the capacitor terminals broke
the dielectric strength of the air and causing a corona.

One more time and after ensuring the connections and the health of the capacitors,
the circuit was placed again inside the vacuum chamber and tested without any
success. Due all the experiments were carried inside the vacuum chamber, it was
impossible to measure the discharge rate of the capacitors and in this way isolate
the problem in an specific section. Thereby it was thought, the resistors protecting
the relay were indeed slowing down the current necessary to produce the ignition on
the electrodes and they were removed.

Consequently, the circuit was tested and finally the sparks were generated. Never-
theless after few discharges the reed relay started presenting issues where the CLOSE
state was kept for longer than commanded by the microcontroller. In principle was
thought the problem was caused due a possible magnetizing of the internal switch
terminals so, the experiment was repeated shortening the pulsed length to 70 ms, 50
ms and 30 ms obtaining the same results. The tests were concluded after the total
malfunction of the relay where the internal plates got stick closed.

After 2 weeks in the laboratory and with the aforementioned evidence, the use of
this topology as ignition control was discarded, leading the course of the project to
continue with the next approach proposed in the early analysis of this chapter.
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Figure 23: Capacitor bank after the electric arc between them.
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4.3 Cockcroft-Walton Voltage Multiplier

After the first attempt did not succeed, the next approach (Table 3) was to
continue with the voltage multiplier. In substance it was the next simplest solution,
even though the numerous components it requires.

Cockcroft-Walton voltage multiplier is a configuration allegedly invented and used
for first time by Sir Cockcroft and Walton in 1932 to power their particle accelerator
at Glasgow University[42]. At that time, it made use of large scale selenium rectifiers
used as diodes. Nowadays, it uses a set of capacitors and diodes to multiply and
rectify an AC signal into DC.

Therefore and despite the variety of voltage multipliers, this topology was selected
for its simplistic concept. This section will focus on explain its working principle by
splitting the C-WVM in 3 different levels.

Figure 24: a) Clamper behavior in each loop. b) C-WVM of 2 stages of doubler
circuits. c) Signal at the output. Green signal is with a load due the constant charge
and discharge of the capacitors while the red waveform is the signal amplified at its
output by 4 Vp

• Clampers.- A clamper circuit is a configuration that fix in either positive or the
negative the peak of a signal. It does not work by limiting the peak-to-peak
amplitude but instead, it shifts all the waveform up or down its reference level.

• Voltage doubler.- The voltage doubler configuration consist of two clampers
in series which double the magnitude of the signal by the reason of Vo = 2Vp,
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where V is the amplitude of the input voltage [23]. Basically it works by adding
on the shifted amplitude of the input waveform stored in the capacitors at each
stage.

• C-WVM.- Essentially, it is an extended version of a voltage doubler circuit.
Usually this topology is divided in stages, where each one is composed by a
voltage doubler circuit and the output voltage is taken from the input of the
first stage and the output of the last one as showed in Figure 24.

Also in the Figure 24 can be seen how for each loop of the voltage multiplier
the signal is transferred to either the positive or negative cycle of V, charging the
capacitors at 2Vp except for the first one. This is because although the voltage
reflected at the first loop is 2Vip, it is produced by the addition of Vip + VC1.

Due the C-WVM only works amplifying AC signals, was necessary to make use
of a circuit to convert the 5 V DC from the satellite’s battery to AC. Also in the
searching of a high voltage source to power up the reed relay in the section 3.3, the
first approach was a circuit taken from a "Mosquito zapper", which was a cheap and
easy solution. This circuit is commonly known as Joule Thief because it is capable
of draw all the energy from a battery even when its voltage has decayed due the
decrease of current. It works by hooking together two poles from two inductances,
usually a set of winded cables around a ferrite coil. At the same time, they are
connected to a PNP bipolar transistor (BJT) which in substance, acts as a switch
commuting the flow of current in between the 2 inductances, stepping up the input
voltage Vin.

Figure 25: Joule thief simplified schematic.

Even when the Joule thief taken from the circuit was a good approach to convert
DC into AC, it was limited by the manufacturer to the purpose it was designed
for and by itself reached only 2 kV peak without the possibility to modulate its output.
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Despite it worked good enough to reach 8 kV DC at the output, it did not show
the expected behavior since 6 stages had been used and in optimal conditions and
with this number of stages the voltage must be significantly higher.
Nevertheless, once that reed relay configuration failed, the C-WVM changed to be
the main priority of the project and consequently more time was dedicated to its study.

4.3.1 Testing and validation

Test 1
As aforementioned, after have had discarded the reed relay configuration, the

C-WVM should be redesigned for its use as main trigger of the ignition in the
sparkplug. For this reason some characteristics had to be reviewed for its adaptation
to the new objective:

• Direct control of the ignition through the C-WVM.

• Capacitor bank of 0.2 Joules.

• In order to easily detect any failure, has been thought to make the circuit
modular, dividing it into 3 sub-circuits.

• Use of through the hole components to facilitate the prototyping.

Therefore, the first action was to migrate the zapper circuit into a new board
and opening a port for its control by the MCU. In Figures 26 and 27 can be seen
how a BJT and its base resistor were added. Using the BJT in its saturation region
allowing to used it as a logic switch.

Figure 26: Modified Joule thief for its control using a BJT 2N2222 in Q2
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(a) (b)

Figure 27: a) Joule thief taken from the "zapper circuit" b) Joule thief re-designed in
a breadboard.

The next step was to build the capacitor bank. For the C-WVM, the capacitor
bank across the load input becomes an important part of it because, besides of
storage the energy to be released for the spark, it provides a DC rectification instead
only an offset DC signal at the output and its value only affects the time of the
transient response [24]. As it was planned, to simplify the prototyping was proposed
the use of through the hole components and the capacitors were bought in a local
electronic shop, so that, the variety of components was limited. The most suitable
capacitor found was a ceramic capacitor rated at 2 kV and 22 nF.

At this conditions and expecting a peak voltage of 8 kV, it was required to use
an array of 5 capacitors in series, allowing a maximum voltage of 10 kV. As the
capacitance in this configuration follows the reason CT = 1/(1/C1 + 1/C2 + 1/C3...),
the total capacitance resulted 4.4 nF. Thereby, a second array of 5 capacitors was
added to double its value. In this way an array of 10 capacitors, arranged in 2 rows
in parallel of 5 capacitors in series, provided a total capacitance of 8.8 nF. The array
was soldered onto the breadboard giving a maximum theoretical energy of 0.28 J at
8 kV(Figure28).

Consequently, the circuit was interconnected as in Figure 29 and plugged to the
spark plug for its testing. First of all it was tested at atmospheric pressure and as it
successfully generated the first sparks was brought into the vacuum chamber.

The first set of tests were carried out at a pressure of 4E-5 Torr, leaving the
circuitry outside the vacuum chamber for easier accessibility. Furthermore, other
reason for that was that at this point of the experiments the vacuum chamber was
taking about 5 hours to reach such pressure and resulted extremely impractical to
stop it to manipulate the circuit.
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Figure 28: Capacitor bank sub-circuit

Figure 29: Complete assemble of the testing breadboards circuit

The breakdown was reached and several sparks were visible on the sparkplug
terminals. Although it produced the first controlled sparks, it did not last long
due it just produced a few discharges before suddenly stopped working. During
the next days the voltage multiplier was examined without any finding of appar-
ent reason for failure. The voltage measured at its output reached a maximum of 5 kV.

After some days of research and testing, a malfunction in one diode was found
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in the 6th stage. The faulty diode presented a leak that apparently was the reason
for the odd behavior in the voltage multiplier. Although the reason for its failure
was unknown, it was replaced and tested again. The circuit generated 8 kV and the
breakdown in vacuum by the sparkplug was possible one more time. Hence, was
proceeded to integrate the main discharge circuit altogether with the sparkplug.

After working in the ZAP lab of NCKU for slightly more than 1 month, the first
successful discharge was achieved.

Figure 30: First PPT discharge at a pressure of 3E-5Torr

Pressure 3E-5 Torr
Pulse length 100 ms

Discharge energy 3.6 Joules
Discharge freq. 7 sec

Table 4: Parameters for the first successful discharge in vacuum

Test 2

Although the first set of discharges were obtained, the performance of the circuit
was not the expected and rapidly it started to decay. After few hundred of tests, it
continuously delivered 6 kV which in principle was enough to reach the breakdown
voltage in the sparkplug, but it clearly showed a constant problem on the circuitry
manufacture.

Therefore a research was carried out and in search for answers and after few
days was found in [24][27] that as the C-WVM is a voltage multiplier, the current
is getting disminished at every stage because the impedance of the capacitors and
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the resistance of the diodes, influencing directly the voltage drop at the oputput.
In [26] was observed how in voltage multipliers over 7 stages, the performance gets
affected because the very low current, thus an optimization of the voltage multiplier
was needed.

Different configurations have been analyzed in [27] where among others, the
ladder-decreasing capacitance is commonly used [28]. It consist of having a higher
capacitance at the lower stages (considering the input as the lower level) and gradually
decrease their value in the following stages. This configuration has as purpose to
provide a higher current to furthermore stages. The capacitance arrangement follows
the reason:

Carray = CN ·N,CN−1 ·N−1, CN−2 ·N−2...C1, (14)
where C is the base capacitance located in the last stage and N the total number of
stages.

Figure 31: CWVM with a ladder- capacitance configuration using 8 stages

After implementing this configuration the voltage at the output rose again to
8 kV allowing a longer set of experiments. The first set of tests, corresponded to
a sequence of experiments by an other student from the ZAP Lab, whose research
was directed to test a set of nozzles for plasma expansion on PPTs. Although it is
not relevant for this research, the circuit was testes for around 150 discharges using
different range of energies in the main discharge circuit (from 2.8 J to 4.5 J), and a
range in between 50 ms to 100 ms for the discharge time of the sparkplug , showing
an inconsistent discharging rate, with a high rate of missfires of about 40%.

This time the reason was attributed to the mechanical sparkplug and the set of
nozzles. Hence, these were removed and the anode of the sparkplug was changed for
an enhanced version. Once the experiments were retaken and an improvement was
clearly observed. After 250 shoots having 100% of successful discharges.
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It allowed to set longer tests, leading a series of experiments proving hundreds
of unsupervised fires. The circuit was set into the vacuum chamber and thanks
to a student from the Zap Lab who developed a software to count the number of
discharges using a web cam and image recognition, was possible to get a closer view
of the long run behavior of the system.

(a) (b)

(c) (d)

Figure 32: a)and b)Enhanced sparkplug. c)Web cam used to count the discharges.
d)Complete circuit used for the long run tests with the C-WVM soldered on a new
breadboard

The results obtained were not satisfactory as expected due the circuit stopped
working for problems with the MCU after few thousands shots, according to the
records. Nonetheless, a 100% of successful discharges was achieved.
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During the following days after the experiment, few test were carried out but a
constant problem on the diodes was faced. Apparently they continued failing for an
unknown reason and the board had to be fixed several times.

Without clear reason of this issue, it was decided to consult an external engineer
who could gives a proper guidance to identify the problem.

As a result, the odd behavior was related to the reverse voltage of the diodes used
and the input voltage on the voltage multiplier. There is not enough information
available about this topic, but according to [29] there is a relationship between the
peak input voltage Vp and the reverse voltage in each diode, being:

Vdiode = 2Vp. (15)

When the value 2Vp is close to Vdiode, a small current called leakage current flows
through the device, otherwise when this voltage exceeds the limit, the device may fail.
This relationship, and in concordance with the Equation 15, helped to analyze the
loop from a different perspective and cleared the previous theories. It also pointed
out the necessity of using diodes rated at 4 kV reverse voltage, which is non-viable
because there are no diodes rated at that voltage and making arrays in series only
would result in a bulkier system

Following the aforementioned, the experiment was stopped. The Joule thief
limitation was understandable for a product that was recycled from other circuit
and thereby it did not allow its full control. Even though it worked as a baseline to
understand the behavior of the C-WVM. With this vision the project moved forward
and the efforts were now focused into the design of a circuit able to fulfill the new
requirements.
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4.4 High voltage Fly-back converter and Cockcroft-Walton
Voltage Multiplier

After the valuable lessons learned while working with the C-WVM it was decided to
continue in this direction. Nevertheless, due its functionality principle of working
with AC the need to considerable space to display all the necessary stages, it result
impossible to achieve the goal of 8 kV as an output. Therefore a high gain pre-step
up stage was required. At the same time this configuration should act as a interface
between the logic and the power sections. In summary, the main features needed for
a topology were:

Input Voltage 5-8V DC
Output Voltage Vo ≤ 1000Vp−p AC
Vo regulation Software

Isolation Galvanic
Vo frequency in order of kHz
Dimensions 40x30x20 mm

Output Power 2.25 Watts
Power consumption 2-3 Watts

Table 5: Requirements for a pre-step up stage

Consequently, once have been careful considering and taking into account the differ-
ent advantages and disadvantages that different configurations offer such as low power,
simplicity, isolation and cost, the flyback configuration was chosen[20][32][35][34].

The concept of flyback converters can be described as two loops with or without
contact in between them, affecting each other through a magnetic field generated by
one of them. This effect is known as magnetic couple [31]. Transformers and coupled
inductances are devices that take advantage of this principle by using magnetically
couple coils to transfer energy from one circuit to another without a physical wired
connection. Moreover, it is said that when two coil are close each other and a change
in the current of one coil affects the current and voltage of the second coil, the
changed can be quantified by a property called mutual inductance.

There are different kinds of coupling being the most common air, iron and ferrite.
The last ones are of special interest due the ferrite core are typically used in radio-
frequency applications because it good properties working at high frequencies and it
is well known that high commutation frequencies help reducing armonic distortions.
A typical figure for efficiency in a fly-back circuits is around 65% to 75%. [35] in low
voltage applications and 80 to 85 for high voltage applications.

Looking at the Figure 33 the functionality of the Flyback converter can be
summarized as:
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Figure 33: Typical Fly-back topology [33].

• When the switch is closed in a time ton the inductance denoted as Np storage
energy from the the power source, while the load at Vout is supplied by the Cout

• When the switch is opened in a time toff , the capacitor and the load or Vout

are now supplied by the second inductance Ns .

Nevertheless, the traditional Fly-back is meant to operate as a DC-DC step
up converter, whereas in the requirements has been remarked the need of an AC
output. For this reason a different approach has been taken in consideration where
the diode D1 and thee Cout have been removed. In this way the output waveform is a
semi-sinusoidal wave product of the commutation of the transistor Q1. The resulted
circuit can be then re-drawn as:

After haven redefined the circuit specifications, the next step is to determine
the duty ratio, which is a crucial factor for it design and operation. It has to be
taken in consideration that according the application, Flybacks have two types of
operation modes: continuous conduction mode (CCM) and discontinuous conduction
mode (DCM). The difference between each other lies in the behaviour of the current.
While in CCM the current never goes down to zero, in DCM it does.

The election between the distinct modes is usually determined by the application.
For high output voltage and low current applications DCM is typically preferred
because it provides better switching conditions when the rectifier is used, since the
diodes are operation at zero current just before being reversed biased. The couple
inductances size can be reduced, because the average energy storage is lower than
if CCM is used. Nevertheless, DCM causes high RMS currents in primary and
secondary RMS up to two times higher for discontinuous mode than for CCM leading
to DCM to require a transistor with a higher current rating.

On the other hand, CCM is preferred for low voltage and high current output
applications. This also facilitate the design process since the input to output voltage
gain depends directly on the duty cycle. However it has the disadvantage of requiring
a higher magnetizing inductance to stay in CCM the entire operating time range
and a right-half-plane zero in its transfer function[33][36].



42

Even when Flyback converters are relatively simple, they need to go under a
detailed design process where some important factors have to be taken into account
at the moment of design.

Switch selection

In power electronics the use of high frequency switches is widely used and the
most common are the IGBT and MOSFETs. The working principle description is
out of the scope of this manuscript but, the use of a MOSFET is proposed. The
main reason lies on the saturation voltage for IGBT typically is higher than the logic
voltage of the microcontroller and it would imply the addition of an extra circuit to
step up the logic voltage from the MCU . Nonetheless, among the wide selection of
MOSFETs, there is a logic-gate variation which can be saturated from 3.6 to 7 V,
allowing the full control directly by software.

This led to review some considerations before to choose any component, as is the
power that it is able to dissipate. This relation is given, first off all for its estimated
efficiency where:

Pin = Po

Eff

, (16)

as the efficiency for high voltages is around 80% and the Po is estimated as 2.5 Watts
it results in Pin= 3.3 Watts. This means that at 5Vin the input current Iin is about
600 mA. In the case that the DMC is planned to be used, the worst scenario has to
be calculated. This is the RMS peak current coming back to the transistor and it
can be estimated around 850 mA, meaning that the MOSFET dissipation power has
to be at least 1 A.

In the same way, the working frequency at which the MOSFET has to be switched
is determined by the MCU. For this particular case the as higher frequencies are
desired, the maximum frequency at which the flyback aims is 62.5 kHz as is described
in more detail in chapter 5. Leading a switching time of at least 16 µsec.

Finally the MOSFET chosen was the IRL530n whit characteristics:

Saturation voltage 4-7V DC
Source-gate Voltage 100 V
Source-gate current 17 A
Commutation speed MHz

RDS 0.10 Ω
Operation temperature −55 to +175C

Table 6: IRL530n logic-gate MOSFET
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As it can be appreciated in the Table 6 all the factors aforementioned are under
the limits of the MOSFET and due its logic-gate voltage and low cost, it resulted
suitable for the application. Additionally, the use of DCM is completely safe and
therefore it will be used.

Duty Cycle

The first step before to calculate the duty cycle is to determine the rate of turns
our coupled inductance needs. In an ideal FB, together with the duty cycle the turns
rate is directly proportional to the output voltage

Vo = N ·D
1 −D

Vin. (17)

This equation is the product of the derivation of the flyback’s transfer function, where
N is the turns ratio in between the inductances and the gain the of the circuit. This
can determined by

N = Vo

Vi

. (18)

Now, considering the requirements stated in Table 5 a gain N= 200 is needed.
In base of that, is just matter to substitute the Equation 17 to get a theoretical duty
cycle of 50%.

Contrary what can be consider, where every time the duty cycle D increases
towards the unity or 100% but without reach it, the voltage Vo tends to increase but
in reality this is not what happens. The reason is because in the equations, losses
associated to parasitic elements and heating are not considered [37]. Moreover if the
principle of PWM is taken, the higher the duty cycle on the MOSFET reflects the
longer the time this will be conducting until reach the 100% what means being in
ON state the entire cycle.
In other words, the primary inductor will be conducting or "charging" during all the
cycle and it will never be able to generate the magnetic field associated with the
change in the current flow reflected in the secondary inductor, meaning a poor or
null gain.

Is important to note that the results obtained from this formula are close to the
reality but there always exist small leakage currents product of a physical coupling
factor that can only be determined from direct measurements to the device.

Having been this calculated, a simulation was carried out to determine the
functionality of the envisioned array together with the voltage multiplier. This can
be seen in the Figure 34:



44

Figure 34: Fly-back and C-WVM.
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Testing and validation

After have gotten successful results during the simulations, the prototyping was
carried out. The coupled inductance was purchased to Shaanxi Full-Star Electronics,
a regional company whose dedicate to the manufacture of inductors and transformers
for high voltage. Although the size was not as compact as desired, the cost-benefit
seemed very attractive due they offered an semi-custom made inductance guarantying
a high performance. The detailed information about it can be seen in more detail in
the Appendix of this thesis.

(a)

(b)

Figure 35: Coupled inductance by Full-Star with N=200

In Figure 35 is pictured the schematic of the inductance showing the turns ratio
in between them and the wire width used in each coil.
Moreover, the aforementioned coupled inductance meet the following characteristics
according with the manufacturer:

• Compact size

• 1-200 turns ratio

• Inductance (2-1): 22-29 µH

• Inductance (3-4): 470-570 µH

• Input 5 V – 24 V

• Output 1 kV – 4.8 kV
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The circuit was mounted into a protoboard as is showed in the Figure 36a, and
this was commanded by the MCU using a variable duty cycle of from 40 to 75%,
resulting the 60% the best option as demonstrated by the equations. This decision
was taken considering the higher voltage obtained and the heat dissipated by the FET.

The circuit continued being tested for a couple of days to observe its behaviour,
and once it seemed reliable enough the first long-run test was prepared.

The test was done by the student from the ZAP Lab who was working on ex-
perimental designs for different electrodes shapes with the purpose to increase the
exhaust velocity of the charges particles in the plasma. As the test was planned
to run overnight, was used the previous developed software to count the number
of discharges. The set-up of his discharge counter worked god enough to give an
estimation of the behaviour of the circuit and the thruster.

(a)

(b)

Figure 36: a) Flyback setup for the first long-run attempt. b) Discharge counter
setup using a webcam and image recognition software.

After 17 hours of test the results were the following:
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Pressure 5E-7 Torr
PWM frequency 32kHz

Duty cycle 60%
Pulse train length 100ms

Input voltage 5 volts
Operational voltage MDC 1500 V
Operational voltage SPC 7-8 kV
Frequency of discharge 7 sec

Test length 17 hours
Total discharges 7500
Success rate 85%

Table 7: 1st long-run test campaign results

Figure 37: First long-run test campaign results.

In Figure 37 was plotted the approximated results in segments of 30 minutes.
Although the software seemed to work fine, a slightly higher successful rate could be
considered due the counter program was in its first version and therefore cannot be
taken as 100% reliable.
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5 Microcontroller Unit (MCU)
Pulsed plasma thrusters are said to be one of the simplest electric propulsion systems.
This concept lies on the main idea of how do they work by inducing controlled pulses
in a periodic fashion. Hence, the use of a microcontroller was essential and during
the current chapter will be described the implications that it brings with it.

Figure 38: PPU: Microcontroller Unit

5.1 Early analysis

A microcontroller is an integrated circuit (IC) capable to execute commands
pre-programmed in its memory. It usually contains a CPU interconnected with
a series of memory devices, PIUs, timers/counters, etc. These devices have the
capability to take inputs from sensors and directly control actuators, making it
suitable for the current purposes.

In order to fulfill the requirements of the system, some basic considerations had
to be taken as are:

Once established the aforementioned requirements, a suitable and fast solution
was the well known Arduino Uno platform. Its features as open source platform
and to be a "Commercial Off-the-Shelf" (COTS) device, made it a good choice to
look into it. Therefore, it will be analyzed for its implementation in this project.
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Clock Freq. The system itself does not require high operation
frequencies, but 100 kHz is desired

GP Outputs An estimated 5 outputs minimum to control the sparkplug
and the main discharge circuit DC/HVDC converters.

Duty cycle 60%
PWM 4 Ports available with at least 8 bits resolution.

Communication The MCU has to support communication
protocols. I2C and/or UART

Operational voltage 3.6- 5 V
Response degree Firm Real Time System can be considered
of the system. as an acceptable response for the targeted application[39]

Extra Low cost is a plus

As was mentioned before, Arduino Uno is an open source platform board based
on the use of an Atmega328P as microcontroller. This brings up the versatility and
availability of resources, speeding up the development of the subsystem. It has 14
I/O digital ports (which 6 can be used as PWM outputs), 6 analogue inputs, 16 MHz
crystal oscillator, USB connection, power Jack and as a serial driver chip it features
the Atmega8U2 programmed as a USB-to-serial converter for an easiest uploading
the code from the Arduino IDE, which is supported by Windows, Mac OS and Linux.

Technical specifications

Microcontroller Atmega328p
Operating Voltage 5 V

Input voltage 6-20 V
Digital I/O 14 ports

Analog Inputs 6 ports
Clock Frequency 16 MHz
PWM ports 6 ports up to 31 kHz
Flash memory 32 KB

EEPROM 1 KB
Communication protocols I2C, UART, SPI

Cost 20 e

Table 8: Arduino UNO technical specifications

Even when its internal clock runs at 16 MHz, the PWM is not running at the
same frequency. This happens because the PWM ports are ruled by 3 different
timers: timer0, timer1 and timer2. Timer0 and timer2 are 8 bits resolution while
timer1 has 16 bits resolution, limiting its maximum frequency to 31 kHz and 62.5
kHz respectively, which in principle is enough for the application[41] .
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Figure 39: Arduino Uno pin out[40]
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6 Experimental results
After have been testing the circuits and have gotten a descent rate of successful tests
(90% out of 11,000 discharges), the project moved forward into manufacturing the
PCBs for the sparkplug and main discharge circuit. Furthermore, a new set of the
electrodes and the mechanical enclosure were designed by the team of mechanical
engineers of Odysseus.

(a)

(b)

Figure 40: Renders of the full PPT body assemble developed by Odysseus Space
Inc. a) Exploded view of the electrodes in its enclosure b) Assembled box for one
thruster.

Although the project management had stipulated test of the final prototypes
during the last month of work, the schedule was shifted a couple weeks due some
unexpected delays from the machining manufacturer, which led to rush a set of
experiments at the last 2 weeks of this work. During this time, the SPC was man-
ufactured and delivered for the first set of tests. The circuit was plugged to the
previous sparkplug and controlled by the breadboard control circuit.

Test 1
As aforementioned, the first tests for the final prototypes started with the SPC.

The goal was to proof its behaviour using surface mounting components instead
the typical through the hole used in the breadboards. The main concern was the
creepage in between the components as it was not manufactured with any special
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(a) (b)

Figure 41: Final PCB prototype for the spark plug.

pottering for high voltage.

The first test was run with the circuit plugged to the current set of electrodes
and these were placed inside the vacuum chamber, leaving the PCB outside for its
easier manipulation. The conditions of the experiment were:

Pressure 5E-7 Torr
PWM frequency 31 kHz

Duty cycle 60%
Pulse train length 100 ms

Input voltage 5 volts
Frequency of discharge 5 sec

Table 9: Test parameters for spark plug circuit

After the first attempt, no sparks were observed either in the spark plug and
on the circuit. Thereby the first idea was to increase the length of the pulse train
from 100 ms to 150 ms still without any signs of corona discharge. Hence a periodic
increase of the pulse train length was performed in increments of 50 ms until reach
350 ms. At this point was visualized the first sparks, although it behavior was not
consistence.

In this way the test was paused to instead measure the output voltage of the
circuit with the oscilloscope and its latency. To do this the HV probe was connected
directly to the output terminals of the circuit and the length of the pulse train was
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increased in order to observe the time it takes to reach its peak voltage.

However, once this was done a thunderous spark was generated on the surface of
the board after the voltage overcame 8 kV. After this happened, the components
were inspected one by one with the help of a multimeter and a capacitance meter,
resulting damaged a couple of diodes and completely inhibiting the circuit. This led
to stop the experiments in atmosphere an sent the circuit back to the manufacturer
for the replacement of the damaged diodes.

Test 2
This time the experiment on the breadboard circuit was retaken and the new set

of spark plug and electrodes recently manufactured. A quick test was run of about
15 min, with a discharge frequency of 5 seconds, resulting in ∼180 discharges from
which 90% of them were successful. However, this 10% of failure apparently was not
coming directly from the SPC itself, but from the mechanical SP. This conclusion
comes from the observation at the moment of the operation where was noticed a
constant but dimmed and yellowish spark instead of the bluish/white that induce
the breakdown of the circuit. The reasons of these phenomena are still unclear but
earlier theories suggest the carbon coating formation observed in Figure 42 b) and c)
was the reason of the apparent short circuit. It resulted atypical due the formation
of the carbon film usually appears after some hundred discharges and get consume
after a couple of misfires.
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(a) (b)

(c) (d)

Figure 42: a) PPT discharge b) Carbon coating on the SP anode and on the PTFE
insulator. c) Anode-side wall of the box covered by a carbon coating by the ignitions.
d) Opened view of the cathode-side of the PPT’s box.

Test 3

The breadboard circuit was repaired and the tests were retaken. Now, with the
purpose to avoid flash overs, the circuit was placed into the vacuum chamber next to
the PPT. The carbon coating was sanded down and the anode was replaced for one
slightly thinner and covered with Kapton tape to avoid surface flashover through the
PTFE. The idea was to ensure the ignition through the gap in between the anode
and the cathode of the spark plug. This worked well for 35 minutes (∼420 discharges)
having a 98% of successful ignitions before it completely stopped working.

Consequently, some hypothesis were formulated on what is leading the strange
behavior and limiting the ignitions to a few hundred. After the brainstorming, some
actions were performed as they were:

• SPC was tested separately from the SP electrodes to observe if it has been
damaged or presented any malfunction. It resulted working normally and no
unusual behaviors were noticed.

• The SP was connected to the circuit and tested in atmosphere conditions only
with the intention to discard any wiring problem in between. See Figure 43a.
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• The circuit was integrated back again and the vacuum was induced. The circuit
worked for another 5 minutes and then stopped once more again. See Figure
43b.

This experiments clearly showed an odd behavior after few discharges, while the
circuit seems to be working normally there is not ignition on the spark plug. The
reasons were unclear, but everything pointed to a mechanical issue and possible short
circuit due carbon coating in between the electrodes preventing them to reach the
breakdown voltage and consequently the spark.

(a) (b)

Figure 43: a) PPT discharge in atmosphere b) SPC next to the PPT inside the
vacuum chamber.

Test 4
Since the test campaign started, was noticed the necessity to increase the length

of the pulse train needed to reach the spark in comparison with the breadboard model.
While before typically used 70-100 ms per fire, now the circuit was needing 100-200
ms to perform the breakdown. This behaviour seemed to have no good reason to
be, except for the individual components. The capacitors used for the PCB were
slightly different than the ones used in the design campaign, allegedly of superior
quality. So, for the sake of discard any discrepancy on the components, the capacitor
bank was first disconnected from the PCB as is seen in Figure 44a and the volt-
age multiplier was tested, resulting in a similar behaviour than its predecessor version.

Therefore, it can only mean something: the capacitor bank was causing an unde-
sired delay at the moment of charging/discharging and consequently it was replaced
using the previous components. See Figure 44b

After have replaced the capacitors, the SP was sanded down, cleaned and a long
test was scheduled in to be run during the weekend. The goal of the test was to
proof the reliability of the new capacitors and the SPC itself for the long term. The
data collected by the test is displayed in Table 10.
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(a)
(b)

Figure 44: a)Capacitor bank disconnected from the SPC b)SPC after have replaced
the capacitor bank.

Pressure 5E-7 Torr
PWM frequency 31 kHz

Duty cycle 60%
Pulse train length 100 ms

Input voltage 5 volts
Operational voltage MDC 1500 V
Operational voltage SPC 7-8 kV
Frequency of discharge 7 sec

Test length 20 hours
Total discharges 7500
Success rate 75%

Table 10: 2nd long-run test campaign after have replaced the capacitor bank

It has to be said, that the data was produced by the software developed by other
student of the ZAP Lab, who by the date of the tests was not more in the lab and
the software seemed to miss several fires, meaning that from the 75% calculated, it
could have gone up to 90% according with the observations during the first 3 hours,
where all the discharges were successful. Nevertheless, according to the registers,
where not even one fire was registered, the circuit stopped working at for the last hour.
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(a) (b)

(c) (d)

Figure 45: 2nd long-run test a)PPT’s anode cover by a considerable layer of carbon,
specially at the tip of it. b) PPT’s cathode cover by a light layer of carbon c)
Rainbow effect caused by the plasma. d) PPT being fired in the vacuum chamber
at a pressure of 3E-7 Torr.

Moreover, as extra observation can be appreciated in Figure 45a and 45b how an
extensive carbon coating film is accumulated at the end of the anode of the PPT. As
this was the first long run test carried out. From the Figure 45c can be seen how the
rainbow effect spotted in [17] left a big mark on the hatch from the vacuum chamber.

Test 5
Along this work, has been broadly talked about the impact of the carbon for-

mation on the SP and how it affects the performance of the system without really
tackle the problem directly. It is largely due the tight schedule for the project itself,
making not impossible but challenging the development of the entire PPU. However,
although these last test were carried out in the last weeks of the research, a new
idea came out. During this last campaign of test, is presented the introduction of a
Spark gap which as its name state it, is no more than a gap in between the SPC and
the SP electrodes. See Figure 46
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(a)

(b)

Figure 46: Spark gap implemented to ensure the capacitor bank reached 8 kV
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The idea behind this gap is to force the SPC to reach 8 kV regardless if the
electrodes were short circuiting due the carbon print. Although the implementation
was a bit sketchy, it served as proof of concept where an air gap acts as a barrier be-
tween the two plates and only being overcome when the breakdown voltage is reached.

Fortunately the MDC PCB arrived in the last moment of the project, giving a very
short but enough margin for testing and provide the evidence of functionality that
validated 5 months of work. See Figure 48. Thereby the integration of the different
subsystems was carried out and the test were settled under the same conditions as
previous campaigns (see Table 11) except for the fire frequency, which was now speed
it up to 0.2 Hz. Figure 47

Pressure 5E-7 Torr
PWM frequency 31 kHz

Duty cycle 60%
Pulse train length 100ms

Input voltage 5 volts
Operational voltage MDC 1600 VDC
Operational voltage SPC 7-8 kV DC
Frequency of discharge 5 sec

Test length 60 hours
Total discharges 40000
Success rate 92%

Table 11: Final test campaign with all the SPC and MDC PCB integrated.

Figure 47: Behavior of the discharge under testing at 0.2 Hz and peak voltage of 1.8
kV. Tektronix TDS2024C
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The final set of test lasted for 60 hours bringing a success rate of 92% what means
around 40,000 successful discharges. The test was monitored in intervals of 15 hours
to ensure the survival of the experiment, and it was ended due a frequent rebooting
of the MCU. This was supposed to be because a parasitic fly-back current coming
from the coupled inductance. Nonetheless, the circuit performed better even though
it presented a huge amount of carbon in the electrodes of the PPT. See Figure 49

As it can be seen in Figure 49b the major layer of carbon is at the tip of the
anode of the PPT. This is an interesting effect that has been spotted before [45] with
the help of high speed cameras where, once the plasma leaves the electrodes before
the capacitor is completely discharged, it will create a curl back effect in its attempt
to close the circuit even after have been ejected from the discharge chamber. While
in 49c can be appreciated how in the area where the SP anode comes out through the
cathode of the PPT, presents an erosion and a whitish color around it. It is thought
to be because now that a higher voltage at the moment of the ignition is reached,
the discharge produces a self-cleaning effect due the burning of the carbon coating [14].

Another effect that has been mentioned before, is the rainboweffect due the erosion
of the copper being expelled in the plasma’s plume. It is present in all the PPT’s
case but can be better appreciated in the Figure 49d, where as a extension of the
plasma plume it was screened on the vacuum chamber’s hatch and on the PTFE
base used to support it.

Figure 48: Main discharge circuit PCB
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(a) (b)

(c) (d)

Figure 49: 3rd long run test. a) PPT’s anode cover by a thick layer of carbon,
specially at the tip of it. b) PPT’s open case, whitish color around the SP anode.
c) PPT’s anode, the tip is under a thick carbon layer. d) "Rainbow" effect screened
on the chamber’s hatch and over the PTFE block.

Intermittently during the test, the current was measured with the help of a
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Parameter Value
Discharge voltage 1750 V

Energy 3.8 J
Impulse bit 6.45 µN

Table 12: Discharge profile and test parameters for Ibit measurement.

high current Rogowski coil, which was connected to he Tektronik oscilloscope while
measuring the current profile of the main discharge circuit.
This measurements helped to determine the impulse bit of the thruster due its typical
extremely low thrust in the order of µNewtons and the lack of a proper test bench
for its measurement.

The formula used was the one proposed by Shaw :

Ibit = 1
2µ0

h

w

∫
(I(t))2dt, (19)

where µ0 is the permeability of the vacuum, h
w
is the aspect radio of the electrodes

width/separation gap and the the integral can be approximated to the addition
of each sample taken by the oscilloscope. This is possible due its high sampling
frequency, giving a theoretical impulse bit of 6.45 µN per discharge. Nevertheless,
this is a theoretical approximation because the formula does not take into account
the electrodes shape, flare angle, propellant and the ejection of micro-particles that
might impact on the total thrust achieved.
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(a)

(b)

Figure 50: a) Set of 4 PPTs mounted without electronics, b) Final PPT ACS
assembled into 0.8 U.
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7 Conclusions

After 5 months of work and have been started from scratch, an engineering model
of the ACS PPU was developed. However, as in any R&D project, several issues
were faced and they must be broken down one by one in order to ensure its future
reliable operation once in space.

As it was demonstrated during the realization of this work, the most sensitive
subsystem is the ignition circuit or the so called in this thesis sparkplug circuit. Where
the behaviour of the discharge using the Cockcroft Voltage Multiplier was directly
associated with the level of carbonization achieved by the electrodes after a certain
number of events. This is hardly predictable, but from the experiments was observed
to start causing problems after the first 7,500 discharges although it has been seen by
different authors to appear after longer tests. However, other possible reason for this
consistent malfunction is attributed to an "overheating" of the insulator in between
the set of electrodes, which will influence directly the surface flash-over aimed by the
current design.

It is important to clarify that these conjectures are the resulting theories after
carried out the experiments and have concordance with the behaviours observed by
different authors mentioned during the realization of this work. Moreover, the lack
of equipment as an infrared camera and the limited time functioned an important
role to determine precisely the causes. Nevertheless, the implementation of different
approaches to counter this issues as is the concept brought from the Marx generator,
the spark gap, tested at the end of chapter 6, could offer an elegant solution to the
voltage drop caused by the carbonization on the electrodes and it should be further
designed for its application in vacuum and space conditions.

Furthermore, even when the implementation of the flyback with the voltage
multiplier was presented and tested over 55,000 successful discharges, it still involves
the use of several components and as a result it increase the risk of failure while
other topologies as is flyback with extra high gain and circuits without capacitor
bank should be deeply investigated.

Finally, the implementation of a better galvanic isolation in between the logic
and the power electronics sections to prevent any possible inductive fly-back current
that could threat the MCU. As it implies the use of a high frequency inductive driver
together with a set of smith triggers for PWM control can be easily implemented
to improve the control signal. Moreover, once the control circuit is tested and the
prototyping stage is finished, is necessary to change the Atmega328 for a one more
suitable for space applications as are the MSP430 and UC3 family of micro controllers
from Texas Instrumen or a more reliable MRAM type of memory is recommended.
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A Appendix

/// CODE FOR REED RELAY ATTEMPT ////
int reed=10;
int pulse=70;
int delay=7000;

void setup() {

pinMode(reed,OUTPUT);
pinMode (LED_BUILTIN,OUTPUT);
digitalWrite(reed,HIGH);
delay(1000);
digitalWrite(reed,LOW);
digitalWrite(LED_BUILTIN,HIGH);
delay(1000);
digitalWrite(LED_BUILTIN,LOW);
delay (1000);

}
void loop() {

digitalWrite(reed,HIGH);
digitalWrite(LED_BUILTIN,HIGH);
delay(pulse);
digitalWrite(reed, LOW);
digitalWrite(LED_BUILTIN,LOW);
delay(dlay);

}
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Flyback converter code for PWM control in Arduino UNO and NANO at frequency
of 31 kHZ

int off=5000; // Period between pulses
int pulse=200; //pulse length

void setup() {

Serial.begin(9600);
TCCR2B = TCCR2B & B11111000 | B00000001; // for PWM frequency of 31372.55 Hz

pinMode (LED_BUILTIN,OUTPUT);
delay(1000);
digitalWrite(LED_BUILTIN,HIGH);
delay(1000);
digitalWrite(LED_BUILTIN,LOW);
delay (1000);

pinMode(11,OUTPUT);
}

void loop() {
if(Serial.available()){}

analogWrite(11,175);

digitalWrite(LED_BUILTIN,HIGH);
delay(pulse);
analogWrite(11,0);

digitalWrite(LED_BUILTIN,LOW);
delay(off);
}
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