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M. Ş. Uludağ, TU Delft





Preface

This thesis represents the ultimate effort to earn the Master of Science Degree at the Aerospace Engineering
faculty in TU Delft. This project was an ideal opportunity to use my knowledge from my Bachelor Electrical
Engineering into the development of a control system for the vaporizing liquid micro-resistojet. The thesis
project challenged me to experience the difficulties of conducting research, especially during this strange
period with many restrictions. I’m very proud of the final product and I’m looking forward to apply all the
gained skills in my professional career.

I would like to thank my supervisor Asst. Prof. Angelo Cervone and M. Şevket Uludağ for their guidance
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Abstract

The general idea of interest of this Master thesis project is the increasing demand for micropropulsion sys-
tems for miniaturized spacecraft. The developments and deployment of these satellites increased rapidly in
the last decade. CubeSats and more recently PocketQubes are an interesting opportunity for lower budget
organizations or universities. The ability to control the motion of these satellites becomes more important
and hence a propulsion system is required.

This thesis presents the first steps in the development process of a dedicated control system for the vapor-
izing liquid micro-resistojet (VLM) of the Delft University of Technology. The produced thrust of the micro-
propulsion system is regulated by two main control parameters: temperature and pressure. The report pro-
poses a different control mechanism for each control parameter and three different operational envelopes.
The first two operational envelopes are solely designed for the experimental phase of the project, to exam-
ine the behavior of the control system on the separate control parameters. The final operational envelope
could be used to control the propulsive operation of the VLM concept. An analysis of the measurement delay
is made, to decrease the sampling time of the control loop. Two controllers, namely proportional-integral-
derivative (PID) for the temperature and sliding mode control (SMC) for the pressure have been proposed.

The designed hardware is based on the requirements of the operational envelopes and control strategies.
The control system can be divided into three main parts: microcontroller, temperature controller and pres-
sure controller. The Arduino Uno is selected to be used during this phase of the development process. The
temperature controller is combination of an adjustable power supply and a measurement setup. The ad-
justable power supply is a buck-boost converter that is controlled with two digital potentiometers connected
to its feedback pin. The digital potentiometer combination has 2806 different output steps, resulting in an
output resolution of 0.89 mV. The chamber temperature is determined with resistance measurements of the
heater chip using voltage and current sensors. The current measurement results are unfortunately not suffi-
cient for accurate temperature measurement, the sensor should be replaced in future projects. The chamber
pressure is regulated by a ON/OFF valve at the inlet. The controller hardware is based on the requirements
of the selected solenoid valve. It contains a boost converter and switching circuit to create the desired spike
voltage at the solenoid valve. The energy requirements of the solenoid valve exceed the energy level of the
propulsion subsystem.

The designed control system did not meet all the expectations. The temperature measurement system
needs to be improved and an additional storage devices should be added to fulfil the requirements of the
propulsion system. The biggest challenge that followed from this thesis project is the complex trade-off
between sampling time, measurement accuracy, system dynamics and power usage. An optimal balance
between these parameters is essential to make it suitable for missions in miniaturized spacecraft like the
Delfi-PQ.
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1
Introduction

The general idea of interest in this Master thesis project is the increasing demand for micropropulsion sys-
tems for miniaturized spacecraft. The developments and deployment of these satellites increased rapidly in
the last decade. CubeSats and more recently PocketQubes are an interesting opportunity for lower budget
organizations or universities. Their modular design and small dimensions reduce their development and
launch costs. Recent technology developments created a completely new range of applications for CubeSats
and PocketQubes. Applications in which the ability to control the motion of a satellite is essential and hence
a propulsion system is required.

The launch costs of this class of spacecraft are reduced significantly due to ’Piggy-Back Launching’ [16].
Small satellites are launched as a secondary payload and a single rocket is able to put multiple satellites into
orbit. There are however a few limitations bounded to piggy-back launching, imposed for the safety of the
primary payload. These limitations depend on the launch system and the primary payload. For CubeSat
launches in past it was for example not not allowed to store propellant at a pressure above 1.2 bar, use explo-
sive materials and the maximum stored energy in a small satellite was 100 Wh [16].

These restrictions limit the available propulsion possibilities, which are reduced even further due to lim-
ited amount of available power. Micro-resistojets are one of the few options able to operate within these
limitations. The concept is based on the expansion of a gaseous propellant into space. The propellant is ac-
celerated by a resistive heating element. It could therefore be non-explosive, non-hazardous and does not
have to contain much chemical energy.

The vaporizing liquid micro-resistojet (VLM) stores its propellant in the fluid state, vaporizes the liquid in
the chamber and accelerates the gaseous molecules in a convergent-divergent nozzle. The VLM concept still
faces a number of challenges and is not widely tested in-orbit. The current development level of the VLM sys-
tem developed by the Aerospace faculty of the Delft University of technology will be examined in this chapter
and compared with other VLM propulsion systems. The focus of this examination will be on the ability to
control the propulsive performance of the VLM concept. It will asses relevant literature of applied control
theory to comparable micropropulsion systems and summarizes the basic component level requirements of
a control system for the subsystems of PocketQubes. The setup for the research proposal together with the
thesis outline will be given in sections 1.2 and 1.3, respectively.

1



2 1. Introduction

1.1. Literature Study
This section presents an excerpt of an extensive literature study conducted to prepare for this thesis project. It
will go through the various important aspects relevant to the design of a control system for the VLM concept.
The section starts with a short assessment of the dedicated satellite, the PockeQube, and the selection process
for the ideal propellant. After that, it will continue with the comparison of different thruster designs and
control strategies from different organizations. The final part will shortly explain the requirements of the
electronic components for the design of the VLM control system.

1.1.1. PocketQube
The development of the first PocketQube started in 2009 [13]. It is derived from another small, modular
spacecraft: The CubeSat. Both concepts reduced the threshold for universities and smaller organizations to
become active in space. The size of the PocketQube limits the possible applications, because it is simply not
possible to miniaturize each subsystem. Therefore it is currently mostly used for training and/or educational
applications and for technology demonstrations. Research is currently conducted to find other applications
for PocketQubes, such as Earth observation, communications services and space exploration. The first Pock-
etQube developed by the Delft University of Technology is the Delfi-PQ [50], its CAD model is shown in figure
1.1.

Figure 1.1: CAD model of the Delfi-PQ with deployed antenna [50]

The PocketQube is built from a single or multiple squared units with a size of 50x50x50 mm and a max-
imum weight of 250 g per unit [13]. They are launched as the secondary payload of larger satellites using
a special deployment system. Often used deployment systems are the MRFOD and the AlbaPOD [13], both
concepts use a base plate on the PocketQube which slides into a guided rails system. ’Piggy back’ launching
reduce the launch costs and make it affordable for smaller organizations, but there are a number of restric-
tions attached to this type of launching [16]. These restrictions should keep the primary, often very expensive
payload safe. Due to these restrictions it is not possible to store propellant above 1.2 bar, use explosive mate-
rials and the maximum amount of stored chemical energy is limited to 100 Wh.

The launch restrictions are not the only limitations of a miniaturized spacecraft. The size limits the space
for the electronic subsystem and the attached solar panels. The PocketQube is, depending on the size and
arrangement of the solar panels, able to generate power in the range of a few hundred milliwatt up to 10 watt.
This limits the communication possibilities and the available power for the propulsion subsystem. It is also
mostly not possible to use active thermal control on PocketQubes due to limited available power. Temper-
ature management is therefore a challenging objective, especially for the propulsion subsystem [50]. High
temperatures could cause the propellant to boil in the storage tank, especially at the end of the mission when
less propellant is left in the tank. Lower pressures will reduce the boiling temperature of water. Low temper-
atures could cause the propellants to freeze. Micro-resistojets usually operate below 200◦ Celsius, because
the temperature should not exceed the component specifications (especially maximum valve temperatures)
and the interface between the propulsion system and the spacecraft should stay between 5◦ Celsius and 85◦
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Celsius [50].

Another major advantage of micro-satellites is the possibility to create a cost effective constellation of
PocketQubes. A constellation will make it possible to cover large surface for earth observation or measure the
space weather at different locations simultaneously. Recent plans proposed for example a communication
network with 7518 PocketQubes in Very Low Earth Orbit (VLEO, 340 km) [13]. This and other plans will in-
crease the amount of satellites in an Earth orbit and therefore the chance on collisions rapidly. The lifetime
of PocketQubes is hence an important aspect that should be taken into account during the design phase. The
mission time of educational and technology demonstration satellites ranges from 3 months up to 2 years and
the mission time for scientific and commercial ranges from 1 up to 7 years. Ideally, they should de-orbit after
the end of their mission, but system failures make it sometimes difficult to control the spacecraft in the final
stage of its lifetime. An ideal altitude for circular orbits is therefore between 300 and 400 km [13]. This orbital
regime is currently not densely populated and the natural lifetime of satellites in this regime is appropriate to
restrain space debris.

The observability by radar facilities as well as the communication possibilities for ground stations are also
two important factors for the determination of the right orbital regime. "The reflected radar signal is linearly
proportional to the effective radar cross-section of the object and inversely proportional to the 4th power of the
distance (which would be altitude in zenith direction)" (Bouwmeester et al., [13]). A very small spacecraft at a
large altitude is hence difficult to detect by radar facilities. These facilities determine not only the position of
the PocketQube, but also calculate the risk on collisions with other spacecraft. The limitation in altitude and
thereby the observability is essential for the completion of the mission, especially for large constellations of
PocketQubes. The above mentioned communication constraints due to the small amount of available power
also limit the preferable orbital altitude. The altitude for the Delfi-PQ is currently 529 km with an inclination
of 97.5◦ [1].

The performance of a propulsion system for a PocketQube is not only limited to the launch restrictions
and the size of the spacecraft. It is also limited by the performance of the attitude actuators. The amount of
possible actuators is still relatively low compared to the possibilities for larger spacecraft. Mainly because of
the short development time and the financial space of PocketQube users, but also due to technical limitations
[13]. Magnetorquers are currently the only feasible option to compensate for the misalignment of the thrust-
vector with the center of mass [13]. This results in a maximum allowable thrust for a 3p PocketQube of 3 mN
[50].

1.1.2. Propellant Selection
The selection of the right propellant is a bit more restricted compared the propellant selection for a propul-
sion system for a larger spacecraft. The launch and design limitations for a micropropulsion system are al-
ready explained in section 1.1.1. The propellant shall not be pressurized, should be non-explosive and shall
not be hazardous for other satellite subsystems or the operators. Ref. [25] investigated the characteristics 95
potential propellants. The best-scoring nine fluids have been selected for additional in-dept analysis for their
performance parameters, thermal characteristics and safety concerns. Figure 1.2 shows the performance pa-
rameters specific impulse versus power and Delta-V versus power for these nine best-scoring fluids. Ammo-
nia is superior in terms of specific impulse versus heating power and performs reasonably well in delta-V
versus heating power for the VLM concept. Only water is able to achieve a higher delta-V per volume of fluid,
but requires more heating power to achieve it. These results only consider the heating power used in the
vaporization chamber, the power used to achieve the appropriate storage conditions is neglected. The nine
selected propellants are then investigated on three safety characteristics: Flammability, health hazards and
instability. Seven out of nine propellants have a high or extreme score on flammability, only ammonia and
water have respectively a low and negligible flammability risk. The health hazard and instability score for
each of the nine propellants is low or negligible except ammonia, which has a high level of health hazard.
These results combined show that water is the most suitable propellant out of the 95 fluids with good per-
formance parameters and perfect safety characteristics. Water is cheap, easily storable and has a relatively
high density. The molecular mass of water (18 g/mol) represents a good trade-off between the required low
molecular mass for a high specific impulse and high molecular mass for a small storage volume [16]. Using
water as the main propellant has one major drawback: It has very high power consumption due to the high
specific heat and high latent heat of vaporization [16].
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(a) Specific impulse versus power (b) Delta-V versus Power

Figure 1.2: Performance parameters of best scoring nine fluids of Ref. [25]

1.1.3. Vaporizing Liquid Micro-resistojet
The first research into VLM’s started since the mid-1960’s [32]. This resulted in a short period of popular-
ity for high power systems in the beginning of the eighties, in which commercial flights used resistojet’s for
attitude control and station keeping. The first steps in the miniaturization of the concept were made just
before turn of the century and were initiated by the new microelectromechanical Systems (MEMS) fabrica-
tion techniques. The developments made since then only resulted in two orbit demonstrations, the first one
was in 2003 (90-kg class UK-DMC satellite) and the second one in 2017 (1.5U CubeSat AeroCubes-OCSD7B&-
7C) [47]. The orbit demonstration in 2003 was successful and showed a greater decrease in temperature and
higher thrust compared to ground tests. The second one failed to produce any thrust due to a frozen nozzle.
The results from both test will be analyzed in one of the next paragraph’s of this section.

The concept of a VLM is based on the adiabatic expansion of a vaporized gas in a convergent-divergent
nozzle [53]. The propellant, stored in the liquid state, flows via the inlet section, through the vaporization
chamber to the nozzle. The liquid propellant is vaporized in the chamber by an internal or external heater
element. The phase change from liquid to gas increases the specific volume of the propellant in the chamber
rapidly [32]. The momentum of flow out of the nozzle results from the rise of total pressure in the chamber.
The flow can be modeled in the continuum flow range, because of the low Knudsen number (K n <= 0.1) [25].

Performance

The performance of VLM’s is limited by the design and safety restrictions of micro-and pico-satellites. Re-
search in various VLM designs is currently conducted to develop a thruster with a vacuum thrust level of
0.5-10mN with a specific impulse in the range of 50-200s for CubeSats [16]. The peak power of a 3U Cube-
Sat propulsion system should be lower than 10W and its total wet mass should be lower than 450g [16]. The
requirements for pico-satellites are even smaller, they require vacuum thrust levels in the range of 0.1-3mN
with a specific impulse of 50-100s. This must be achieved by a propulsion system with a wet mass lower than
75g and a peak power consumption lower than 4W [50]. Table 1.1 shows that there are a number of designs
able to operate within the demands of CubeSats and PocketQubes. The last design of table 1.1 is COTS from
a Finnish company called Aurora Propulsion Technologies [10]. Thrust and specific impulse requirements
are mostly within range, but the peak-power requirements are not always met. This is especially the case for
maximum thrust operations, due to the large amount of required heat for vaporization.

Design

This section will explain the design choices made in literature. The first paragraph goes through the differ-
ent liquid storage and feed systems. The design and operational processes of the vaporization chamber are
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Ref. P [W] ṁ [mg/s] FT [uN] Isp [s] Propellant Measurement
[36] 2.82-9.31 (VA) 0.83-5.30 186.05-970.98 N/A Water Indirect
[32] 7.70-7.94 3.06-5.99 997-2004 25.9-51.1 Water Direct
[47] (DVT) 2.66-14.44 5.86-6.30 3710-4470 63.03-73.97 Water Direct
[47] (RCT) 0.19-6.65 1.23-1.48 550-730 54.28-65.32 Water Direct
[52] (5) 7.29 0.55 670 124.02 Water Simulated
[10] 2.0-20.0 N/A 600-4000 100 (estimate) Water N/A

Table 1.1: Propulsion performance overview of different VLM systems

analyzed in the second paragraph. The final paragraph will explain the choices made for the convergent-
divergent nozzles.

Liquid Feed & Storage System The liquid feed & storage system should be able to supply the thruster suffi-
cient propellant for the entire operation. It should be able to control the pressure in the vaporization cham-
ber and therefore the mass flow through the nozzle. Launch restrictions of micro-and picosatellites prohibit
the system to store the propellant at high pressures. The maximum internal pressure in a CubeSat or Pock-
etQube is equal to 10 bar [16, 49]. Water is, as mentioned before, often chosen as the ideal propellant for VLM
propulsion systems, because it offers a good combination of mass and volumetric specific impulse and is
safe to handle. The requirements of the Delfi-PQ PocketQube demand that the thermal interface between the
propulsion system and the satellite stays between 5◦ Celsius and 85◦ Celsius [49] during all mission phases.
The phase diagram of water shows that water will be in the liquid state considering the pressure and tem-
perature requirements [71]. The system should also be able to operate using gaseous nitrogen. Nitrogen will
always be in the gaseous state considering the pressure and temperature requirements [22].

The development of VLM systems is currently still in an early phase. Most systems are only opposed to a
number of ground tests and the model is often not ready to be tested in space [32, 35, 36, 52]. These ground
tests are conducted using a syringe pump which operates as the liquid propellant storage & feed system. It is
used to control the flow rates of the propellant to vaporization chamber. It is preferred above a regular blow-
down system, because it is able to keep the flow rate constant and makes it possible to examine the effect
of varying flow rates on the performance. Available literature that describes the design of a designated feed
& storage system for a VLM is therefore limited. The Delft University of Technology developed a blow-down
system for an in-orbit demonstrator for pico-satellite applications [49]. It is a dual micropropulsion system
able to demonstrate two different micro-resistojet concepts: VLM and LPM. The systems uses the capillarity
properties of water in a small flexible tube to use the same storage system for both concepts. The propellant
is pressurized by gaseous nitrogen. It is stored in a Teflon tube with a diameter of 1.57mm and a length of 300
mm. The system uses a normally closed solenoid valve (2-way, high-speed valve: INKX0511400A). The valve
is electrically connected to the microcontroller by two pins and is actuated using a spike and hold circuit. The
micro-valve system records the control voltage, inlet pressure and outlet pressure.

Vaporization Process The vaporization chamber is the crucial part of a VLM system as it has a very large
influence on the performance. Liquid water is vaporized by a heating element and transported to the nozzle.
The performance of the vaporization chamber depends on the flow and boiling process of the propellant.
These properties are influenced by the chamber pressure, chamber temperature and by the size and shape
of the chamber. This paragraph will analyze the vaporization chamber of TU Delft and compare it similar
designs from other organizations.

The design of the TU Delft was planned to be integrated in an in-orbit demonstrator for the micropropul-
sion system of the Delfi-PQ [16, 49, 52]. Two different shaped vaporization chambers are designed and tested
in combination with integrated molybdenum heaters. Molybdenum is a metal with a high melting point of
2693◦ Celsius. Its resistivity is linearly proportional to the temperature (<700◦ Celsius), which makes it suit-
able for precise temperature measurements. The heaters are tested in two configurations, one with 21 lines
with a total resistance of 3.40Ω and the other one with 30 lines with a total resistance of 2.38Ω. The thrusters
are small and made out of silicon (good thermal conductor), it is therefore estimated that the temperature of
the complete thruster equal is to the temperature of the heaters. There are two designs for the vaporization
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chamber: One with serpentine channels and one with diamond pillars. Both concepts are tested in large and
small surface configurations and are shown in figure 1.3. The tests were conducted with a syringe pump at
room temperature without proper thermal isolation. The syringe pump causes low frequency pressure fluc-
tuations in the propellant flow, this could cause some instabilities in the two-phase flow. It could result in the
ejection of liquid droplets out of the nozzle. This effect was only visible in the pressure measurements, no
instability was spotted visibly in the behavior of the flow during operation. The concept with small diamond
pillars seemed to be the most efficient due to its large surface.

Figure 1.3: Schematic overview of the channels configurations of [52]

Other organizations also developed comparable vaporization chambers based on the same concept.

• The concept of figure 1.4a is developed by the University of Tokyo and is based on a pulsating opera-
tion of two phases, a thrust generating period and a draining period [6, 31, 47]. The liquid propellant is
vaporized at room temperature under saturated vapor pressure. Water vapor then leaves the vaporiza-
tion chamber and is heated in the labyrinth shaped path to the nozzle. It is designed to minimize the
amount of liquid droplets that are expelled through the nozzle to prevent the nozzle from freezing.

• The concept of figure 1.4b based on a vaporization chamber with a straight flow path and internal
molybdenum heaters [32]. It is developed by the Hong Kong University of Science and Technology
and the Peking University. The developers chose to use a straight microchannel configuration in this
concept, to decrease the pressure loss in the chamber. The heaters should be able to let the thruster op-
erate in the film boiling regime, this regime prevents the liquid water propellant to reach the chamber
walls using rapid vaporization with higher temperatures. This high excess temperature initiates the Lei-
denfrost effect, high vaporization rates produces sufficient pressure to bounce the droplets away from
the chamber wall. Droplets attached to the chamber wall would hinder the flow and would therefore
decrease the efficiency of the thruster.

• A schematic overview of the third concept is given in figure 1.4c [20]. This design is developed by
the Italian National Research Council - Institute of Microelectronics and Microsystems. The vaporiza-
tion chamber consists of two heater sections. An external platinum resistive heater is used to increase
the propellant temperature in the microchannels. The secondary heating section performs a localized
heating operation for flow instability control and is powered by low-power on-channel heaters.

• A schematic overview of the final concept is shown in figure 1.4d. The concept is developed by the
College of Mechanical Engineering and Applied Electronics Technology of the Beijing University of
Technology. It is based on planar induction heating the vaporization chamber [36]. An internal plate
generates heat due to the eddy current induced by an external excitation coil. This concepts simplifies
the fabrication of the chamber because of the wireless transportation of energy to the internal heat-
ing plate. A high frequency AC current is applied to the excitation coil to generate the eddy current.
Figure 1.4d shows rectangular holes in the heating plate. These holes distribute the eddy current as it
can not flow through the holes. This increases the current density in the sections between the holes.
A higher current density results in a higher power density and therefore increase in temperature. The
holes or surface cavities affect the dynamic behavior of the flow inside the chamber. Non-condensable
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(a) Schematic half-sectional view of the thruster from [47] (b) Schematic overview of the MEMS VLM concept [32]

(c) Schematic overview of the MEMS microthruster with two heater sections
[20] (d) Schematic overview of the VLM concept with planar induction heating [36]

Figure 1.4: The vaporization chamber design of different VLM concepts

gas could be trapped in the cavities and produce bubbles when heating, which could affect the flow in
the chamber.

This paragraph explained the various design choices made in the different concepts. It became clear that
a trade-off should be made between a large heating surface, in for example serpentine channels, and a low
pressure drop in a straight flow path. The type of heating is also important for the efficiency. An internal
heater is a bit more complex, but has a better heating efficiency due to direct contact with the propellant.
The final concept showed that the complexity of an internal heater can be simplified using planar induction
heating. Most concepts operate in temperature ranges around or above the boiling temperature of water,
except for one. This model vaporizes the liquid propellant in the chamber at room temperature and increase
the vapor temperature on its path to the nozzle of the thruster.

Nozzle Design The vaporization chamber is the core of the concept, it explains the working principle of a
VLM system. It also has a large influence on the performance of the system, but its not the only part that
affects the thruster performance. The convergent-divergent nozzle accelerates the water vapor into the en-
vironment. The size of the designed nozzles is adjusted to the size of the thruster and the produced thrust
of approximately 0.1-10 mN. It is therefore not possible to accurately simulate the performance of a micro-
nozzle using Ideal Rocket Theory (IRT) only, Computational Fluid Dynamic (CFD) simulations need to be
used instead [16]. The difference between the effective throat area and the nominal throat are can be large,
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this could result in a big difference between the ideal and actual performance of the nozzle. The boundary
layers and surface roughness of these nozzles reduce the effective throat area significantly. This is expressed
by the discharge coefficient of a nozzle. Previous studies showed that there is a significant drop in the dis-
charge coefficient for Reynolds numbers smaller than 1000 [11].

Vapor flow can, unlike gas flow, exist out of two phases simultaneously, the analysis of the flow in a nozzle
is therefore complicated. This simplifies when the saturation temperature is reached, the propellant flow will
now behave like the flow behavior of a perfect gas [27]. An increasing mass flow rate causes the nozzle exit
temperature to decrease. The vapor could condense to the nozzle walls and reduce the thrust when the exit
temperature is smaller than the saturation temperature. This is called ’super cooling’. The condensation to
the nozzle walls also depends on the residence time of the vapour in the nozzle. When the residence time is
too short, it is not possible for the vapour to condense to the nozzle walls. If the temperature decreases even
further and the residence time is sufficient, the vapor could form ice at the nozzle exit. The heating power
should be increased to put the temperature back at the saturation level, only then it is possible to assume
perfect gas behavior. The available heater power in a small satellite is limited, so the maximum allowed mass
flow is also limited. Less available heater power has a negative influence on the performance of the thruster
as the nozzle is more efficient at higher mass flow rates. This can be explained by the effect of the boundary
layer on the efficiency, which is more significant at lower mass flow rates.

An increase in the area ratio of the thruster has a positive influence on the thrust force due to the increase
in exit velocity [27]. This is the result of a smaller exit pressure and therefore larger pressure ratio, which fol-
lows from a larger nozzle exit area allowing the vapor to expand more. On the other side, increasing the area
ratio also decrease the exit temperature and increase the residence time of the vapour in the nozzle, increas-
ing the risk of vapour condensation to the nozzle walls. A balance between both conditions should be found
to ensure proper operation. The increasing slope of the thrust force is smaller for lower mass flow rates, due
to the boundary layer effect. The vapor expansion will not increase further when the area ratio is increased
without increasing the propellant mass flow rates. This limits the area ratio for a certain mass flow rate. In-
creasing the area ratio is only efficient when the mass flow can be increased, which is only possible when the
required heater power is available.

1.1.4. Control Strategy
An optimized control strategy is essential for an efficient operation with good performances. A control strat-
egy could be based on the analytical model of the system. A proper analytical model of a VLM is necessary
to estimate its performance with a good accuracy. Analysis of the behavior of the flow is difficult due to the
strong link between the boiling process in the vaporization chamber and the flow in the micronozzle [18]. Re-
search is conducted to analyze the different conditions separately, without properly considering the coupling
between them. The performance of this micropropulsion system is affected by the boundary layer in the
nozzle, flow boiling instabilities in the chamber and the expansion of the two-phase flow in the nozzle [18].
Two different flow regimes could occur in a VLM micronozzle: the transitional flow regime (0.1 < Kn < 10) and
the slip flow regime (0.01 < Kn < 0.1) [18]. Both require a different approach for the analysis of the behavior
of the flow. DSMC are required for the transitional flow regime and the Navier-Stokes equations should be
used for the slip flow regime. Modeling the boiling process in the chamber opposes a number of challenges,
such as for example bubble nucleation, transport and phase change phenomena thermal properties of the
chamber and heater [18]. The CFD computations required for these challenges are complex and an accurate
comprehensive model is not directly available.

Analytical Model

This paragraph will present a simple analytical model for the behavior and performance of a VLM and will
asses its shortcomings. The analytical model is based on the Ideal Rocket Theory (IRT) for the continuous
flow regime [25, 52]. It does not give a very reliable estimation of the real situation due to the amount of
assumptions made in IRT, but it could be used to predict the effects of certain initial design choices on the
performance of the concept. The analytical model starts with the Vandenkerckhove function given in equa-
tion 1.1, in which the specific heat ratio is given by γ.
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The Vandenkerckhove value could then be used together with the known area ratio of the nozzle (Ae /At )
to determine the pressure ratio (pe /pc ) by means of iteration using equation 1.2.
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The chamber temperature (Tc ) and pressure (pc ) should be known to determine the mass flow rate through
the nozzle with equation 1.3 and the exit velocity with equation 1.4.
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The results from these equations could then be used to determine the thrust and specific impulse of the
system with respectively equations 1.5 and 1.6.

FT = ṁVe (1.5)

Isp = FT

ṁg0
(1.6)

With g0 equal to the gravitational acceleration. A simple equation to show the dependency between the
chamber pressure and temperature is given in equation 1.7. It determines the required power to vaporize and
heat-up the vapor to the chamber temperature for a given mass flow rate [49].

P = ṁ · [cpL(Tvap −T0)+Lh + cpG (Tc −Tvap )] (1.7)

Where the average constant specific heat of liquid and vapor are respectively given by cpL and cpG . The
latent heat of vaporization is given by Lh . This equation only determines the amount of power required by the
propellant, without considering any thermal losses to the environment and the effects of boiling phenomena
on the performance. The vaporization temperature varies with the chamber pressure and could be calculated
using the Clausius-Clapeyron relation [69], given in equation 1.8.

Tvap = T1Lh MW

T1RAln( p1
pc

)+Lh MW
(1.8)

T1 is equal to the boiling temperature at a pressure p1 of 1 atm. Ref. [69] showed that a higher mass flow
rate could be achieved by minimizing the difference between the chamber temperature and the vaporization
temperature i.e. varying the chamber temperature for different chamber pressures. Equation 1.7 could then
be simplified by assuming that the chamber temperature is equal to the vaporization temperature, resulting
in equation 1.9.

P = ṁ · [cpL(Tvap −T0)+Lh)] (1.9)

Equation 1.3 could be combined with equation 1.9 into equation 1.10. This equation shows that the
amount of power required by the propellant, for complete vaporization, only depends on one variable, the
pressure in the chamber. Ref. [38] also explained that increasing the heater power will not directly result in
a higher chamber temperature, the added energy will be first consumed by the boiling process. This lead to
a higher evaporation rate, resulting in a higher vapor pressure and rising thrust. The chamber temperature
and therefore the chamber pressure will increase after the liquid is fully vaporized.

P = pc At√
RTvap

Γ · [cpL(Tvap −T0)+Lh)] (1.10)
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The losses in the vaporization chamber are, unfortunately, not equal to zero. Ref. [23] compared the ideal
power versus pressure curve, obtained with equation 1.10, with actual experimental results of three thruster
models. Figure 1.5 shows the differences between the ideal and real power demands over a given pressure
range.

Figure 1.5: Ideal power versus pressure curve plotted against experimental results [23]

The real power versus pressure curve of all three of the tested models could be characterized by the linear
equation 1.11, with a [W/Pa] and b [W]. These experimental results show that the maximum chamber pres-
sure is approximately 0.7 bar for the peak power requirements of PocketQubes (4 W). Which is also without
considering the power demands of the solenoid valve and additional control electronics. This will further
decrease the available power for the vaporization process.

P = a ·pc +b (1.11)

Energy from the heater chip is lost by radiation, convection and conduction. Ref. [38] suggests that there
are conductive heat losses through the insulated bottom side of the chamber and convective and radiative
heat losses through the top side of the chamber. These losses are given in equation 1.12.

qloss = qconv +qr ad +qcond = Hc Ast (Tst −Ti )+σAst (T 4
st −T 4

0 )+ KSi A Av

db
(Tc −Tsb) (1.12)

With Hc equal to the average convective heat transfer, Ast equal to the effective surface area, σ equal to
the Stefan-Boltzmann constant, Aav equal to the effective area for conduction, KSi equal to the thermal con-
ductivity of silicon and d equal to the thickness. These losses should added to the energy consumption in the
chamber to determine the total required heater power.

The experimental results from Ref. [23] show the differences in power demands between the ideal and
real situations. More or less the same is true for the IRT equations. The IRT model is based on a number of
assumptions. These assumptions hold, in general, for regular sized thrusters. Nozzle and thrust efficiency
explain the difference between the ideal and real performance of those systems. The assumptions do not
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have significant effects on the accuracy of the IRT results. This is, unfortunately, different for micropropul-
sion systems, mainly due to the size of the system. In IRT they assume adiabatic flow in the nozzle, they
neglect friction and assume uniform distribution [54]. There is no adiabatic flow in the nozzle, because the
nozzle also transfers thermal energy to the propellant. Which is mainly due to the small size of the thruster.
This also affects the surface friction and boundary layers, both are not negligible in micropropulsion systems.
Which, in turn, rejects the assumption of a uniform distribution of the gas temperature, density, pressure and
velocity. Two comparable approaches include the effect of IRT assumptions on the performance of micro-
propulsion systems.

Ref. [54] assumes that there are three different mass flow rates in the thruster. The first one is the liquid
flow rate into the inlet section (ṁ1), the second one is the vaporization rate (ṁ2) and the third one is the
mass flow rate of the nozzle (ṁ3). The unbalance between these three rates is the first factor that governs the
dynamics of the system. The other one is the applied power to the heaters, which affects the vaporization
process. Ref. [18] proposed an analytical model which couples the boiling process with the behavior of the
flow inside the micro-nozzle, using IRT and semi-empirical relations. The discharge coefficient is used to
estimate the losses of the boundary layer to the exit velocity and mass flow rate. These losses are subtracted
from the ideal performance determined by the IRT.

Ref. [54] and Ref. [18] have one major approach in common. Both of them use experimental results to
derive the input parameters for their equations empirically. Ref. [54] used a digital microscope to assess
the behavior of the two-phase flow in the chamber. Ref. [18] took a slightly different approach and used an
extensive collection of literature to create the model empirically and used the design and results from Ref.
[14] to verify their results. The similarities between both references can be found in the division between the
boiling process in the vaporization chamber and the acceleration of the vapor in the convergent-divergent
nozzle. Ref. [54] used the linear regression function of the volumetric behavior of the two-phase flow in the
chamber to determine the vaporization rate, used the Antoine equation to calculate the temperature of the
vapor and followed the IRT assumptions to determine the performance of the thruster. In addition, they
provided a state-space model of the proportional solenoid valve to couple a certain input voltage to the mass
flow rate to the inlet section. Simply using the IRT assumption is insufficient for the thrusters within these size
ranges. Ref. [18] presented therefore the possibility to determine the discharge coefficient and the specific
impulse efficiency, modeling the effects of the boundary layer in the nozzle. This increased the accuracy of the
estimated performance. In addition, they presented a possibility to assess the two-phase flow in the chamber
by determining the heat transfer coefficient before and after the establishment of the dry-out condition. This
is done using the estimated value of the local Nusselt number, resulting in a faster evaporation process in
the chamber. The performance estimations of the model approached the experimental thrust and specific
impulse with errors smaller than 7.3%. This is an improvement compared to the 2D CFD computations,
probably because of the 3D real flow effects. These effects are neglected in the 2D CFD computations. The
vaporization chamber and nozzle models from Ref. [18] could be combined with the solenoid valve model
from Ref. [54] to create a broader picture of the behavior of the complete system. The formulation of a
accurate comprehensive model for a certain VLM system could be a project on its own and is out of the
scope of this thesis project. This section presented therefore only the analytical model based on the IRT
assumptions and evaluated its shortcomings using relevant models from literature.

Control Mechanisms

The performance of a VLM does not only depend solely on the geometry and propellant choice, but also on
the ability to control the thrust and specific impulse with maximum efficiency. The model proposed in the
previous section of this chapter could be used to calculate the performance given the adjustable input param-
eters. These input parameters are the heater chip power and chamber pressure. The simple equation to show
the dependency between both parameters is already given in equation 1.10. The vaporization temperature
depends on the pressure in the chamber, resulting in a relation between the chamber pressure and required
heater chip power. The power-pressure relation only determines the amount of power required by the propel-
lant, without considering any thermal losses to the environment and the effects of boiling phenomena on the
performance. The boiling process of a two-phase flow is almost always unstable [15]. The produced thrust
depends strongly on the pressure in the chamber. The pressure tends to fluctuate, resulting in a fluctuating
thrust. The pressure fluctuation could be caused by explosive boiling, which occurs at the inlet and in the
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channels periodically [15]. The explosive pushed a little bit of the fluid forward in the direction of the nozzle,
but most of the incoming fluid is pushed back to the inlet. The liquid propellant in the channels accumulate
together and form droplets due to the surface tension. The size of the channels is very small, so the droplets
block the channels. The heater chip increases the temperature of the droplets and they slowly evaporate en
become smaller until they are pushed out by the pressure of the vapor. The heat transfer rate decreases due
to the deviation of the thermodynamic equilibrium, mainly caused by the small channel size and high flow
speed. The boiling mode in micro-scale thrusters is not continuous, but it occurs instead at random time
intervals.

The determination of the Heat Transfer Coefficient (HTC) in micro-scale systems is difficult due to the
presence of nucleation boiling activity and active convective mechanisms [68]. The type of boiling is deter-
mined by the boiling state which is coupled to the pattern of the flow in the microchannel. Five flow patterns
are distinguished for the two-phase flow in a VLM: bubble flow, slug flow, churn flow, annular flow and dry-
out regions. The flow pattern is defined by the vapor quality, which is the ratio of vapor mass flow to the
total mass flow. Bubble flow has the lowest vapor quality and dry-out regions are indicated by a high vapor
quality. The HTC reaches its maximum close to the inlet in bubble or slug flow, at the start of boiling with the
dominating nucleation boiling mechanism [57]. The convective boiling mechanism becomes the important
heat transfer mechanism with a higher vapor quality and annular flow pattern. The HTC starts decreasing
significantly when the first dry-out regions start to form, this occurs when the vapor quality approaches ’1’.
There is no thin film layer of liquid on the chamber wall in the dry-out regions, reducing the heat transfer
coefficient in that area.

Higher thrust levels are achieved by increasing the chamber pressure and heater chip power. Both input
parameters are limited by the given requirements of QubeSats and PocketQubes. The mass flow is limited
by the maximum allowed internal pressure of 10 bar for both satellites and will also reduce during opera-
tion. The available peak power in QubeSats is limited to 10W [16] and in PocketQubes to 4W [49]. The actual
power transferred to the propellant is, taking the heating efficiency into account, even smaller. The heating
efficiency depends on the geometry of the chamber and heating mechanism and is therefore difficult to esti-
mate, but will probably be in the range of 50-60% [21]. Reducing the transferred power in a VLM system in a
PocketQube below 2W.

Higher chamber pressures increase the mass flow rates through the chamber and therefore increase the
produced thrust. High mass flow rates also reduce the residence time in the chamber and hence decrease the
heat transfer from the heater chip to the propellant. This increases the chance of expelling liquid droplets
through the throat. Liquid droplets at the exit could possible freeze, blocking the nozzle, and consist of less
thermal energy, reducing the produced thrust. An incomplete boiling process will also decrease the mass
flow rate through the chamber, as the vapor pressure increases after vaporization of the liquid propellant. It
is therefore important to couple the chamber pressure with the heater power to produce thrust efficiently,
also considering the effect of both parameters on the boiling instabilities.

The following two paragraphs will explain and asses the current control mechanisms available in liter-
ature for both parameters. The proportional valve and heater chip are often controlled using a dedicated
micro-controller, which is activated by the on-board computer of the satellite. It transforms the desired pro-
duction of thrust to the ideal valve opening time and heater chip temperature. The micro-controller uses in-
formation of pressure and temperature sensors to adjust the input parameters if necessary, this closed-loop
control improves the accuracy of the system. Ref. [49] explained the functional flow diagram of a closed-
loop configuration, the diagram is shown in figure 1.6. The storage pressure is used to determine the re-
quired power for the vaporization and acceleration process. The heater is then pre-heated, before the valve is
opened. The micro-controller (MSP432) reads the temperature and pressure sensors every 10 ms, to monitor
the process.

Proportional Valve The proportional valve is able to control the pressure of the flow in the chamber and is
therefore able to regulate the mass flow rate through the chamber. It uses a coil and a spring to control the
position of the plunger, a schematic overview is given in figure 1.7. The position of the plunger determines
the size of the fluid outlet. A magnetic field generated by the current flowing through the coil opposes the
force of the spring and opens the valve. The orifice equation cannot be used to describe the flow through the
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Figure 1.6: Functional flow diagram of the operational mode from Ref. [49]

nozzle, due to the rapidly occurring transient behavior during actuation. Instead, Navier-Stokes equations
could be adjusted and used. The flow inside the valve is unidirectional, isothermal and in-compressible. The
pressure in the tank exerts a force on the plunger in the exact opposite direction of the spring.

Figure 1.7: Schematic overview of the solenoid valve [54]

The state-space model of the solenoid valve from Ref. [54] is given in equation 1.13. The position of the
plunger is given by x = x1, the plunger velocity by v = x2, the electric current by i = x3 and the fluid outlet
velocity by u = x4. The mass flow rate through the valve and into the chamber could then be calculated using
equation 1.14 using ṁ1 = y .

ẋ =


x2
1

M (−cx2 −k(x1 −x0)+Fmag +F f ,pl −pout Ai n)
1

L(x1) (v −x3(Rc +x2L̇(x1)))

− 12µ
ρx2

1
x4 + ∆p

ρLp

(1.13)

y = ρx4 Aout (x1) (1.14)

With c equal to the viscous coefficient, k equal to the elastic constant of the spring, Fmag equal to the mag-
netic force, F f ,pl equal to the fluid force on the plunger, L equal to the inductance, Rc equal to the equivalent
resistance, µ equal to the dynamic viscosity and Lp equal to the length of the section. The current through
the coil generates a magnetic field, the force generated by this field opposes the force of a spring. A larger
magnetic force will be able to increase the open area of the valve. It is sometimes difficult to find a propor-
tional valve that fits within the given requirements. In that case, it is also possible to use an ON/OFF valve
with a PWM signal faster than the systems dynamics [56]. The duty cycle of the PWM signal then determines
the mass flow rate into the chamber. The maximum switching frequency is determined by the physical limi-
tations of the valve.
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Proportional-Integral-Derivative (PID) Control Proportional-Integral-Derivative control is a control
mechanism that operates in the closed-loop configuration. The control function of a PID controller is given
in equation 1.15 [55].

u(t ) = Kp e(t )+Ki

∫ t

0
e(t ′)d t ′+Kd

de(t )

d t
(1.15)

e(t ) is the error of the system in time. Kp , Ki and Kd are the coefficients for the proportional, integral and
derivative terms. A PID controller can be transformed into a PI controller by changing the derivative term
(Kd ) to zero. A PI controller has an advantage over a PID controller in fast processes such as pressure or flow
loops. The settling time is larger, but the output is more stable and there is no overshoot visible [17]. Ref. [51]
and Ref. [54] both used a PI controller for the proportional valve. Ref. [55] implemented PWM-PID control to
continuously control the mass flow rate through a ON/OFF valve.

Sliding Mode Control (SMC) The Sliding Mode Control (SMC) strategy is simple in its design. The de-
sign only consists of two parts: sliding surface design and selection of the appropriate control law to keep the
system close to the sliding surface [55]. The equation for a typical sliding surface should tend to zero and is
given in

σSMC = (
d

d t
+p)k ·e (1.16)

Where e is equal to the output error, p could be chosen arbitrarily and k = r −1, with r equal to the relative
degree between input-output. k is equal to 2 for a relative-degree of 3 for the state-space model of the valve,
given in equation 1.13. Two different approaches are available to design the appropriate control law: first-
order and high-order. First-order control is the simplest design, but the sampling time is too large for this
implementation, it is not able to prevent the fully open-closed condition. The high-order control law is able
to solve the shortcomings of the first-order model and is given in equation 1.17.

if si g n(σSMC ) < 0

{
u = 1,0 < t < tmi n

u = 0, tmi n < t < ts

if si g n(σSMC ) > 0 u = 0

(1.17)

With tmi n equal to the minimum spike time and ts equal to the sampling rate of the sensors. This returns
the control variable as a binary value for the actuation or de-actuation.

Pulsating Operation A completely different approach in proposed in Ref. [47]. The operating princi-
ple of this VLM concept is based on a pulsating operation. A single cycle consist of a thrusting period and a
draining period. The thrusting period starts with the injection of liquid and ends when the valve is closed.
The draining periods removes the vapor still left in the chamber and increases the chamber temperature to
the desired level for the thrusting period. The opening time of the valve depends only on the storage tank
pressure, because the pressure in the chamber after draining is approximately zero. They use a regulation
valve to control the pressure. The length of the draining period depends on the pressure in the chamber, it
ends when the pressure drops below a certain threshold.

The latter control method is especially developed for a specific design, with a larger chamber compared
to the smaller MEMS devices. The pulsating operation in a MEMS vaporization chamber will probably create
a lot of instabilities in the boiling process. It will also affect the efficiency of the system negatively or decrease
the maximum produced thrust. The thrust during the thrusting period should be high to produce the re-
quired average thrust, because of the minimum thrust production during the draining period. This would
also require a higher peak power and this is often not available. The chamber of a MEMS device with mi-
crochannels is also short and ends directly at the nozzle. The chance of expelling liquid droplets increases
when there is no sufficient available heater power. More interesting are the PID (or PI) and SMC control
methods. Ref. [55] compared the continuous PWM-PID control method with the discontinuous SMC control
method. The accuracy of both methods are acceptable, but PWM-PID control has a better possible resolution
due to a smoother response. However, a major drawback of the PWM-PID method are the higher demands
for the hardware. The valve must be able to handle the high frequencies for the low mass flow rates of the
system.
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Heater chip The heater chip initiates the vaporization process and increases the thermal velocity of va-
por before it is accelerated in the convergent-divergent nozzle. The efficiency of the VLM concept depends
strongly on the thermal efficiency for the transfer of heat from the chip to the propellant. This depends on
the geometry of the device, but also on the shape and position of the heater. Most recent research is currently
conducted in the ability of controlling the liquid flow through the valve and vapor flow through the nozzle.
The possible effect of the control of heater chip on the vaporization process still has to be investigated. Most
literature provide a constant voltage to the heater chip and adjust it manually to improve the vaporization
rate. A relevant control mechanism is still unavailable. The flowing paragraph will explain a simple method
to keep the temperature of the heater chip within range.

Bang-Bang Control The Bang-Bang control method is proposed in Ref. [47] and is a very basic method
to control the temperature of the vaporization chamber. Sensors in the chamber measure the temperature.
The heater is activated when the temperature drops below the lower threshold. It stays activated until the
temperature rises above the upper threshold. This reference assumes a constant heater power and uses the
ON/OFF time to control temperature in the chamber.

PID Control A PID control method is also a possibility to keep the temperature of the heater within
range. Ref. [29] used a PID controller to keep the temperature of the thruster a 160◦ Celsius. The same method
is also implemented in a LPM design from Ref. [26]. They used the ability of the heater to be used as a sensor
to complete the closed-loop configuration for the PID control method. The stability of a PID controller with-
out the derivative term (PI) is less relevant compared to the control of the mass flow rate. The temperature
should rise as soon as possible to the necessary temperature for complete vaporization, the overshoot will
only increase the vaporization rate above the desired level.

1.1.5. Electrical Components
This section will present the available electrical implementations of the VLM propulsion system. A detailed
description of the electronic subsystem of this concept is unfortunately not broadly available in literature.
Most ground tests were conducted using a regular PC and a power supply. Only a few presented the design of a
complete prototype for ground tests or in-orbit demonstrations. Ref. [49] presented an in-orbit demonstrator
for a VLM and LPM with a single storage tank and control module. They used the requirements of the Delfi-
PQ, a PocketQube from the Technical University Delft, to design the propulsion subsystem.

Micro-controller

A dedicated microcontroller is used to control the behavior of the micropropulsion system and is connected
to the OBC via the electrical interface. It uses the data from the pressure and temperature sensors in combina-
tion with the commands from the OBC to control the performance using the heater chip and the proportional
valve. The microcontroller is programmable and is therefore used for various applications in miniaturized
spacecraft, most subsystems have their own microcontroller. A preferable programming language for micro-
controllers is Arduino, which is an open source simplified language with a wide community support and a
standard set of microcontrollers [12]. Ref. [49] used the MSP432 microcontroller for their in-orbit demon-
strator. This is a ultra-low-power microcontroller from Texas Instruments based on a 32-bit ARM Cortex-M4F
CPU [67]. Ref. [21] used the ATMega 2560 for the acquisition of the sensor values. The ATMega 2560 is a high
performance, low power 8-bit microcontroller from Atmel [7]. The core features of both microcontrollers
together with the Atmel SAM3X8C [8] are given in table 1.2. The biggest differences between the microcon-
trollers are the type of processor, maximum operating frequency and the size of the internal storage. The
selection of the ideal microcontroller depends completely on the demands of the micropropulsion system.

Additional Components

The microcontroller is the core of the electronics of the propulsion system. It is not able to control the
thruster without any support, additional components like sensors and analog-to-digital converters are nec-
essary to monitor the performance. The following paragraphs will present the possible sensor configurations
and present the implementations found in literature.
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MSP432 ATMega 2560 ATSAM3X8C
Processor 32-bit 8-bit 32-bit
Frequency 48 MHz 2 MHz 84 MHz
Flash Memory up to 256 kB 256 kB 512 kB
SRAM up to 64 kB 8 kB 96 Kb
ROM 32 kB 4 kB (EEPROM) 16 Kb
Temperature Range -40 - 85 ◦C -40 - 85 ◦C -40 - 85 ◦C
Supply Voltage Range 1.62 - 3.7 V 1.8 - 5.5 V 1.62 - 3.6 V

Communication Modules
UART, lrDA, SPI
and I2C

USART, SPI and
2-wire

USART, UART and
SPI

Table 1.2: Core features of the MSP432 [67], ATMega 2560 [7] and the ATSAM3X8C [8]

Temperature Temperature is the first important parameter for the performance of the propulsion system.
The vaporization chamber of a VLM system is very small and is frequently made out of silicon (a good thermal
conductor). This results in zero gradient of temperature. The temperature of the complete device is equal to
the temperature of the heater chip [52]. This assumption enables the possibility to use the heater chip as an
actuator and as a sensor at the same time. The temperature could be determined using equation 1.18 and is
called the chamber temperature (Tc ) or the wall temperature (Tw ). This is also the maximum achievable tem-
perature of the gaseous propellant before the nozzle inlet. The actual temperature of the propellant depends
on the heating efficiency of the system and the pressure in the chamber. The minimum temperature is equal
to the storage temperature (T0). The boiling temperature (Tb) lies between those two, it is the maximum liq-
uid temperature and minimum gas temperature. The size of the device and the zero gradient assumption
make it very difficult, if not impossible, to determine the temperature of the propellant at different positions
within the chamber and nozzle. The propellant temperature at the end of the vaporization chamber, after
complete vaporization, is assumed to be equal to the chamber temperature.

α= R −R0

R0(T −T0)
(1.18)

Ref. [21] used a slightly different approach. They installed seven resistance temperature detectors (RTD)
at different positions near the inlet section and vaporization chamber. The positions of the RTD’s are shown
in figure 1.8. A single device temperature assumption does not hold in this double chamber configuration.
The power applied to the secondary heater is different compared to the power applied to the primary heater,
resulting in temperature difference. The temperature measurements of RTD6 and RTD7 tell something about
the maximum achievable propellant temperature. The implemented RTD’s four wired and are made out of
platinum. The analog signal from the sensors is converted to the digital domain by the MAX31865 resistance-
to-digital converter [39]. This converter is able to communicate with the microcontroller using SPI, has a
nominal temperature resolution of 0.03125◦C and a total minimum accuracy of 0.5◦C.

Figure 1.8: Schematic overview of the installed sensors near the MEMS microthruster [21]

Thermo-couples are in some cases an alternative for RTD’s. Ref. [55] used two thermo-couples close to the
nozzle to determine the actual temperature gradient between the heater chip and the nozzle area. They used
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the NI 9211 thermo-couples input module for the analog-to-digital conversion of the measured temperature
[46]. The module has a maximum accuracy of 2.11◦C and uses a maximum of 170 mW in active mode.

Pressure Pressure is the second important parameter for the performance of the propulsion system. It is
related to the propellant temperature by the Antoine equation (1.19).

T = B

A− l og10p
+C (1.19)

The input parameters A, B and C follow from the unit of pressure (Pa) and the temperature range (372.15-
647.15 K). This results in A = 10.27, B = 1810.94 and C = 28.67. Four different pressures are commonly dis-
tinguished within in the propulsion system: the storage pressure, the inlet pressure, the chamber pressure
and the exit pressure. The storage and inlet pressure can be determined using pressure sensors before and
after the proportional valve. Ref. [21] used a commercial pressure transducer to determine the inlet pressure.
The used pressure transducer has an accuracy of ±2% and could be used in the pressure range of 0-6.89 bar.
The sensor could be connected to the microcontroller directly, extra drivers or converters are not necessary.
Ref. [55] used the 5 bar pressure sensor MS5803-05BA before the valve to measure the storage pressure [58],
which is also able to measure the temperature. It provides a 24-bit digital value and has an I2C and SPI inter-
face. The pressure sensor has a ±0.1 bar accuracy. They used the 30 bar pressure sensor MS5837-30BA after
the valve to measure the inlet pressure [62]. This sensor also has an internal analog-to-digital converter to
provide a 24-bit digital pressure and temperature value. It has an I2C interface and an accuracy of at least
±0.4 bar depending on the pressure range. Two different sensors are selected to prevent any communication
problems due to I2C addressing conflicts.

These measurements are a bit more complicated for the chamber and exit pressures, the size and ge-
ometry of the system make it difficult to implement the appropriate pressure sensors. These two pressures
depend on the boiling process in the chamber and the geometry of the chamber and nozzle. It is possible
to determine the ratio between the exit pressure and the chamber pressure using the area ratio and propel-
lant properties with equation 1.2. When the inlet pressure is measured close to the chamber, it is sometimes
possible to assume that it is equal to the chamber pressure to simplify the calculations [52, 54]. This depends
on the pressure drop in the chamber, a large pressure drop results in a non-uniform pressure in the cham-
ber. The inlet pressure is only equal to the chamber pressure with a uniform pressure in the chamber. The
pressure drop is affected by the geometry of the channels and configuration of the heater chip.

Evaporation Degree The boiling process in the chamber could be monitored using void fraction sensors
(VFSs) to determine the evaporation degree. A pair of VFSs are placed in each microchannel, one before and
one after the secondary heaters in Ref. [21]. This is also visible in figure 1.8. The VFS sensors are placed on
the glass substrate and are directly in contact with the propellant. They consist out of two, 10 µm spaced,
coplanar interdigitated Pt finger electrodes. The capacitance of each electrode depends on the capacitance
of the finger, the capacitance of the glass substrate and the capacitance of the water layer. The latter one fluc-
tuates due to vaporization. The AD7152 capacitance-to-digital converter is required for the sensor read-out
[4]. This converter has an I2C compatible 2-wire interface and has an resolution of 0.25 fF. This configuration
needs an evaluation board to compensate for the cables parasitic capacitance.

1.2. Problem, Objective & Method
The vaporizing liquid micro-resistojet design of the Delft University of Technology is ready for the next phase
of its development process. It is currently being integrated in a dual in-orbit propulsion demonstrator to-
gether with the Low Pressure Micro-resistojet (LPM). This dual demonstrator design consist of two thrusters
with a single storage system, the mechanical interface and electrical components to monitor and control the
performance, but the control electronics still have to be developed. The design of a single control system for
both systems is out of the scope of a Master thesis research project. The focus of this project will be therefore
on the control system for the VLM concept.

This research project is practice oriented and should contribute to the development process of a Vaporiz-
ing Liquid Micro-resistojet for a PocketQube. The research questions and objectives will be therefore mainly
focused on the selection of a control strategy, design of the control electronics and the examination of the
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potential challenges. Which results in the following main objective for this Master thesis project:

The general objective of this Master thesis project is to control a ground prototype of the Vaporizing Liquid
Micro-resistojet by selecting an efficient control strategy and by designing the additional control electronics,
considering the limitations based on the requirements of PocketQubes.

The first objective is the selection of the optimal control strategy to regulate pressure versus power. The
selection of the required sensors, actuators and additional electrical components together with their place-
ment, connection and usage will follow from the chosen control strategy. Both steps depend on each other,
lack of required components or their integration could be the cause of changing the selected control strategy.
Once all components are selected and tested in for example a basic breadboard configuration, it is possible to
implement the configuration into an electronic subsystem that fits within the requirements of miniaturized
spacecraft. The final objective, which will also follow the progress in parallel, is the verification and validation
of the different components and the configuration of the entire system. Three important research questions,
with a couple of sub-questions each, should be answered during this research project to achieve these objec-
tives:

1. What is an efficient control strategy to regulate pressure versus power in the Vaporizing Liquid Mi-
crothruster designed for the Delfi PocketQube?

• Which model could be used for the pressure versus power relationship?

• What is the optimal functional flow diagram for the VLM testing mode?

• Which control method could be used to accurately guide the proportional valve and heater chip
of this propulsion system?

2. What is the ideal configuration of sensors, actuators and additional electrical components to support
the selected control strategy?

• Which sensors and actuators are necessary to meet the requirements of the selected control strat-
egy?

• What are the requirements of a dedicated microcontroller for this propulsion system?

• Which additional power converters are necessary to fulfill the power demands of the microcon-
troller and the actuators?

3. What are the potential challenges in meeting the requirements of the propulsion system for a Pock-
etQube?

• What are the potential power losses of the control electronics for this propulsion system?

• What is the impact of the selected control strategy and electronics on the performance of the VLM
thruster?

1.3. Thesis Outline
This report is divided into three main chapters. The first chapter, chapter 2, presents a model to determine the
optimal combination of control parameters, the operational envelopes and the control mechanisms. Three
different operational envelopes are proposed in this chapter. Two for the experimental phase, to examine the
behavior of the temperature and pressure control systems separately. An a final one that could be used to
control the propulsive performance of the thruster. The temperature and pressure control mechanisms are
given in the final section of chapter 2. Chapter 2 also discusses the measurement delays of the sensors with
their potential impact on the performance. Chapter 3 covers the entire preliminary design of the hardware.
The proposed hardware design is based on the control strategy from chapter 2. A complete schematic of the
final design is given in the last section of the chapter, this includes some basic estimations about the power
demands of the selected components. Finally, chapter 4 presents an extensive experimental phase for the
chosen hardware from section 3. These experiments cover the complete temperature control system and
solenoid valve control system. This chapter also considers the effect of smaller measurement delays on the
quality of the measurements.
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Operational Envelope and Control

Figure 2.1 shows a complete system diagram of the VLM control system including the important data paths.
This chapter starts with the operational envelopes of both controllers, first temperature control and then
pressure control. The final part of this section combines both controllers in a total operational envelope of
this control system. The total operational envelope will approach the final design of the controller for this
micropropulsion system. The temperature and pressure controllers are solely separated for the experimental
phase of this project. Mainly to investigate and improve the behavior of the combination of hardware and
software without being affected by each other.

Figure 2.1: Complete system diagram with data paths and both controllers

Section 2.1 shortly explains the steps taken by the MCU to determine the optimal combination of power
and pressure from the needed momentum of the OBC. Section 2.2 will present the operational envelopes
of the temperature controller, pressure controller and total system controller. The control mechanisms se-
lected to be implemented in the operational envelopes will be described in section 2.3. Finally, section 2.4
summarizes the presented control strategy.

19



20 2. Operational Envelope and Control

2.1. Thrusting Performance
Power and pressure are the two main limitations for the propulsive performance. The power is of course lim-
ited by the maximum peak power of the satellite, the conversion efficiency of the buck-boost converter and
power usage of additional components like the microcontroller, valve controller and various sensors. The
amount of power used or lost in the complete propulsion system is estimated in section 3.4.1. This section
will propose a very basic model for the MCU to translate the propulsive requirements from the OBC into an
optimal chamber temperature and pressure combination. These steps are based on the model of section 1.1.4
and neglect the thermal losses, nozzle performance and boiling instabilities. These losses could have a large
effect on the performance of the thruster, but their analysis is out of the scope of this thesis project. The basic
model based on IRT will estimate a very optimistic thrust level when the mentioned losses are neglected in
the calculations. They are therefore not essential for the operation of the control system, but will definitely
improve the accuracy of the predicted total change in momentum due to the micropropulsion system.

The OBC will demand a change in momentum (thrust over time) from the micropropulsion system. The
estimation of produced thrust is made using the simple model from IRT with the chosen combination of
power and pressure. This estimation of thrust can be used to determine the thrusting period out of the de-
mand of change in momentum from the OBC. It is an important control parameter for the control system, as it
sets for how long the controller should be operational. The calculated thrusting period will be too small when
the losses in the system are neglected, because the estimated thrust will be higher than the actual produced
thrust. These deviations could be corrected using empirical relations based on experiments or by a complex
model of the behavior of the flow inside the system. The deviations also depend on the performance of the
designed control system and are therefore a good starting point for a future project.

The MCU should then take the power and pressure limitations into account to determine the optimal
combination of chamber temperature and pressure. This is a iterative process, it first determines the maxi-
mum values and then adds the safety margins. The EPS ensures that the pre-arranged amount of peak power
(4 W) can be used by the propulsion system for the entire duration of the thrusting period. The amount of
available heating power could be determined with equation 2.1

Pheater = (Ppeak −Pel ectr oni cs −Psol enoi d val ve ) ·ηconver si on (2.1)

Pheater is the amount of power that could be supplied to the heater chip. A part of the thermal energy
will not be absorbed by the vaporization process, but will be lost into the environment as heat. The empirical
relation of Ref. [23] (equation 1.11) is based on the power supplied to the heater, so it combines the energy for
the vaporization process with the energy lost into the environment. This relation could be very useful for the
experiments on earth, but should be improved to meet the orbital conditions. The very simple model gives in
that case a good first estimation of the maximum chamber pressure for a certain amount of available power.
A complex thermal model could also determine the percentage of energy that is lost into the environment,
but this is out of the scope of this thesis project. Equation 1.11 is sufficient to explain the basic calculation
steps of this section.

The pressure determined with equation 1.11 is a maximum value for a given amount of available heating
power. The risk of a total system failure due to incomplete vaporization of the propellant is too large to oper-
ate close to the boundaries. Small pressure fluctuations in the chamber might cause some minor overshoot
in pressure and therefore mass flow rate. The temperature controller will not be able to increase the heating
power for a higher mass flow rate when it is already operating at its maximum. An incomplete vaporization
process will affect the thrusting performance and might even lead to a frozen nozzle. A safety margin has to
be taken into account for the heating power, pressure or both. The size of the margin depends on the perfor-
mance of the control system and can be determined with experiments.

Chamber pressure is the first main control parameter, directly measured with a sensor at the chamber
inlet and controlled with the solenoid valve. Although the heating power is mentioned to be the second
limitation to the propulsion system, it can not be used to control the thrusting performance. The amount
of heating power transferred to the propellant fluctuates due to its environment. The heater temperature
is therefore selected to be the second main control parameter. The chamber temperature is assumed to be
equal to the heater temperature due to the used material and its size. The chamber temperature should be
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equal to or higher than the vaporization temperature of the propellant.

The maximum chamber pressure is not only limited by the heating power, but also by the storage pres-
sure. The liquid feed and storage system is simple in its design, so it is not able to increase the chamber
pressure above the storage pressure. The actual maximum follows from the storage pressure minus the pres-
sure drop of the feed system and solenoid valve. This will not be a limiting factor at the start of a mission,
but could certainly affect the thrusting performance at the end of the mission. The storage pressure is always
checked before the thrusting operation to verify whether the maximum chamber pressure could be achieved.
The safety margins will be included in the calculations once the maximum achievable chamber pressure is
known.

Figure 2.2 shows the calculation steps to the final controller inputs. The heater chip power is used to
determine the maximum chamber pressure. A safety margin is then distracted from the maxim pressure, a
safety margin of 20% is used in this example. The determined pressure is then used to determine the vapor-
ization temperature with equation 1.8. A temperature safety margin is then added into the positive direction,
10% in this example. These final pressure and temperature parameters are used as the reference input for
both controllers. The size of both margins depend on the performance of the control systems. Large fluc-
tuations or slow responses to changes require larger safety margins. They have to ensure that the top level
of the pressure never requires a vaporization temperature that exceeds the bottom level of the controlled
chamber temperature. The other way around is less risky, but should be minimized to improve the thrusting
performance.

Figure 2.2: Calculation steps to determine the optimal control parameters

The only parameter that still has to be determined is the thrusting period. The thrusting period follows
from the demanded momentum and the produced thrust. A starting point for the thrust is the ideal rocket
theory (IRT). These equations provide a thrust level without considering any losses due to the nozzle perfor-
mance and the vaporization process. A comprehensive model has to be generated to take these losses into
account. Various models are proposed in previous work that use semi-empirical relations to improve the
performance estimations of a VLM micropropulsion system. This literature is shortly mentioned in section
1.1.4. Additional research should be conducted to create an accurate model for the final prototype of this
propulsion system, but that is out of the scope of this thesis project.
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2.2. Operational Envelope
This section will explain the different functions necessary to perform a successful propulsive operation. First
a short introduction will be given using the top level functional flow diagram. The top level flow diagram is
given in figure 2.3.

Figure 2.3: Top level functional flow diagram of VLM control system

Each propulsive operation always starts and ends in the stand-by mode with minimum activity to safe
power. The system remains in stand-by mode until it is activated by a command from the OBC with the
propulsive requirement, the momentum [N·s] or in case of the temperature and control testing loops a tem-
perature or pressure requirement. The MCU translates the commanded data into an optimal power/pressure
relation and a certain thrusting period. The system always starts with a first round of measurements to deter-
mine the current temperature and pressure conditions of the thruster. These results will be used by the con-
trollers to calculate the necessary output of the actuators. The actuators are then activated for the propulsive
operation. That control loop of measuring and actuating is repeated until the thrusting period is finished or
until a new signal from the OBC is received.

2.2.1. Temperature Control
A functional flow diagram to control the temperature of the heater chip is given in figure 2.4. The temperature
control system receives two possible input signals from the OBC or the top level control loop of the microcon-
troller, the reference temperature (Tr e f ) and a stop signal (Stop). The temperature reference signal is also the
signal to initiate the temperature control loop and could be used to change the reference temperature dur-
ing operation. The starting point (Tx−1 == 0) checks if the system is already in operation to see whether the
system could go back into the control loop or first needs to go through the start-up sequence. The start-up
sequence is necessary to collect the first temperature data, which is only possible after applying power to
the heater chip. The lowest possible voltage value (Vmi n) is applied to decrease the dissipation of power and
prevent the heaters from overheating.

The two temperature data reading blocks are separated on purpose. Collecting data from the sensors is
a time consuming task and the main control loop on the bottom of figure 2.4 should be fast to increase the
ability of the system to react to abrupt temperature differences. The temperature measurements are, on the
other hand, not very stable. An average value of 10 measurements or more, when the start-up sequence could
be extended, will increase the accuracy of the measurement, but take too much time to be implemented in the
main control loop. Exponential smoothing is used to remove minor deviations due to noise or the instability
of the buck-boost converter, the first order exponential filter is given in equation 2.2. The smoothing factor w
determines weight difference between the measured value and the previous result from the filter (or average
from previous block in starting sequence). It depends on the stability of the system and rate of temperature
variations. The factor should be determined with experiments during propulsive tests and probably needs
some iteration steps to find the optimal value.

Tsmooth = w ·Tx + (1−w) ·Tsmooth−1 (2.2)

The other three blocks in the main control loop apply PID control to the error signal, control the digital
potentiometers and check if there is a new input signal available. The PID controller for the temperature
control loop will be explained in section 2.3.
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Figure 2.4: Functional flow diagram to control the temperature of the VLM propulsion system

Temperature Measurement Delay

The temperature is determined with the heater chip voltage and current measurements, collected by a com-
bination of an ADC (ADS1115 [65]) and a hall effect current sensor (ACS712 [3]). The ADC directly converts
the analog heater chip voltage signal and converts the continuous analog signal from the current sensor. The
digital measurement data is then transferred to the microcontroller using I2C. Both steps, analog to digital
conversion and data transfer, require a certain amount of processing time. The processing time is only af-
fected by the ADC and the microcontroller, because of the continuous operation of the current sensor.

An initial speed test with the ADC connected to the microcontroller showed that it takes approximately
18.61 ms for the temperature measurement function to run with the sensor in the default setup. A more ex-
tensive examination of the processing steps in the function made clear that most of that time is lost due to
the conversion time of the ADC. It operates in a single shot mode and therefore starts the conversion once
it is asked by the microcontroller, a single conversion with data transfer of either the voltage or the current
takes approximately 9.14 ms. Continuous operation mode could reduce the processing time, because the
ADC continuously converts one of its differential inputs and places that result in the conversion register. The
MCU can easily read that register, but it is unknown which converted input is placed into the register and the
conversion time between a voltage and current measurement stays the same. These disadvantages could be
partly solved using interrupts, these interrupts will however increase the complexity of the system.

The ADC also offers the functionality to reduce the conversion time. The conversion time is equal to
1/DR. DR is the data rate of the converter and ranges from 8 samples per second (SPS) to 860 SPS [65]. The
default value is 128 SPS, which results in a conversion time of 7.81 ms. The conversion can be reduced to
1.16 ms for the data rate of 860 SPS. The total processing time to determine the temperature of the heater
chip is thus reduced to 5.47 ms. Increasing the data rate does, unfortunately, not only have a positive influ-
ence on the performance. Minimizing the output data rate of analog-to-digital converters reduces the noise
on the measurements, because more samples are averaged [65]. This concept is called oversampling and
the oversampling ratio (OSR) is the ratio between the frequency of the modulator and the output date rate.
The datasheet of the ADS1115 [65] considers two possible important effects of a higher output data rate, the
input-referred noise and effective resolution. The input-referred noise increases and effective resolution de-
creases for larger SPS rates.

At this stage in the development process, it is difficult to predict what the negative impact on the accuracy
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of the temperature measurements will be. Experiments in chapter 4 should provide the ability to assess the
influence of an increased data rate. It is important to notice that this modification to the data rate almost
reduces the measurement time with a factor of 4. Meaning that at least three measurements (and control
cycles) could be conducted in the same period of time. This will let the temperature control system react
faster on sudden changes in heater chip temperature, reducing the chance of incomplete vaporization during
a thrusting period.

2.2.2. Pressure control

A functional flow diagram to control the pressure in the chamber is given in figure 2.5. The pressure control
system could receive two possible input signals from the OBC or the top level control loop of the microcon-
troller, the reference pressure (pr e f ) and a stop signal (Stop). The pressure reference signal is also the signal
to initiate the pressure control loop and could be used to change the reference pressure during operation. The
main difference between the temperature and pressure functional flow diagram is the necessity for a start-
up sequence. The start-up sequence is important for the first measurement of the temperature in figure 2.4,
due to the voltage and current sensors. They require a certain voltage over and a current flowing through the
heater chip to measure its resistance, which needs to be applied during the start-up sequence before the first
measurement. In addition, they need a accurate starting value for the exponential filter, obtained by taking
the average of ten measurements during that start-up sequence. The pressure sensor does not need any kind
of flow to measure the pressure in the chamber. The fast dynamics of the pressure in the chamber remove the
possibility to use an exponential filter for the pressure measurements, so an initial accurate pressure value
does not have to be determined. There are also no signs that the pressure measurements are very unstable
at this phase of the development process. A combination of these assumptions removes the necessity of a
start-up sequence in the pressure control loop. The pressure in the chamber will be measured using pressure
sensor at the inlet in the ’Read Pressure Data’ control block. The measurement delay of this control block will
be examined in the next section.

Figure 2.5: Functional flow diagram to control the pressure of the VLM propulsion system

The main control loop of figure 2.5 starts once the reference pressure is stored in the buffer. The MCU will
then collect the measurement data. The Sliding Mode Control (SMC) block can start with its computations
when the reference and measured pressure are available, these computations will result in the Sliding Surface
(SS). A SS smaller than or equal to zero will activate the solenoid valve control sequence, which opens the
solenoid valve for the minimum spike time of 350 µs. The system then checks whether a signal from the OBC
or top level control loop of the MCU is received, before it could continue in the pressure control loop.
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Pressure Measurement Delay

The pressure is determined by two sensors, one at the inlet of the chamber and one in (or near) the storage
tank. Both sensors are from the TE Connectivity series MS5837. The trade-off between the different mod-
els will be extensively described in section 3.2.3. The sensor with the smallest pressure range and therefore
highest resolution is selected for the application at the inlet of the chamber. This is the MS5837-02BA digi-
tal pressure and temperature sensor [60]. The selection of the ideal sensor for the storage pressure depends
on the initial storage pressure during the launch. The MS5837-07BA will be selected when the initial storage
pressure is smaller than 7 bar, mainly because of its better resolution [61]. The MS5837-30BA is only neces-
sary when the initial storage pressure exceeds the pressure level of 7 bar.

An initial speed test with one of the sensors from the MS5837 series showed that it takes approximately
42.00 ms to collect the pressure and temperature data with the sensor in the default setup. The working prin-
ciple of the pressure and temperature sensors of the MS5837 series is similar. They communicate with the
MCU using I2C and can be controlled using an available Arduino library. The library simplifies the com-
mands of the main Arduino program into only a few basic commands to set up and control the sensors. The
sensor has two data registers, D1 (pressure) and D2 (temperature). The basic ’read’ command of the library
initiates a function that starts the communication with the sensor and requests a conversion for one of these
registers (e.g. D1). The function then waits for a safety conversion delay of 20 ms, before the data of that same
register could be collected. The same steps are repeated for the second data register (D2). The data bits from
both register are then converted into pressure and temperature values. These steps combined explain the
42.00 ms measurement delay of the MS5837 series.

The safety conversion delay of the library is based on the maximum conversion time of 17.2 ms (MS5837-
02BA) or 18.08 ms (MS5837-07BA/MS5837-30BA) for the default over sampling rate (OSR) of 8192. The OSR
improves the resolution and signal-to-noise ratio (SNR) by sampling at a sampling rate ’N’ times higher than
the Nyquist rate [24]. A smaller OSR will decrease the resolution and SNR, but will also increase the conver-
sion time. The optimal configuration depends on the dynamics of the system. The solenoid valve will open
for a minimum spike time of 350 µs (or something in the same order) and needs to be closed for a much
longer period of time according to the experiments conducted in Ref. [55]. But it seems to be illogical to as-
sume that does not have to let any propellant pass for the next 42.00 ms or even 84.00 ms when the chamber
pressure in the first loop is still too high. That would make the pressure rise time at least 120 times larger than
the pressure decay time. It seems to be reasonable to assume that the measurement delay of the pressure
sensors should be reduced.

The sensors require two different internal conversion steps in its default configuration. First the con-
version of the pressure and then the conversion of the temperature. The temperature measurements of the
sensor at the inlet at the chamber will not be used in the main control loop. The inlet pressure is less impor-
tant for the power vs. pressure relation compared to the exit temperature. Measurements with the heater chip
will give a better approximation of the propellant exit temperature. It is unfortunately not possible to remove
the internal conversion of the temperature from the sensor operation. The temperature data is necessary in
the conversion step on the MCU to transform the incoming pressure bit value into an actual pressure value.
Both internal conversions of the sensors are necessary for an accurate measurement result.

The second possible path to a shorter measurement delay is to realize a shorter conversion by decreasing
the OSR. Table 3.3 gives an overview of the measurement characteristics of the three sensors from the MS5837
series for the possible OSR’s [60–62]. Their conversion times per OSR are almost the same. The conversions
rates of the MS5837-02BA are slightly faster, but the difference is, especially for a lower OSR, negligible. More
or less the same could be said about the temperature resolution, with similar characteristics. The temper-
ature measurements are less important and will probably only be used to monitor the temperature of the
storage tank, in which a far poorer resolution is also acceptable. The main difference is presented in the pres-
sure resolutions of the sensors. The worst resolution will be obtained by the MS5837-30BA, its resolution is in
a different order compared to the other two. There is still a difference visible between the MS5837-02BA and
the MS5837-07BA, but its relatively small compared to the their difference with the MS5837-30BA.

A trade-off should be made between the conversion time and the resolution of the sensor. The conversion
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Parameter Sensor 8192 4096 2048 1024 512 256
Max. Conversion Time [ms] MS5837-02BA 17.2 8.61 4.32 2.17 1.10 0.56

MS5837-07BA 18.08 9.04 4.54 2.28 1.17 0.6
MS5837-30BA 18.08 9.04 4.54 2.28 1.17 0.6

Pressure Resolution [mbar] MS5837-02BA 0.016 0.021 0.028 0.039 0.062 0.11
MS5837-07BA 0.031 0.044 0.061 0.089 0.133 0.242
MS5837-30BA 0.20 0.28 0.38 0.54 0.84 1.57

Temperature Resolution [◦C] MS5837-02BA 0.002 0.003 0.004 0.006 0.009 0.012
MS5837-07BA 0.002 0.003 0.004 0.006 0.009 0.012
MS5837-30BA 0.0022 0.0026 0.0033 0.0041 0.0055 0.0086

Table 2.1: Performance characteristics at different over sampling rates (OSR) for the MS5837-02BA [60], MS5837-07BA [61] and MS5837-
30BA [62]

time depends on the dynamics of the system. A faster decay of the pressure in the chamber would require
faster control loop, to activate the solenoid valve at shorter time intervals. This will also allow the system
to react faster on unexpected changes in the chamber pressure. On the other side there is the resolution of
sensor, which will affect the power vs. pressure relation. The experiments conducted in Ref. [23] resulted in
a linear power vs. pressure relation, presented in figure 1.5. The coefficient of the linear equation from Ref.
[23] is presented to be approximately 3.01 - 3.38 mW

mbar for different thruster configurations. An average value

of 3.20 mW
mbar will be used to determine the effect of the resolution on the performance.

Equation 2.3 shows the effect of a different pressure resolution on the required accuracy of the heating
power. A very high resolution in the pressure measurements is only useful when the heating power can be
controlled sufficiently.

∆P8192 = a ·R8192 = 3.20 ·0.016 = 0.051 mW

∆P256 = a ·R256 = 3.20 ·0.11 = 0.352 mW
(2.3)

It becomes more clear when the power accuracy is translated to the output voltage of the buck-boost
converter. A heater chip resistance of 3.40 mΩ will be assumed to determine the required accuracy of the
buck-boost converter at different OSR’s. These results are given in equation 2.4.

∆V8192 =
√

R ·P8192 =
√

3.40 ·0.051 ·10−3 = 13.17 mV

∆V256 =
√

R ·P256 =
√

3.40 ·0.352 ·10−3 = 34.59 mV
(2.4)

The decision for the final ideal OSR for this setup can be made once the pressure dynamics of the thruster
and achieved accuracy of the adjustable power supply are known. It can be noticed that the effect on the
output voltage between the highest and lowest OSR is not very large, while the difference in conversion time
is large. Therefore it seems to be obvious that smaller OSR’s will improve the controllability of the system due
to the reduced duration of the pressure control loop. Reducing the OSR will also have a negative impact on
the SNR, which could affect the stability of the measurements. The datasheet of the sensors does not provide
additional performance parameters for the SNR at different OSR, so experiments should show how large the
actual impact of a smaller OSR will be on the quality of the measurements. These experiments are unfortu-
nately out of the scope of this thesis project and will be added to the recommendations in section 6.

2.2.3. Combined Control
A functional flow diagram to control the thrusting period of the this micropropulsion system is given in figure
2.6. The pressure control system could receive two possible input signals from the OBC, the demanded mo-
mentum (p) and a stop signal (Stop). The demanded momentum is also the signal to initiate the propulsive
control loop and could be used to change the propulsive performance during its operation. The functional
flow diagram of figure 2.6 combines the individual control loops for the temperature and pressure. Those
loops are designed to be used during the experimental phase of the current and upcoming projects. The
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combined control loop that is proposed in this section is a preliminary designed control loop that should be
optimized in de upcoming projects.

Figure 2.6: Functional flow diagram to control the thrusting of the VLM propulsion system

The control loop receives the momentum from the OBC and combines it with the current storage pressure
to determine the optimal chamber temperature and pressure combination. An estimation of the propulsive
performance will be made to determine the length of the thrusting period. The first two sequences follow
from the temperature control loop. The start-up sequence is important to initiate the temperature measure-
ments of the heater chip. The second sequences ensures that the minimum chamber temperature is reached
before the first propellant will enter the chamber for the vaporization process.

The main control loop starts with four blocks from the pressure control loop. These blocks will first de-
termine the current chamber pressure and then perform SMC to determine whether the valve should be
activated or not. This first pressure measurement step might be useless when the thruster is activated after
a long stand-by period, but could be important when a new signal is received from the OBC. The path back
to the main control loop is relatively short and the pressure in the chamber could still be sufficient. Further
increasing the chamber pressure could result in a incomplete vaporization process. The temperature is being
controlled after the solenoid valve is activated to counteract on the energy lost to the vaporization process.
The final check before the system continues to read the pressure data is important for a complete vaporiza-
tion process. The chamber reference temperature has an operational range with a minimum temperature at
the safety margin above the vaporization temperature. The safety margin ensures that chamber temperature
will not drop below the vaporization temperature after the propellant enter the chamber. The final check
verifies if it is safe to increase the chamber pressure. This is a last call safety measure and should be avoided
to keep the main control loop running. A distance between the safety margin and the reference temperature
for PID control will ensure that the temperature stays above the safety margin.

The main challenges in the propulsive control of this VLM system are the measurement delays of the tem-
perature and pressure sensors. The considerations about the measurement delays are extensively described
in the previous two sections. These sections concluded that additional experiments are necessary to com-
plete the trade-off between the measurement quality and conversion time. The outcome of that study could
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affect the functional flow diagram of the control loop. The same applies to the dynamics of the thruster. A
relatively stable chamber temperature and large temperature measurement delay could be a reason to take
temperature control out of the main control loop. A temperature check once every few pressure cycles could
be sufficient in that case. This is a bit more complicated for the pressure because of the vaporization process
with boiling instabilities. A good model of the pressure drop in the feed system and behavior of the flow in the
chamber could predict rise and decay time of the pressure. This could make it possible to have a few loops
without a pressure measurement. These considerations are out of the scope of this thesis project and should
be handled during the experimental phase with the final hardware prototype.

2.3. Control Strategy
A control strategy for a single or a set of parameters will help the system to reach and maintain a required
level. The strategy’s are presented for the two main parameters of the propulsive performance, the chamber
temperature and chamber pressure. The temperature and pressure are connected and limit each other. The
pressure in the chamber may not exceed a certain value when the chamber temperature is restricted by the
available amount of heating power. Exceeding the pressure limit could result in an incomplete vaporization
process, which will reduce the propulsive performance and will increase the risk on a frozen nozzle. The tem-
perature is not directly restricted by the pressure. Ref. [69] showed that its less efficient in terms of mass flow
rate and power transferred to the propellant when the temperature is constant and far above the vaporiza-
tion temperature. Both parameters should balanced for the optimal performance. This section presents two
different control strategy’s, one for each parameter, based on analysis of the current design and literature.

2.3.1. Temperature Control
Temperature is the first main control parameters of the designed VLM micropropulsion system. The min-
imum chamber temperature for a complete vaporization process is equal to the vaporization temperature.
The vaporization temperature depends on the characteristics of the propellant and the chamber pressure.
The proposed control strategy for the chamber pressure will be described in the next section. Section 1.1.4
mentioned that an ideal control strategy is still unavailable for the temperature in the chamber. Previous re-
search applied a constant power to the heater chip or changed it manually. Bang-bang control from Ref. [47]
activate the heater when its temperature drops below a lower threshold. The heater stays activated until the
temperature exceeds the upper threshold. The VLM design of Ref. [47] is incomparable with the VLM design
of this project. The half-sectional view of that design is given in figure 1.4a. The design has a vaporization
room and different labyrinth shaped channels to the different thrusters. The labyrinth shaped channels are
designed to block the liquid droplets from leaving through the nozzles. The path from the vaporization room
to the nozzles is large enough to collect the remaining liquid droplets. The vaporization process also contin-
ues the labyrinth shaped channels, so there is more time to correct the temperature when it drops below a
certain minimum. This unfortunately not the case for the VLM design of this project. The length of the vapor-
ization chamber is small and directly attached to the nozzle. ON/OFF control might work for their design, but
is very risky in the design for this project due to the measurement delay’s and the reaction time of the actuator.

Ref. [29] used PID control to keep the chamber temperature of the thruster constant. PID control is a
closed-loop control mechanism that uses the process measurements as feedback to determine the necessary
output. The control function of a PID controller is given in equation 2.5.

u(t ) = Kp e(t )+Ki ·Ts

∫ t

0
e(t ′)d t ′+ Kd

Ts
Kd

de(t )

d t
(2.5)

e(t ) is the error of the system in time. Kp , Ki and Kd are the coefficients for the proportional, integral
and derivative terms. These terms affect the response of the control system. The derivative term is some-
times removed to increase the stability of the controller and reduce the overshoot, but that will also increase
the settling time of the process [17]. This is especially relevant for the other main control parameter of this
section, the chamber pressure. The pressure may not exceed a safety threshold to ensure a complete vapor-
ization process. A large overshoot is therefore unacceptable. On the other side, a large settling time for the
pressure does not have a large negative impact on the vaporization process. The settling time is more impor-
tant when the temperature is too low, which may pose a risk to the vaporization process and the temperature
should therefore rise quickly. A bit more overshoot will only increase the temperature a bit too much. Affect-
ing the efficiency of the thruster, but does not increase the risk to a potential failure. PID control is therefore
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chosen over PI control to regulate the temperature in the chamber.

The coefficients of a PID controller must be tuned using the dynamics of the feedback control loop of
the system. The feedback control loop consists of three main blocks: the PID algorithm, the process and the
measurements. The PID algorithm uses the error signal in equation 2.5 to determine a control variable (CV)
for the heater chip, a power signal for the control function of the adjustable power supply. The error signal is
determined with equation 2.6.

e(t ) = SP − PV (2.6)

The set point (SP) is the reference temperature and the process variable (PV) is the measured temperature
of the heater chip. The process is the conversion of electrical energy into thermal energy by the heater chip.
Ref. [54] modeled this process as a linear first-order system, the transfer function of this system is given in
equation 2.7.

T (s)

P (s)
= K

s + 1
τ

(2.7)

With K equal to 28.5 KW−1s−1 and τ equal to 119.5 s. The measurement block is converts the voltage and
current of the heater chip into the temperature PV signal. The feedback control loop will be modeled using
Simulink, a block diagram environment of Matlab [28]. A block diagram of the temperature control feedback
loop is given in equation 2.7.

Figure 2.7: Feedback loop of the temperature control process

The measurement block is given by a delay in Simulink. This does not have to be an additional conver-
sion block, because of the temperature output of the process transfer function. The conversion block in the
actual design is necessary to convert the current and voltage to the heater chip temperature. The measure-
ment delay depends on the speed of the voltage and current measurements to determine the temperature of
the heater chip, as is described in section 2.2.1. The measurement delay at a default value of 128 SPS for the
analog-to-digital converter is equal to 18.61 ms. This delay could be reduced to 5.47 ms for a SPS of 860.

The PID coefficients are tuned manually using the PID tuner from Simulink. The upcoming results are
only based on the heater chip model and measurement delay. They represent an initial estimation of the final
step response of the temperature control loop. These results should be further optimized using measurement
results obtained in near operational conditions. Important considerations for the manual tuning method are
the rise time, maximum overshoot and stability. The step response for the maximum measurement delay is
given in figure 2.8. The coefficients of the PID controller are given in 2.8. The response has a rise time of
3.63 s and a maximum overshoot smaller than 10%. A smaller settling time would have a negative effect on
the stability of the response and would increase the maximum overshoot. Previous conducted experiments
experienced the vulnerability of the heater chip, which could be damaged by overheating [23]. Additional
research should be conducted to determine how large the overshoot may be without damaging heater chip.
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Kp = 0.024099

Ki = 0.002738

Kd = 0.003084

ts = 18.61ms

(2.8)

Figure 2.8: Step response of PID control with a maximum measurement delay

The step response for the minimum measurement delay is given in figure 2.9. The coefficients of the PID
controller are given in 2.9. The response has a rise time of 1.22 s and a maximum overshoot smaller than
10%. A smaller measurement delay improves the speed of the control system. The rise time decreases with
approximately the same factor as the decrease in measurement delay. More or less the same applies to the
settling time of the step response. This improves the efficiency of the heating process. The part in both figures
below the graph and above 1 represents energy that is not really necessary for the vaporization process. The
overshoot time with a large delay is much longer compared to the overshoot time with a shorter delay. This
indicates that the system will become more efficient for a reduced measurement delay. It should be noticed
that this model only considers the transfer function of the heater chip without considering any disturbances.
The system is also affected by its surroundings, the thermal isolation of the thruster and propellant flow in
the chamber. These disturbances will have a mostly negative impact on the heating performance and will
affect the time and input power to reach the required chamber temperature.

Kp = 0.069381

Ki = 0.023004

Kd = 0.003058

ts = 5.47ms

(2.9)

2.3.2. Pressure Control
The chamber pressure is the second important control parameter of the designed VLM micropropulsion sys-
tem. Ref. [55] proposed PID control and sliding mode control (SMC) to regulate the pressure in the chamber
of a VLM micropropulsion system. Results from that work showed that PID-PWM control can not be used in
the current design due to the performance of the solenoid valve, which is not able to operate with the low re-
quired mass flow rates. A hybrid SMC mechanism is successfully proposed and tested as a simple and reliable
method to control the pressure in the chamber. The hybrid control law is given in equation 2.10.
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Figure 2.9: Step response of PID control with a minimum measurement delay

if si g n(σSMC ) < 0

{
u = 1,0 < t < tmi n

u = 0, tmi n < t < ts

if si g n(σSMC ) > 0 u = 0

(2.10)

With tmi n equal to the minimum spike time and ts equal to the sampling rate of the sensors. σSMC is the
sliding surface that is determined by a constant p (chosen arbitrarily) and current, first derivative and second
derivative of the error. The error is again the difference between the set point and the process variable. The
equation for the sliding surface is given in 2.11. With k is equal to 2 for a relative-degree of 3 for the state-space
model of the valve, which is given in equation 1.13.

σSMC = (
d

d t
+p)k ·e (2.11)

This equation can be re-written with k equal to 2, this results in equation 2.12 for the sliding surface.

σSMC = d 2e

d t 2 +2 ·p · de

d t
+p2 ·e (2.12)

Figure 2.10 shows the experimental results from Ref. [55] for a step-wise increase and decrease of the
pressure using the hybrid SMC model. The right graph shows the operating principle of SMC, with more
valve actuation’s for higher pressure references. The valve always opens completely, so each activation always
reaches 1 (or 100%) for a full (blue) spike. The density of the spikes is lower for smaller demanded pressures
at the start and end of the experiment. The density of the spikes in the center of the graph is higher, resulting
in a higher average pressure. This is also visible in the left graph of figure 2.10 in the range of 325-350 ms. The
minimum period between two activation’s of the solenoid valve is limited by sampling time of the system.
The maximum period depends on the pressure set point. A very high demanded average chamber pressure
would result in a small period between two valve activation’s, more spikes in a shorter period of time. The
rise time of the pressure is constant and the decay time determines the average pressure in the chamber. The
decay time is extended when the pressure should drop to a lower value. This is visible at ±350 s and at ±385 s
with a relatively long period without a spike.

The experiments from Ref. [55] resulted in a response time of 1.5 s for a pressure step of 200 mbar, an error
smaller than 2% and a resolution of approximately 50 mbar. These results are achieved with a sampling time
of 40 ms with the pressure sensor in the default setting. A smaller sampling time would decrease the interval
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Figure 2.10: Experimental results of a step-wise increase of pressure using SMC [55]

between two measurements and also the interval between two valve activation’s. A shorter pressure decay
period and more pressure rising periods will decrease the response time for a positive pressure step. Shorter
periods between two valve activation’s and more flexibility in decay periods will also increase the resolution of
the average pressure value and will therefore decrease the deviation to the demanded pressure value. These
profits have to be contrasted with the lower measurement quality of the pressure sensors due to a smaller
OSR.

2.4. Conclusion
This section will give a summary of the operational envelope and selected control strategy for the VLM micro-
propulsion system. The control system translates the propulsive demand, the momentum, into an optimal
combination of two main control parameters: the chamber temperature and pressure. Two different con-
troller mechanisms ensure that the required conditions are met in the chamber. Both controllers are imple-
mented in the total operational envelope of this propulsion system. In addition there are two different control
schemes provided for the experimental phase of this project, to operate the temperature and pressure control
systems separately.

The optimal combination of temperature and pressure in the chamber depends on a number of variables.
The first important variable is the available power for the heater chip. That power is used in an empirical re-
lation to determine the maximum chamber pressure. The risk of a system failure due to a incomplete vapor-
ization process removes the possibility to operate close to the boundaries. Safety margins are implemented
to provide some space for inaccuracies or unexpected behavior. The actual chamber temperature is there-
fore taken to be smaller than the maximum pressure. That chamber pressure is then used to determine the
vaporization temperature of the propellant. Another margin is added above the vaporization temperature
to determine the final chamber temperature. The propulsive demand of the OBC is used to determine the
thrusting period with IRT and additional empirical relations for the losses in the thruster.

A functional flow diagram of the temperature controller is designed for the experimental phase of the de-
velopment process. The controller consists of a start-up sequence, main control loop and a data receiving
part. The start-up sequence is necessary to initiate the resistance measurements of the heater chip. These
measurements need a voltage over and a current flowing through the heater chip. A minimum voltage is ap-
plied to determine the temperature of the heater chip. The main control loop reads the data, uses the control
mechanism and controls the adjustable power supply. The speed of the main control loop largely depend on
the conversion time of the analog-to-digital converter. The measurement function takes 18.61 ms in the de-
fault setting to determine the temperature of the heater chip. Faster conversion times are possible with larger
SPS rates, but could have a negative impact on the measurement quality. The total processing time could be
reduced to 5.47 ms. Section 4 will examine the effect of larger SPS rates on the measurement quality.

A similar functional flow diagram is given for the pressure controller. The advantage of the pressure mea-
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surements over the temperature measurements is the necessity of a start-up sequence. The pressure sensor
can directly measure the inlet pressure. The main control loop measures the chamber pressure and uses a
control mechanism to determine whether the valve should be opened for the minimum spike time of 0.35
ms. It is again the conversion time of the sensor that adds a large measurement delay to the control loop. It
takes approximately 42 ms to determine the pressure and temperature at the inlet of the chamber in the de-
fault setting. A shorter conversion time could be realized by decreasing the OSR. A smaller OSR has a negative
effect on the pressure resolution and decreases the SNR. The decision for the final ideal OSR for this setup can
be made once the pressure dynamics of the thruster and achieved accuracy of the adjustable power supply
are known. A very high quality of pressure measurements are only valuable when the heating power can be
controlled accurately.

The functional flow diagram for the thrusting operation combines the temperature and pressure con-
trollers. The diagram has three main loops: the start-up sequence, the pre-heating sequence and the main
control loop. The first two are part of the temperature control loop. The chamber temperature must be suffi-
cient before the pressure can be controlled. The main loop first goes through the pressure steps and activates
the solenoid valve. The temperature steps follow once the valve is been activated. The system only steps back
to the pressure part when the temperature is still sufficient for a complete vaporization process.

A PID control mechanism is selected to ensure that the chamber temperature approaches the reference
temperature. A first order transfer function models the behavior of the heater chip in the control loop. The
adjustment of the PID control parameters largely depends on the measurement delay of temperature sensors.
Two different implementations of the control parameters have been proposed to examine the difference be-
tween the biggest and smallest measurement delay. The rise and settling time of the PID controller is almost
proportional with the measurement delay. This shows that a smaller measurement delay will also make the
system more efficient, due to the shorter period of overshoot.

The pressure will be controlled using a hybrid design of SMC. The method is successfully tested in a pre-
vious project. The control law determines the sliding surface with the current, first derivative and second
derivative of the error between the set point and process variable. A negative sign of the sliding surface will
open the solenoid valve for its minimum spike time. Experiments showed that the rise time of the pressure is
much shorter than the decay time. The valve could therefore open once or less than every loop to reach the
demanded pressure levels. The system was able to acquire a resolution of 50 mbar with a measurement delay
of 40 ms. A faster control loop will further increase the resolution and performance of this control scheme.
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Preliminary Design

The design of the control system for the VLM concept of the Delft University of Technology can be divided
into two main parts. The first part, about the control strategy, is presented in chapter 2. The second part will
be described in this chapter and will explain the development of the hardware for the VLM control system.
The hardware consist of a microcontroller (MCU), two adjustable power supplies, a switching circuit and a
couple of dedicated sensors.

The MCU translates the propulsive demands of the OBC into an optimal temperature/pressure relation.
It uses the solenoid valve and heater chip to control the propulsive performance and the sensor data from
the pressure/temperature sensors and the heater chip to monitor the process. A schematic presentation of a
VLM micropropulsion system is given in figure 3.1.

Figure 3.1: Schematic presentation of the VLM propulsion system

The following chapter is dived into four different sections. Section 3.1 presents the design of the tem-
perature control circuit and explains the basic working principle of the heater chip. Section 3.2 presents the
solenoid valve and the design of the pressure control circuit. Section 3.3 deals with the selected MCU. The
final section of this chapter, section 3.4, will give an overview of the complete system and will shortly examine
the power demands of the electronics.

35
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3.1. Temperature Control
The temperature controller hardware consists of three major components: the heater chip, the adjustable
power supply and the temperature measurement system. This section will shortly describe the design and
operational principle of the heater chip. The heater chip is a result of previous conducted research at the
faculty. The amount of power fed to the heater chip regulates the temperature in the chamber. An adjustable
power supply converts the input voltage of the EPS to the desired output voltage of the heater chip. That
voltage together with the current flowing through the chip should be measured to determine the temperature
of the heater chip. The temperature of the heater chip is assumed to be equal to the chamber temperature
due to size of the thruster and the used material. These measurements complete the temperature feedback
loop.

3.1.1. Heater Chip
The heater chip transforms electrical power into thermal energy for the vaporization process. Two different
heater chip designs were developed prior to this project [52]. A schematic presentation of both designs is
shown in figure 3.2. Heater 1 contains three sets of 7 lines with a total resistance of 3.40 Ω and heater 2
contains 15 sets of 2 lines with a total resistance of 2.38 Ω. These are the nominal values of the resistances.
The actual resistances slightly differ and should be measured for each heater chip.

Figure 3.2: Schematic presentation of two different heater chips [52]

Both are made of molybdenum, a metal with a melting point of 2693 ◦C and a constant resistivity for
temperatures up to 700 ◦C. A constant resistivity together with the zero gradient of temperature assumption
enables the possibility to use the heater chip for temperature measurements using equation 3.1.

α= R −R0

R0(T −T0)
(3.1)

Ref. [52] conducted resistance tests to determine the temperature resistance coefficient ’α’ of the molyb-
denum heaters. A thermal camera was used to estimate the temperature of the heater chips over time at
different input powers. The temperature coefficient of ten different devices have been determined, resulting
in an average value for α of 1.09x10−3 ◦C−1. R0 is the resistance of the heater chip at a known temperature
T0, R and T are respectively the current resistance and current temperature. Equation 3.1 can be rewritten
into equation 3.2 to determine the temperature of the heater chip once the current heater chip resistance is
known.

T = R −R0

α ·R0
+T0 (3.2)

The graph of equation 3.2 is given in figure 3.3. It is generated assuming the average temperature co-
efficient of 1.09x10−3 ◦C−1, R0 equal to 3.4 Ω and T0 equal to 20 ◦C. The slope of the graph highlights the
sensitivity of the temperature calculations for minor deviations in the resistance measurements. The actual
graph for a certain heater chip depends on the starting point (R0 versus T0) and its temperature coefficient,
this is just an example to show the importance of high quality resistance measurements in the final design.
The temperature increases (or decreases) with 0.27 ◦C per 1 mΩ difference in the heater chip resistance. The
temperature measurement system will be described in section 3.1.3, the concept is based on Ohm’s law using
equation 3.3.
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R = V

I
(3.3)

The voltage and current will be measured by the temperature measurement system. The minor tempera-
ture difference of 0.27 ◦C per 1 mΩ seems to be small, but that depends on the accuracy of the measurement
system. Ref. [23] showed in figure 1.5 that the maximum chamber pressure is equal to about 0.7 bar for
the available peak power. This results in a maximum vaporization temperature of 363.77 K (89.62 ◦C) using
equation 1.8. The actual maximum chamber temperature will be larger, due to the safety margin for the va-
porization process and a safety margin for the measurement inaccuracies. A maximum safety margin of 10%
is assumed, resulting in a maximum nominal temperature of approximately 400 K. An accuracy of 1.5% seems
to be acceptable for this application, which gives a temperature measurement accuracy of ±6 K (or ◦C). The
resistance measurement accuracy is then equal to ±22.22 mΩ.

The final accuracy of the designed temperature measurement system will be examined in the experimen-
tal phase of the thesis project. Lets assume that the voltage sensor has an accuracy of ±5 mV and the current
sensor has an accuracy of ±5 mA. The actual voltage and current at a certain moment during a propulsive
operation are respectively equal to 3.000 V and 0.800 A, which results in a heater chip resistance of 3.750 Ω.
The system measures, due to its accuracy, a voltage of 3.005 V and a current of 0.795 A, resulting in a mea-
sured resistance of 3.780Ω. This 30 mΩ difference has a large influence on the determined temperature. The
measurement system calculates a temperature that is 8.1 ◦C higher that the actual temperature of the heater
chip. The same is possible for a lower determined temperature, when the voltage is lower and current higher.
This example shows that a deviation of ±5 mV and ±5 mA already exceeds the acceptable accuracy of the
measurement system. The maximum allowable deviations for the given accuracy of the temperature mea-
surement system are equal to ±3.75 mV and ±3.75 mA. This results in an accuracy of 0.125% for the voltage
measurements and an accuracy of 0.47% for the current measurements. The measurement results for both
sensors are connected to each other. So if one of the sensors shows better results than mentioned, the other
one is allowed to have a poorer measurement accuracy.

Figure 3.3: Temperature sensitivity for changes in the heater chip resistance measurements
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3.1.2. Adjustable Power Supply
An adjustable power supply regulates the temperature of the thruster. The amount of power fed to a resistive
heater can be controlled using a DC-DC converter. This could be a buck-, boost- or buck-boost converter,
depending on the input and output voltage ranges. The bus DC voltage range of 3-4.1 V of the Delfi-PQ is
given by requirement ’PROP-PERF-400’ [48]. The output voltage range depend on the required or available
amount of power fed to the heater chip. Requirement ’PROP-FUN-100’ limits the peak power of the propul-
sion system to 4 W [48]. The maximum output voltage depends on the resistance value of the heater chip
and can be calculated using Ohm’s law. This results in a maximum output voltage of 3.69 V for heater 1 (3.4
Ω) and 3.09 V for heater 2 (2.38 Ω). These maximum voltages will be reduced due to the power demands of
other parts of the micropropulsion system such as the microcontroller or the solenoid valve. The minimum
voltage range depends on the power/pressure relation, lower chamber pressures require less heating power
compared to higher chamber pressures. It is difficult to determine the exact minimum output voltage, but
it could be lower than the bus voltage. The DC-DC converter should be able to lower the output voltage in
relation with the input voltage: Step-Down. In addition, an output voltage above 3 V could be necessary for
heater 1 during maximum power operations, the DC-DC converter should also be able to increase the output
voltage in relation with the input voltage: Step-Up. A buck-boost configuration of the DC-DC converter is
therefore selected for the adjustable power supply of the heater chip.

A buck-boost converter can be designed using some passive components and two switches, but this de-
sign process is very time consuming, it is quite difficult to control and possibly hard to reach the desired
efficiencies. Another possibility is a COTS converter chip that only requires a small amount of additional
components to fine tune its performance. These chips are available different input and output ranges and of-
ten reach efficiencies above 90% for their optimal operational range. Important selection parameters for the
converter chips are the input and output voltage ranges, the maximum output current, the efficiency versus
output current, the efficiency versus input voltage, control interface and the output resolution. The final two
are coupled, as the output resolution is limited by the type of communication between the microcontroller
and the converter chip. Some devices have integrated an I2C serial interface to communicate with the mi-
crocontroller. Their resolution is limited by the amount of reserved bits for their given output voltage range.
The MAX77816 [40] high-efficiency buck-boost regulator has, for example, an output range of 2.6-5.14 and re-
serves 7-bits to select the output value, resulting in an output resolution of 20 mV. This is sufficient for many
applications, but limits the ability to control the temperature in the chamber directly in the first design step.
The output of other, comparable, converter chips is fixed by a combination of two resistances connected to
a feedback pin. Resistance R1 connects the output voltage pin with the feedback pin and resistance R2 con-
nects the feedback pin to the ground. One of these fixed resistances could be replaced by a single or multiple
digital potentiometers to regulate the output voltage by changing the resistance. Digital potentiometers can
be controlled using I2C or SPI and have a certain amount of taps, depending on the amount of reserved bits.
Two or more different digital potentiometers in series increase the number of different resistance values and
therefore increase the resolution of the output voltage.

The input voltage range (3-4.1 V) as well as the control interface (resistive) are now clear. The output
voltage range should also consist of 3.69V and should have a low minimum. The maximum output current
of the system could be calculated using the maximum output voltage and resistance for both heaters, result-
ing in a maximum output current of 1.30 A. The efficiency depends on the estimated operating range of the
adjustable power supply and differs for different input voltages and output currents, with often a maximum
value of approximately 90-95%. The selection process is further limited by only considering options that are
available on an evaluation board, to simplify the experimental setup.

The EVQ28164-D-00A evaluation board [44] of the MPQ28164 buck-boost converter [43] is selected for
this application. Important characteristics of this evaluation board are given in table 3.1. The table shows
that it meets the mentioned selection criteria from the previous paragraphs and that is has a good efficiency
for the estimated operational range.

The schematic overview of the EVQ28164-D-00A evaluation board from its datasheet [44] is given in figure
3.4. The figure shows an extra advantage of using an evaluation board instead of a single IC. The additional
required components and connections are already installed, so the board can be operated directly. There
are however two components that should be replaced to add the ability of controlling the output voltage.
Resistances R1 (560 kΩ) and/or R2 (100 kΩ) have to be replaced by a new combination of fixed and variable
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Parameter Value Unit
Input Voltage 1.2 - 5.5 V
Output Voltage 1.5 - 5.0 V
Output Current 0 - 2.0 A
Efficiency (1A, 3.0 V Input) 94 %
Efficiency (1A, 4.1 V Input) 95 %
Control Interface Resistive -

Table 3.1: Electrical characteristics of the EVQ28164-D-00A evaluation board [44]

resistances. Equation 3.4 is provided to determine the required combination of both resistances for a given
output voltage.

R2 = R1 · VF B

VOU T −VF B
(3.4)

VF B is typically equal to 0.5 V and resistance R1 is recommended to be higher than 300 kΩ and lower
than 620 kΩ for an improved efficiency at light loads. The estimated required output voltage is 1.5-3.6 V. This
results in a minimum R2/R1 relation of 0.16 (3.6 V) and a maximum R2/R1 relation of 0.5 (1.5 V). Resulting in
an operational range of R2 of 48-150 KΩ for R1 equal to 300 kΩ and an operational range of R2 of 99-310 kΩ
for R1 equal to 620 kΩ. A bigger range requires larger digital potentiometers or more digital potentiometers
in series. Multiple digital potentiometers in series increase the output resolution of the system, but also the
complexity in terms of processing time and communication. Through hole potentiometers are available with
a maximum of 8-bits and a resistance of 100 kΩ. Two digital potentiometers in series will be potentially able
to provide 28·28 = 65536 different resistive values, which results in a resolution of 0.032 mV for the estimated
operational range. This resolution is estimated to be already better than required, but will decrease when the
resistive values of the digital potentiometers do not exactly match the required range. Adding a third digital
potentiometer will have a minor influence on the performance and will only increase the complexity. R1
equal to 620 kΩ is therefore not possible. The minimum value of R1 of 300 kΩ is selected in combination with
a total resistive value of 150 kΩ for R2. R2 will be implemented with a single fixed resistance (40 kΩ) and two
digital potentiometers, the MCP4162-103E/P (10 kΩ) [41] and the MCP4261-104E/P (100 kΩ) [42].

Figure 3.4: Schematic overview of the EVQ28164-D-00A evaluation board [44]

Both digital potentiometers use the SPI interface to communicate with the microcontroller. Equation 3.5
is given in the datasheet of both digital potentiometers [41, 42] and could be used to determine their resistive
value for a given tap N .

RW B = RAB N

256
+RW (3.5)

RW B is the resistive value, RAB is equal to the total resistance and RW is the wiper resistance, typicaly
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equal to 75 Ω. Equation 3.5 gives a step size of 39.06 Ω for the 10 kΩ model and a step size of 390.63 Ω for
the 100 kΩ model, giving the combination a theoretical resolution of 39.06 Ω. This results in 2806 different
resistive values in the operational range (40-150 kΩ). Small know resistive deviations in one or both of the
digital potentiometers could improve the resolution after calibration, but will also increase the complexity in
terms of processing time. Calibration could adjust the step size of one of the digital potentiometer. The com-
bination then looses its alignment (e.g. 10 steps 39.06 are equal to a single step of 390.63) and more combined
resistive values will be achievable without this alignment, increasing the resolution of the system.

The equation for the output voltage can be derived from equation 3.4 and is given in equation 3.6.

Vout =VF B · R1 +R2

R2
(3.6)

With VF B equal to 0.5 V and R1 equal to 300 kΩ. R2 is given in equation 3.7 and is determined by the
combination of both digital potentiometers with the fixed resistance. The fixed resistance, R f i xed , is equal to
40 kΩ.

R2 = Rstep +RF i xed = 39 ·Step +RF i xed (3.7)

Step is determined by a combination of tap values N of both digital potentiometers. With NA equal to
the tap of the 10 kΩ digital potentiometer and NB equal to the tap of the 100 kΩ digital potentiometers. This
results in a Step value of:

Step = NA +NB ·10 (3.8)

The final equation for the output voltage follows by inserting equation 3.7 into equation 3.6:

Vout = 0.5 · 300,000+39 ·Step +40,000

40,000+39 ·Step
= 170,000+19.5 ·Step

40,000+39 ·Step
(3.9)

Figure 3.5 shows the theoretical output voltage of the buck-boost converter for the different combinations
of taps for both digital potentiometers, the taps are combined by means of equation 3.8 into the Step variable.
The slope of the line is decreasing with an increasing step, meaning that the voltage difference between two
steps differs over the operational range. That voltage difference is larger at higher voltages, resulting in a lower
resolution when operating in a higher voltage range. The system will have a minimum resolution of 3.65 mV
and a maximum resolution of 0.26 mV, with an average resolution of 0.98 mV.

3.1.3. Temperature Measurement System
The chamber temperature is one of the two main control parameters of this micropropulsion system. An op-
timal relation between the chamber temperature and chamber pressure is essential for an efficient propulsive
operation. The nozzle can get clogged when the temperature is too low. This could cause the propellant to
leave the chamber through the nozzle before the vaporization process is completed, resulting in a frozen
throat. Higher temperatures reduce the mass flow rate and therefore the thrust-to-power ratio [69]. Section
3.1.1 already mentioned that the heater chip could also be used as the temperature sensor for the chamber
temperature. The heater chip is not directly in contact with the propellant flow, as the thermal energy is trans-
ferred through the silicon structure of the chamber. Silicon is a good thermal conductor and the thrusters are
very small, it is possible to assume a zero gradient of temperature [52]. Equation 3.1 needs the current resis-
tance of the heater chip to determine its temperature. The resistance can be derived from the voltage and
current using Ohm’s law.

The heater chip voltage can be directly measured using the Analog-to-Digital Converter (ADC) of the mi-
crocontroller. The ATmega328P microcontroller of the Arduino Uno has a built-in 10-bit ADC to measure volt-
age between 0 and 5 V [9]. The voltage range suits heater chip voltage range (1.5-3.6 V), but only has 210 (1024)
steps from 0 to 5 V. A resolution of 4.88 mV. This resolution is, compared to the resolution of the adjustable
power supply (0.80 mV), not sufficient. The resolution is improved by adding an additional low-power ADC,
the ADS1115 [65]. This 16-bit, 216 (65536) steps, ADC allows for two differential input measurements with an
input range of GND-0.3 V up to VDD+0.3 V (-0.3 - +5.3), resulting in a resolution of 0.085 mV. Measurement
data can be collected by the microcontroller using I2C. The same ADC is also used to increase the resolution
of the current measurements. The current is measured with the ACS712 (5 A) linear Hall effect sensor. The
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Figure 3.5: Graph of the theoretical output voltage of the buck-boost converter over the input taps of both digital potentiometers

ACS712 converts the current to an analog voltage signal with a sensitivity of 185 mV/A, giving it a combined
resolution with the ADC of 0.46 mA. A schematic overview of this measurement system is given in figure 3.6.

Figure 3.6: Schematic overview of the temperature measurement system with the ADS1115 and the ACS712

A0, A1, A2 and A3 are the analog input signals of the ADS1115. A0 and A1 are used for the differential mea-
surements of the analog signal from the ACS712 and A2 and A3 are used for the differential measurements
of the heater chip voltage. This system is theoretically able to sense a minimum resistance value change of
0.085 mΩ due to the resolution of the voltage measurements. Resulting in a temperature resolution of 0.023
◦C, using equation 3.1, the 3.4Ω heater chip and the average value of 1.09x10−3 ◦C−1 for α.

The ACS712 Hall effect sensor is placed in series with the heater chip to measure the current through the
heater chip. This causes, unlike the parallel voltage sensor, a voltage drop over the heater chip. The size of
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the voltage drop depends on the internal conductor of current through Hall effect sensor IC. The internal
conductor of the ACS712 has a primary resistance of 1.2 mΩ [3]. The theoretical voltage over the heater
chip could be determined with the voltage division equation 3.10. This results in a voltage drop of 1.06 mV,
assuming a supply voltage of 3 V and a heater chip resistance of 3.4Ω. The theoretical losses would then only
be 0.93 mW at a supply voltage of 3 V. Negligible compared to its estimated power usage of approximately 50
mW.

Vheater =
Rheater

Rheater +RAC S712
·Vpower suppl y (3.10)

3.2. Pressure Control
The chamber pressure is a critical variable for the propulsive operation of the thruster. Propellant is fed by
the liquid feed and storage system to the pressure control valve at the inlet of the chamber. The valve allows
propellant into the chamber after a signal of the MCU. The MCU controls a switching circuit that connects
and disconnects the valve from the adjustable power supply. The adjustable power supply transforms the
voltage level of the EPS into the voltage level required by the valve. Two pressure sensors are necessary to fulfil
the need of the control system. A pressure sensor with a large measurement range for the storage pressure
and a highly accurate sensor to measure the pressure at the inlet of the chamber.

3.2.1. Solenoid Valve
The micro-valve controls the pressure in the chamber. Previous work selected a VHS micro-valve from the
Lee Company [49]. Valves from the VHS series are normally closed, high speed, ON/OFF solenoid valves
with different operating conditions and sealing materials. The INKX0511400A is selected from the VHS series
[33], a schematic overview of the solenoid valve is given in figure 3.7. The selected valve is mentioned in this
report because of its important electrical requirements for the design of the control system form this project.
Verification of the selected valve is out of the scope of this project, it is therefore adapted from previous work.

Figure 3.7: Schematic overview of the INKX0511400A solenoid valve [33]

The INKX0511400A requires a spike voltage of 12 V for at least 0.35 ms to open and after that a hold volt-
age of 1.6-2.3 V to keep the valve open. The implementation of this valve into the pressure control system
determines the design of the required power supply. Normal, spike-and-hold, operation requires two DC-DC
converters and a set of switches to control the activation and duration of the spike and hold parts. Ref. [55]
proposed and tested a modified Sliding Mode Control (SMC) scheme for the VLM thruster of this project.
This control scheme only requires an ON/OFF control signal for the minimum opening time of the solenoid
valve, removing the hold requirements and simplifying the power supply design. The SMC control approach
has been discussed in section 2. The next paragraph will show both power supply designs, to explain their
differences and weight in the selection process of the ideal pressure control scheme.

3.2.2. Power Supply
The power supply for the solenoid valve should be able to convert an input voltage of 3-4.1 V into the desired
spike and hold voltages. The regular spike-and-hold operation requires a spike voltage of at least 12 V and
a hold voltage of at least 1.6 V. A boost converter is necessary to increase the input voltage level and a buck
converter is necessary to decrease the input voltage level. A schematic overview of this power supply is given
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in figure 3.8.

Figure 3.8: Schematic overview of the power supply for the spike-and-hold operation

The operational principle of the switching circuit is based on the ability to connect and disconnect both
DC-DC converters from the solenoid valve. A signal diagram for the spike-and-hold control circuit is given
in figure 3.9. NMOS1 controls the current flow through the valve and should be activated during the spike
and hold periods. NMOS2 activates PMOS1 by pulling the gate voltage of PMOS1 to the ground, connecting
the boost converter to the valve. The control signals spike and hold from the microcontroller must be both
’HIGH’ to open the valve. The spike signal can be changed into ’LOW’ after the minimum spike time of the
valve. The valve will not close until the hold signal is also changed into ’LOW’. The diode (D1) parallel to
the valve dissipates the coil’s magnetic energy, protecting the transistor from an inductive voltage spike [34].
Diode D2 is a reverse protection diode, to ensure that the buck converter is only able to apply a positive volt-
age to the solenoid valve.

Figure 3.9: Signal diagram of the spike-and-hold operation

Section 3.2.1 already mentioned the possibility to implement a SMC scheme to control the pressure in the
chamber, removing the hold requirements and simplifying the power supply design. A schematic overview
of this spike circuit is given in figure 3.10. The operational principle of the spike circuit is comparable with
the operational principle of the spike-and-hold circuit from figure 3.8. A signal diagram for the spike con-
trol circuit is given in figure 3.11. A ’HIGH’ spike control signal from the microcontroller activates the NPN
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transistor to pull the gate voltage of the PMOS to zero, connecting the boost converter to the valve. This im-
plementation also slightly simplifies the controller program of the microcontroller, because the electronics
only require a single control signal. The simplified circuit for the spike operation is selected for the remainder
of this project, the SMC scheme and experimental results will be examined in chapters 2 and 4, respectively.

Figure 3.10: Schematic overview of the power supply for the spike operation

Figure 3.11: Signal diagram of the spike operation

The selection process of the boost converter is comparable with the selection process of the converter
for the temperature control part. Important selection criteria are the input voltage range, desired outputs,
output current, their efficiency and control interface. In addition, its important that the converter is available
on an evaluation board to simplify the design process. The electrical characteristics of the selected converter
are given in table 3.2. The output voltage control interface of the converter is resistive and can be regulated
by changing the resistive combination connected to the feedback pin. Varying resistances using digital po-
tentiometers are neglected because a constant output voltage is required during operation.

Converter: EV3428A-L-00A
Parameter Value Unit
Input Voltage 3 - 20 V
Output Voltage Vi n - 22 V
Output Current 19 A
Efficiency (1A, 3.3 V Input) 89 %
Control Interface Resistive -

Table 3.2: Electrical characteristics of the EVQ3428A-L-00A [45] evaluation board
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The output voltage of of the boost converter (EV3428A-L-00A) is determined with equation 3.4, with VF B

equal to 1.225 V and resistance R1 equal to 300 kΩ. Figure 3.12 gives a schematic overview of the evaluation
board. The output control resistors are connected to the feedback pin ’FB’ of the IC. A fixed resistance value of
31 kΩ for R2 will give an output voltage of 13.08 V. A safety margin above 12 V is added to ensure the required
voltage level of the solenoid valve after the voltage drop of the MOSFET.

Figure 3.12: Schematic overview of the EV3428A-L-00A evaluation board [45]

3.2.3. Pressure Sensors
Pressure sensors determine the pressure at different positions in this micropropulsion system. The sensors
are ideally placed at four different positions to measure the storage pressure, inlet pressure, chamber pres-
sure and exit pressure, but at least the pressure in the chamber is essential to complete the feedback control
system. An additional sensor connected to the storage tank is also very useful to monitor the pressure in the
tank and to predict next performances of the system. The chamber and exit pressures are very difficult to
measure due to the design and size of the system. For pressures measured very close to the chamber it is
safe to assume that they are equal to the chamber pressure [52]. The measurements of a pressure sensor at
the inlet section of the chamber are therefore used to determine the pressure in the chamber [54]. The exit
pressure can thereafter be calculated using chamber pressure and nozzle area ratio with equation 1.2.

Previous projects for the same propulsion system proposed the pressure sensor series from TE Connec-
tivity MS5837 [49, 52] and the TE Connectivity MS5803 [55]. Both series are also able to measure temperature
and contain sensors with different operating ranges and resolutions (e.q. MS5837 [60–62] or MS5803 [58, 59]).
The final selection procedure between these or other sensor series is out of the scope of this project, mainly
due to their different shapes and sizes. There are, however, a number of performance parameters important
to consider. The MS5837 series is selected to simplify the trade-off between the different models, the same
trade-off is applicable for different sensor series and also to compare the different series with each other.

Table 3.3 shows the performance characteristics of three different sensors from the TE Connectivity MS5837
series. The input power requirements are equal and are therefore removed from the table. Each sensor of this
series has an I2C interface to transfer its measurement data to the microcontroller. The device address of
the I2C interface directly adds an important constraint to the selection process. The I2C interface requires
an unique slave address for each connected device and each model from this series contains the same I2C
slave address. This problem could be solved using an I2C multiplexer, allowing the same addresses on dif-
ferent channels of the multiplexer [37]. An additional multiplexer is an extra component and increase the
complexity of the system. Another possibility is to select two different models, e.g. the MS5837-07BA for the
storage pressure and the MS5837-02BA for the inlet pressure. For now it seems to be more obvious to select
two different models and accept their differences in performance to keep the design as simple as possible.
Additional research should show whether the performance differences are indeed acceptable, selecting two
models from different series might also solve the problem.

The main difference between the three models from table 3.3 is their operating pressure range. Section
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Sensor: MS5837-30BA MS5837-07BA MS5837-02BA
Parameter Value Value Value Unit
Operating Pressure Range 0 - 30 0 - 7 0.3 - 1.2 bar
Operating Temperature Range -20 - +85 -20 - +85 -20 - +85 ◦C
Resolution RMS (OSR 8192) 0.20 0.031 0.016 mbar
Absolute Accuracy (0 - +45◦C, 0 - 20 bar) -100 - +100 - - mbar
Relative Accuracy (0 - +60 ◦C, 0 - 5 bar) - -30 - +30 - mbar
Relative Accuracy (-20 - +85 ◦C, 0.3 - 1.1 bar) - -15 - +15 -4 - + 4 mbar
Resolution RMS (OSR 8192) 0.0022 0.002 0.002 ◦C
Absolute Accuracy (-20 - +85◦C) -4 - +4 -4 - +4 - ◦C
Relative Accuracy (-20 - +85◦C) - - -2 - +2 ◦C

Table 3.3: Performance characteristics of the MS5837-30BA [62], the MS5837-07BA [61] and the MS5837-02BA [60] pressure sensors

1.1.4 explained that the maximum chamber pressure is limited to 0.7 bar due to the peak power requirement
of 4 W. A minimum chamber pressure is not given, but figure 1.5 showed experimental results below 0.3 bar.
The system still requires approximately 2.5 W of heating power at a chamber pressure of 0.3 bar. It is likely
that sometimes less power is available compared to the mentioned peak power and the system also consumes
power with the control electronics, solenoid valve and DC-DC converters. Operating below 0.3 bar is there-
fore plausible. The exact relative accuracy of the MS5837-02BA for operating pressures smaller than 0.3 bar
is not provided by the datasheet and therefore not presented in the table. There is however a graph available
in the datasheet that gives an indication of the performance at lower pressures. The graph is given in figure
3.13. The maximum error is visible for a measurement temperature of -20 ◦C, but that is out of the scope of
this application. The temperature at the inlet section should at least be above 0 ◦C to allow liquid water to
enter the chamber. The maximum relative error for temperatures around and above 25 ◦C is approximately
equal to 1 mbar. These results are very good compared to the MS5837-30BA and the MS5837-07BA, and are
also within the given performance of table 3.3. The MS5837-02BA is therefore selected to measure the inlet
pressure of the chamber.

Figure 3.13: Relative pressure error versus pressure and temperature for the MS5837-02BA [60]

The maximum storage pressure of the plastic tube (storage tank of the Delfi-PQ propulsion systems) is
10 bar [48], but miniaturized spacecraft are often limited due to the secondary payload launch restrictions.
Ref. [16] mentioned that the internal storage pressure of PocketQubes is sometimes limited to 1.2 bar. In
that final case, it would be more preferable to select a pressure sensor with a lower range for both the storage
and inlet pressure measurements as the resolution and accuracy decreases with a larger operating pressure
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range. At this stage of the development process it is impossible to estimate the final storage pressure of the
flight prototype. The MS5837-07BA is always preferred when the storage pressure is within its measurement
range. MS5837-30BA should be only selected for storage pressures above 7 bar. A schematic overview of the
I2C and power interface between the pressure sensors and the microcontroller is given in figure 3.14.

Figure 3.14: Schematic overview of interface between the storage and inlet pressure sensors and the microcontroller

3.3. Microcontroller
The microcontroller is the on-board mini computer of the propulsion system. The quality of the temperature
and pressure control electronics also partly depends on the performance of the microcontroller, it is essen-
tially the center of the control electronics for this micropropulsion system. The selection process for the best
suited microcontroller is important, but also quite comprehensive. A large amount of different microcon-
troller units (MCU) is available with different properties for various applications. Important characteristics
like power consumption, processing power, operational range, hardware interface and software architecture
differ for every project. Another important factor, especially for a breadboard configured experimental sys-
tem, is accessibility in terms of hardware and software.

The demand for an accessible MCU board is leading in the choice for the Arduino UNO [5]. The Arduino
Uno is a widely applicable development board with a clock speed of 16 MHz, 32 KB flash memory, 6 analog
input pins and 14 digital I/O pins. The board has three communication protocols: SPI, I2C and UART, and
is based on the ATmega328P MCU [9]. The ATmega328P is a low power 8-bit microcontroller. The system
operates with programmable Arduino software which supports the ’C’ and ’C++’ programming languages.
The development board is shown in figure 3.15. The Arduino Uno will be powered by a USB connection with a
regular computer, the same connection also supports the serial interface between the board and the Arduino
Integrated Development Environment (IDE). It also works on a external power supply with a recommended
voltage of 7-12 V [5].
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Figure 3.15: Top view of the Arduino Uno development board [5]
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3.4. Final Design
Figure 3.16 shows a schematic overview of the final control electronics circuit. The right side of the figure is
solely used to control the temperature in the chamber with adjustable power supply and voltage and current
sensors. The left side consists of the solenoid valve control circuit and both pressure sensors. These pressure
sensors are also able to measure the inlet and storage temperature, of which the latter one is especially im-
portant to prevent the liquid propellant from freezing. The figure shows the different communication lines
between the MCU and the additional components. All sensors operate with the I2C interface, the actuators
use a digital I/O pin (solenoid valve) and SPI (digital potentiometers, heater chip).

Figure 3.16: Schematic overview of the final control electronics design

The MCU requires a different input voltage level compared to both DC-DC converters. The DC-DC con-
verters are selected to operate with the varying voltage levels of a PocketQube (3-4.1 V), but the selected
development board needs at least 7 V [5]. This will not be a major issue during the experimental phase of the
project, because of the supplied power through the USB connection. It is also not a direct challenge for the
first flight prototype due to the 2.7 - 5.5 V operating voltage range of the ATmega328P [9].

3.4.1. Power Demands
Miniaturized spacecraft like the PocketQube have to be very careful with the dissipation of electric energy.
The size of the spacecraft limits the size of the solar panels and therefore the amount of energy produced in
orbit. Only 4 W is available for the micropropulsion system in the Delfi-PQ PocketQube. An efficient con-
trol system ensures that a large part of that power will be actually used for the vaporization process and to
open the solenoid valve. This section will shortly examine the theoretical power usage of the electronic com-
ponents and the conversion losses of the DC-DC converters. The power demands of the components are
summarized in table 3.4.

A relatively small part of the maximum peak power is used to supply the remaining components with the
power they need to perform their specific operations. Only the ACS712 requires a bit more power than the
other components. The sensor requires additional power for the differential amplifier, for the amplification
of the small Hall effect voltage. The table is not complete as the power dissipated in the diode and switching
circuit is not been taken into account. Their influence on the final energy balance of the system is estimated
to be negligible compared to the demands of the solenoid valve and heater chip. It is not the goal of this work
to determine the exact amount of energy that is available for the vaporization process. Only a rough estima-
tion will be sufficient to determine the operational range of the micropropulsion system.

The amount of energy available for the vaporization process depends on the available battery power, en-
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Component Type Value Unit
EV3428A-L-00A Quiescent Current (200 µA, 3.3 V) 0.66 mW
ACS712 Supply Power 50 mW
ADS1115 Supply Power 0.9 mW
MCP4162-103E Supply Power 2.25 mW
MCP4162-104E Supply Power 2.25 mW
MS5837-07BA Supply Power 4.125 mW
MS5837-02BA Supply Power 4.125 mW
ATmega328P Supply Power 4.5 mW

Total Operating Power 68.81 mW

Table 3.4: Summary of the power usage of the electronic components of this micropropulsion control system

ergy used by the components, energy used by the valve controller and the conversion efficiency of the buck-
boost converter. Chapter 2 examined the possibility to decrease the sampling time of both measurement
systems in sections 2.2.1 and 2.2.2. This could have a positive effect on the accuracy of the control system,
but will also decrease the transient time between two spikes. This affects the available heater chip power
negatively. The amount of energy required by the valve in the same period of time increases, because the
control system could demand for two spikes in that same period of time. Different sampling times increase
the complexity of the energy calculations. A example will be given below. The amount of energy required for
a single spike is given in equation 3.11.

Pspi ke =
V 2

spi ke

Rval ve
= 13.082

10.6
= 16.14W

Pi n,boost =
Pspi ke

ηDC DC
= 16.14

0.85
= 18.99W

Espi ke =
Pi n,boost · tmi n

3600
= 18.99 ·350∗10−6

3600
= 1.85µW h

(3.11)

Ref. [55] performed its experiments for the ideal control mechanism with a sampling time of 40 ms. Equa-
tion 3.12 determines the available heater power using the sampling time of Ref. [55].

Epeak = Ppeak · ts

3600
= 4 ·0.04

3600
= 44.44µW h

Ecomponent s =
Pcomponent s · ts

3600
= 0.068 ·0.04

3600
= 0.76µW h

Equi escent =
Pqui escent · (ts − tspi ke )

3600
= 0.66∗10−3 ·0.04

3600
= 0.0073µW h

Etemp = Epeak −Espi ke −Ecomponent s −Equi escent = 41.83µW h

Ptemp = Etemp ·3600

ts
= 41.83 ·3600

0.04
= 3.77W

Pheater = Ptemp ·ηDC DC = 3.77 ·0.94 = 3.54W

(3.12)

The sampling time could be reduced to approximately 10 ms for a control loop with temperature and
pressure measurements. The available heater chip power is determined in equation 3.13.

Epeak = Ppeak · ts

3600
= 4 ·0.01

3600
= 11.11µW h

Ecomponent s =
Pcomponent s · ts

3600
= 0.068 ·0.01

3600
= 0.19µW h

Equi escent =
Pqui escent · (ts − tspi ke )

3600
= 0.66∗10−3 ·0.01

3600
= 0.0017µW h

Etemp = Epeak −Espi ke −Ecomponent s −Equi escent = 9.07µW h

Ptemp = Etemp ·3600

ts
= 41.83 ·3600

0.01
= 3.27W

Pheater = Ptemp ·ηDC DC = 3.27 ·0.94 = 3.07W

(3.13)
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These results show a decrease of almost 20% in heater chip power for a shorter sampling time, but that
is only in the extreme case when the valve have to be activated in two successive control loops. Ref. [55]
showed that the transient time between two spikes depend on the demanded chamber pressure and could
be much larger than the sampling time of 10 ms. These energy limitations have to be considered in the trade-
off between the ideal sampling time, measurement quality and performance of the micropropulsion system.
A shorter transient time between two spikes decreases the available heater power. Less heating power limits
the maximum chamber pressure, shown in figure 1.5, and a smaller chamber pressure increases the transient
time between two consecutive spikes. This circle of consequences have to be examined in future projects and
will be included in the recommendation chapter (6) of this thesis.





4
Experimental Characterization

This chapter will describe the experimental setup, procedure and results to examine the performance of the
proposed system and strategy. Section 4.1 explains the experimental setup with the equipment that is gener-
ally used in every experiment. Section 4.2 presents the experimental procedure and the results of the mea-
surements conducted to assess the quality of the adjustable power supply and the resistance measurements.
The experiments conducted to assess the quality of the solenoid valve control circuit are given in section
4.3. Finally, section 4.4 summarizes the results and present the conclusions on the experimental part of this
project.

4.1. Experimental Setup
The setup for the experiments conducted in this chapter will be described in this section. A list of the equip-
ment and components is given in table 4.1. An image of the electronics of the designed control system that is
used for the experiments of this chapter is given in figure 4.1.

Figure 4.1: Final design of the hardware from figure 3.16

53
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Figure 4.1 shows two different items from table 4.1. The first one is the microcontroller that is used for this
project, the Arduino Uno. The figures shows the connections between the microcontroller and the additional
components of the control system. The additional components are the second item from table 4.1, compo-
nents from the temperature and pressure control circuit. A schematic overview of that circuit is given in figure
3.16. The current sensor, voltage sensor, buck-boost converter and its control circuit are used to control the
temperature of the thruster. The pressure sensor circuit, boost converter and switching circuit control the
pressure. The operational performance of these components is examined in this chapter using the devices
mentioned in table 4.1. The setup for each experiment is different and is therefore not provided at the start of
this chapter. A basic schematic of the connections between the components and devices is given at the start
of each experiment.
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Item Name Description

Agilent 3631A

DC Power Supply

The power supply is used to act as the EPS of the satellite.

It supplies power to both DC-DC converters. In addition,

it is also used calibrate the sensors and test their performance.

Tektronix TDS2014B

Oscilloscope

The oscilloscope is used to monitor the voltage over the load

in every experiment. It is connected to a laptop to conduct high

resolution voltage measurements of 2500 samples.

Keithley Model 199

System DMM Scanner

The Model 199 is a autoranging, high resolution, digital multimeter.

It is used in the experiments to determine resistive value of different

resistances, like the like the solenoid valve and the load that replaces

the heater chip.

FLIR AX-5

Thermal Camera

The AX-5 is a high quality, compact thermal camera

It is used to verify the application of the temperature control circuit

and to examine the thermal dynamics of the heater chip.

VLM Thruster &

interface

A VLM thruster from previous projects is used to test the quality of the

temperature control system. The interface is necessary to connect the heater

chip with the control electronics, feed system and pressure sensor.

Solenoid Valve

INKX0511400A

The solenoid valve is a 2-way, high speed valve that requires a spike

voltage of 12 V and a hold voltage of 1.6 V. The valve has a equivalent

series resistance of 10.6Ω. It is used to verify the operational

principle of the pressure control circuit and to determine its functional

requirements.

Arduino Uno The Arduino Uno is the MCU of the design. It is used to control the

digital potentiometers and switching circuit. In addition, it will be also

to collect data from the sensors.

Temperature and Pressure

Control Circuit

The control circuit is given in figure 3.16. It is the main design

of the project and is able to control the pressure and temperature with

directions of the MCU.

Load

A load of 3.3Ω is used to replace the vulnerable heater chip

during the experiments. It is a high power cement resistor with a

constant resistive value.

Wires
Wires are used to connect designed circuit to the additional equipment

and components.

Laptop

The laptop is used to control the MCU (Arduino Uno), to collect data

from the oscilloscope and is used to make notes of unexpected behavior

and data from the power supply and multimeter.

Table 4.1: Equipment used for the conducted experiments of the thesis project
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4.2. Temperature Control
Temperature is the first main control parameter of the VLM concept. The demanded chamber temperature
depends on the vaporization temperature of the propellant plus a certain safety margin. The safety margin
is based on the accuracy of the adjustable power supply, quality of the temperature measurements and the
pressure control system. The first two variables will be assessed in this section. Starting with the output
accuracy and efficiency of the adjustable power supply. The temperature measurement system will be inves-
tigated thereafter. A small safety margin is only possible with an accurate measurement system, because it
should be at least larger than the maximum measurement error. That is the only way to measure a certain
temperature and know that the actual temperature is higher than the required chamber temperature. A larger
safety margin will also increase the maximum gap between the required, reference temperature and the ac-
tual temperature. Higher temperatures will decrease the mass flow rate and therefore the produced thrust
and will increase the power lost into the environment. An accurate temperature control system will lead to a
more efficient and better performing propulsion system.

4.2.1. Heater Chip Control
The amount of power fed to the heater chip is controlled by the adjustable power supply from section 3.1.2.
The resistive value of two digital potentiometers regulates the output voltage of a buck-boost DC-DC con-
verter. The power fed to the heater chip could then be determined by that controlled voltage and its current
resistive value. This section will assess the actual performance of this adjustable power supply and will com-
pare it to the theoretical performance proposed in section 3.1.2. The two main factors that define the quality
of the system will be covered in the next two paragraphs.

Output Accuracy

The ability to supply the exact amount of power to the heater chip depends on the accuracy of the adjustable
power supply. Section 3.1.2 already explained the theory behind the control mechanism of the adjustable
power supply. This resulted in equation 3.9 and figure 3.5, providing the theoretical output voltage for a
given combination of taps for both digital potentiometers. A schematic overview of the measurement setup
that is used to calibrate the output voltage of the buck-boost converter is given in figure 4.2. The power is
supplied by the Agilent E3631A DC power supply [2] and the voltage is measured with the Tektronix TDS2014B
oscilloscope [63].

Figure 4.2: Schematic overview of the measurement setup for the calibration of the buck-boost converter

Figure 4.3 shows a comparison between the theoretical output voltage and the real output voltage. The
blue dots are the conducted measurements for different digital potentiometers steps. The average difference
between the theoretical output voltage and the measured output voltage data points is 24.8 mV with a maxi-
mum of 40.2 mV.

Figure 4.3 showed that the theoretical calculated output voltage approached the actual measured output
voltage, but the differences are still too large. These differences could be caused by a number of small devi-
ations in the selected components. The feedback voltage is mentioned to be typically 0.5 V [44], but could
differ with a maximum of 1.5% [43]. The step size of the combination of both digital potentiometers is also
a bit smaller than the theoretical value, because the total resistive range is 0.19-104.13 kΩ instead of 110 kΩ.
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Figure 4.3: Theoretical versus measured DC-DC converter output voltage

Resulting in a resistive step size of ±37Ω compared to the given theoretical value of ±37Ω [41, 42]. The addi-
tionally added resistances are also not exactly equal to the proposed resistances of section 3.1.2.

Looking for the optimal combination of the above mentioned deviations is a difficult and time consuming
task and is therefore out of the scope of this thesis project. An easier way to an equation with an improved
accuracy is provided by the curve fitting tool of Matlab. The measured data points are used to determine the
curve fitted equation 4.1.

Vout ,C F = 0.5082 ·Step +4505

Step +1069
(4.1)

The curve fitted equation has a coefficient of determination, R-squared, equal to 99.9%. Figure 4.4 shows
the curve fitted line with the measured data points. The average difference between the curve fitted output
voltage and the measured output voltage data points is 5.9 mV with a maximum of 13.0 mV.

The characterization of the optimal converter model for the final flight model could be further improved
by adding more data points to the curve fitting tool, but these results seem to be sufficient for the current
development level of the control system. Especially considering the current bread board model that is still
being assembled and disassembled, requiring it to be re-calibrated before every new experiment.

The optimal converter model converts the desired output voltage into the input for both digital poten-
tiometers. This conversion step determines the accuracy of the output, but does have an influence on the
precision of the output voltage. Figure 4.5 shows the maximum output voltage difference, deviation and
precision of the buck-boost converter for the entire step range. These results are obtained from five measure-
ments for each step using the TDS2014B oscilloscope [63]. Each measurement is the average value of 2500
samples with a sampling time of 0.40 ms. Equations 2.3 and 2.4 determined the minimum and maximum
output accuracy for different pressure resolutions at different OSR’s. This showed that the heater chip volt-
age should be controllable with a accuracy in the range of 13.17 - 34.59 mV (or better) to allow for optimal
usage of the selected pressure sensor. Previous results from the basic converter model already showed that
the maximum deviation was within that range, but this was only obtained from a single measurement. Fig-
ure 4.5 examined the precision of the output voltage of the buck-boost converter. The results are promising
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Figure 4.4: Measured versus curve fitted DC-DC converter output voltage

with a maximum deviation of 1.86 mV to the average value. The maximum output voltage is obtained with a
step size of ’0’, which explains the better precision for smaller step values. These precision results show that
biggest influence on the output performance is based on the accuracy of the converter model, with a minor
impact of the precision.

A good example of the varying properties of the system is the implementation of the current sensor into
the system. The ACS712 5A model adds a varying voltage drop to the voltage measured over the heater chip.
The effect is shown in figure 4.6. The output voltage of the buck-boost converter does not change, but the
voltage applied to the heater chip does.

The new data points with lower voltages for the same step size require an additional calibration step.
The new curve fitted equation is given in 4.2. The curve fitted equation has a coefficient of determination,
R-squared, equal to 99.9%.

Vout ,C F = 0.4771 ·Step +3970

Step +1023
(4.2)

The average difference between the curve fitted output voltage and the measured output voltage data
points is 5.7 mV with a maximum of 19.5 mV. The resolution of the output voltage of the buck-boost con-
verter depends on the steps of the digital potentiometers and the output range. The selected combination of
digital potentiometers give the system 2806 different output levels. The maximum achievable output voltage
is equal to 3877.4 mV and and the minimum output voltage is 1386.5 mV. This results in a resolution of 0.89
mV.

The implementation of the current sensor does not have a very big influence on the accuracy of the heater
chip voltage, but becomes more relevant in the next paragraph. It has, unfortunately, a more significant
effect on the total efficiency of the temperature control part. It should be noted that the voltage drop due to
the implementation of the current sensor is not constant. It differs from 333.3 mV for the maximum output
voltage (Step = 0) to 144.1 mV for the minimum output voltage (Step = 2806). The voltage drop due to the
ACS712 current sensor could be caused by the internal current conductor of the Hall effect sensor. The size
of the internal conductor is given the datasheet of the sensor and should be equal to 1.2 mΩ [3]. This value
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Figure 4.5: Repeatability plot of DC-DC converter output voltage

however, gives a total different voltage drop, which is determined to be approximately 1 mV in section 3.1.3.

Output Efficiency

The maximum peak power available for the micropropulsion system in a PocketQube will be consumed by
three main sections: The pressure control system, the active components and the temperature control sys-
tem. The valve of the pressure control system is normally closed and only requires power to be opened for
a very short amount of time. The active components in the design like the microcontroller and sensors only
take up to a few percent of the available peak power. The main power consuming part of the design is the
heater chip. The output efficiency of the temperature control system has a large impact on the amount of
power that can be supplied to the heater chip.

A schematic overview of the measurement setup that is used to determine the output efficiency of only
the buck-boost converter is given in figure 4.2. The current sensor is added to the circuit to determine the
total temperature control efficiency. The experimental setup of that configuration is given in figure 4.7. The
power is supplied by the Agilent E3631A DC power supply [2] and the voltage is measured with the Tektronix
TDS2014B oscilloscope [63].

The main factor in this process is the conversion efficiency of the DC-DC buck-boost converter, the
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Figure 4.6: Measured versus curve fitted DC-DC converter output voltage with and without current sensor

Figure 4.7: Schematic overview of the measurement setup for the efficiency of the total temperature control system

EVQ28164-D-00A [44]. The converter is presented in its datasheet with efficiencies up to 95% for optimal
voltage and current values. Those values slightly differ from the estimated operational parameters of the ad-
justable power supply. Figures in the datasheet make it acceptable to assume that efficiencies above 90% are
achievable in the estimated operational range. The insertion losses of ACS712 Hall effect current sensor also
have to be considered, but should have a minor influence on the total performance of the design. Mainly due
to the very low internal conductor resistance of the current sensor.

The efficiency of the adjustable power supply can be determined with the input and output power of the
converter using equation 4.3.

ηconver si on = Pout

Pi n
·100% (4.3)

The input power is determined using the voltage and current values of the power supply. Determination
of the output power is a bit more complicated. The voltage can be measured easily, using the oscilloscope.
Measuring the current is only possible by adding a current sensor in series with the load, which will affect the
power supplied to the load. Therefore is chosen to determine the output power using the voltage over the
load and the known resistance of the load. The load is a 3.3Ω axial cement resistor [70], capable of handling
up to 5 W of power. The exact resistive value of this resistor is measured with the Keithley Model 199 [30] and
is equal to 3.417Ω. Equation 4.4 is used to determine the output power.
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Pout =
V 2

load

Rl oad
(4.4)

The results of the efficiency measurements are provided in figure 4.8. These results are collected with a
constant input voltage of 3.50 V and a varying input current. The conversion results of the DC-DC converter
are around 90%, slightly lower than the test results from the datasheet. They are within an acceptable range
of these results, considering that the manufacturer will always try to sell its product by mentioning its optimal
performance. An extensive research into a better performing converter could be conducted to increase the
conversion efficiency of the adjustable power supply, but that is out of the scope of this thesis project. This
model shows sufficient results for this stage of the development process.

Figure 4.8: Efficiency plot of the adjustable power supply for the heater chip

A far bigger challenge is the major influence of the current sensor to the total conversion efficiency of the
system. Figure 4.8 shows a relatively constant drop in efficiency of approximately 12-15% for the estimated
operating range. This difference in terms of power is approximately 400 mV for 3 W input power, which is
of course an unacceptable difference in provided power to the heater chip. It follows from the large voltage
drop presented in the previous paragraph, which suggests that the given internal Hall effect sensor conductor
resistance is not equal to the provided conductor resistance. Simple voltage division over the current sensor
and the load gives a resistive value for the internal conductor of 292.81 mΩ for the maximum output voltage
and 355.13 mΩ for the minimum output voltage. This removes the assumption that the internal conductor
causes these losses completely, because that would give a fixed resistance for every current flowing through
the sensor. Insertion losses could still cause a part of these losses, but there should also be additional expla-
nation. The sensor could be broken or the Hall effect could have a large impact on the energy dissipation.
The selected sensor is not suitable for this application in terms of efficiency. The next paragraphs will show
whether it meets the expectations in terms of accuracy and precision.

4.2.2. Temperature Measurements
Temperature measurements complete the feedback loop of the temperature control system. The quality of
the temperature measurements solely depends on the quality of the voltage and current sensors. This section
will asses the measurement quality of both sensors. It will also investigate the impact of different sampling
times and the exponential filter on the quality of the measurements. Section 3.1.1 explained the sensitivity of
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the temperature measurements to minor deviations in the resistance calculations and determined the nec-
essary temperature accuracy of 1.5% (6 ◦C). The sensors should be able to determine the voltage and current
with an accuracy of a few millivolt and milliamps for an efficient vaporization process. Measurement devia-
tions larger than 3.75 mV and 3.75 mA could result in temperature differences above 6 ◦C.

The results of both measurements are transmitted by the ADS1115 to the MCU as a 16-bit signal. The
16-bit signal has to be transformed into a voltage or current signal before it could be used to determine the
temperature of the heater chip. This translation step causes, unfortunately, additional small uncertainties in
the current and voltage measurements, especially when the curve fitted equation has some minor deviations
to the true value. This is again difficult in a breadboard configuration, as it takes a lot of time to re-calibrate
the design before each experiment. The amount of data points is therefore minimized and should be ex-
tended for the final prototype to increase the accuracy of the system.

Voltage Measurements

The voltage is measured using the 16-bit ADS1115 analog-to-digital converter [65]. The ADS1115 is config-
ured to set its lower and upper limit to ±4.096 V. The 16-bit data value covers the entire measurement range
of the converter, resulting in a theoretical resolution of 0.125 mV. A schematic overview of the measurement
setup that is used to calibrate the voltage measurements of the ADS1115 is given in figure 4.9. The power is
supplied by the Agilent E3631A DC power supply [2] and the voltage is measured with the Tektronix TDS2014B
oscilloscope [63].

Figure 4.9: Schematic overview of the measurement setup for the calibration of the voltage measurements using the ADS1115

The curve fitting tool of Matlab is used to find the ideal translation steps. Nine data points are shown in
figure 4.10 together with the curve fitted line of equation 4.5. The curve fitted equation has a coefficient of
determination, R-squared, equal to 99.9%.

Vheater = Bi tADS1115 ·0.0001248+0.04753 (4.5)

Section 2.2.1 explained the pros and cons of the increasing data rate of the converter. Higher data rates
decrease the conversion time and therefore also the feedback loop time of the controller, but also have a neg-
ative effect on the quality of the measurements. The impact of negative data rates will be examined using two
main measurement characteristics. These two measurement characteristics are the accuracy and precision
of the measurements. The accuracy is measured using the average deviation to the true value. The precision
is measured using the difference between the minimum and maximum measured voltage and the maximum
deviation to the average measured voltage. Each measurement consists of 100 samples with a 100 ms delay
between each sample. The voltage is assumed to be steady and is supplied by the Agilent E3631A DC Power
Supply [2]. The true value of output of the power supply is measured using the Tektronix TDS2014B oscillo-
scope [63].

Figure 4.11 shows the average deviation to the true value for eighth different voltage levels. The figure
shows no clear pattern in the size of the deviations for the different SPS ratios. The deviations are, with some
exemptions, comparable for each voltage level. It is therefore not possible to assign the deviations to an
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Figure 4.10: Curve fitted line for the ADS1115 voltage sensor with its measurement data points

increasing SPS ratio. The pattern of the deviations suggest that the curve fitted equation 4.5 should not be
perfectly linear, but should be slightly sinusoidal or at least not completely straight. Higher order polynomials
in the order of seven or eighth show a small improvement for the curve fitted line, but increase the complexity
of the system. A small part of these deviations could also be assigned to the vertical DC accuracy of the oscil-
loscope, which is ±3% [63]. The measurements at each voltage level are conducted successively for different
SPS ratios, without changing any settings on the adjustable power supply or oscilloscope. The unexpected
and variable differences between the different SPS ratios can be only assigned to the measurement system
itself or to the voltage ripple of the adjustable power supply. The datasheet of the Agilent E3631A DC Power
Supply mentioned a maximum voltage ripple of 2 mVpp [2]. A very small part of the differences can be as-
signed to the output voltage ripple, but the largest part should be caused by the measurement system. These
results are unacceptable for the resistance measurements, but could be (partially) solved using an extensive
calibration study of the final prototype. Especially when these deviations are constant for a certain range of
the measured voltage, the MCU might then be able to apply small corrections to these results. A large part
of the accuracy could be therefore improved by extending the calibration study and should not have a large
impact on the quality of the measurement in the final design.

The additional calibration step does not have to be very complex when the deviations to the true value
could be matched with an expression from the curve fitting tool of Matlab. Then it will only require more
samples at shorter interfaces and it would probably take up a bit more of computational power of the MCU.
It becomes a bit more complex when the deviations are not constant, like the dashed line of figure 4.12. The
example of a measured curve has different amplitudes and is not purely sinusoidal, it is of course magnified
to support the example. The straight line presents the current linear expression of the basic equation for the
ADS115 voltage conversion. This linear expression would still be the initial conversion step to determine in
which area or range (AB, BC, CD or DB) the measured value should be. An additional expression to describe
the deviation from the linear line could then be used for the exact determination of the voltage. The computa-
tional time lost for this extra step is relatively small compared to the conversion times of the analog-to-digital
converter.

The impact of increasing the SPS ratio on the voltage measurements of the ADS1115 is not directly visible
as a deviation to the true value. The impact becomes more relevant in figure 4.13. That figure shows three im-
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Figure 4.11: The average deviation to the true value for different SPS ratios at eighth different voltage levels

portant graph’s. The top graph shows the difference between in minimum and maximum measured voltage
value by the ADS1115. It shows a high level of stability for the lowest conversion time (128 SPS) and compa-
rable, but worse, results for the faster conversion times (250, 475 and 860 SPS). Similar results are shown in
the second graph of figure 4.13. This graph shows the maximum deviation to the measured average voltage at
different voltage levels. There is again a relatively large difference in stability between the lowest conversion
time and the faster conversion times, but also an unexpected difference between the measurements at 250
SPS and 475 SPS. The results of the measurements with a SPS ratio of 475 are more stable than the results
with a SPS ratio of 250. It is difficult to explain this unexpected difference, but the amount of measurements
(8 x 100 samples) suggest that its more stable to operate at a SPS ratio of 475. Some of these measurement
deviations might be caused by the voltage ripple and noise of the Agilent E3631A DC Power Supply, which is
at most 2 mVpp [2]. The final graph of figure 4.13 shows an increasing precision for higher voltage levels. This
is of course obvious, constant deviation to the average of different voltage levels result in a smaller percentage
for larger voltages. Precision levels better than 0.1% for voltage levels larger than 2 V are quite promising for
the final design.

Table 4.2 summarizes the results from figure 4.13. The table clarifies the differences between the different
conversion times of the ADS1115. The noticed difference between the 250 and 475 SPS ratios in figure 4.13
is supported by the averages the table, with more stable measurements results at a lower conversion time.
There is a relatively large difference visible between the slowest and fastest configuration of the analog-to-
digital converter. A trade-off should be made between the conversion time and measurement quality of the
voltage measurements. The selection criteria will also depend on the rate of change of the temperature in the
heater chip and the final requirement of the measurement accuracy. The results of the ADS analog-to-digital
converter are sufficient for this application once the calibration challenges are solved, even for the fastest
conversion time. A deviation smaller than ±3 mV from the true value is within the limits from section 3.1.1.
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Figure 4.12: Example of inconsistent deviations to the true value, the straight line presents the current linear expression of the basic
equation for the ADS115 voltage conversion

SPS Average Difference [ mV] Average Maximum Deviation [mV] Average Precision [%]
128 1.620 1.004 0.068
250 3.195 2.110 0.140
475 2.819 1.634 0.111
860 3.445 2.205 0.149

Table 4.2: Average results for different conversion times of the ADS1115 voltage measurements
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Figure 4.13: Effect of the different SPS values on the stability of the voltage measurements
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Current Measurements

The current is measured with the ACS712 and ADS1115 combination. The ACS712 is a Hall effect sensor that
uses the magnetic field of the current passing through the internal conductor to create an analog voltage
signal. This voltage signal is converted by the analog-to-digital converter into a 16-bit digital signal. The
additional conversion step with the ADS1115 is necessary because of the low analog-to-digital conversion
resolution of the MCU, but also adds an additional uncertainty to the measured data. That uncertainty is
similar to the results shown in the previous figures and table, which will be further increased by the measure-
ment uncertainties of the conversion from the current to the voltage by the ACS712. A schematic overview
of the measurement setup that is used to calibrate the current measurements of the ACS712 is given in figure
4.14. The power is supplied by the Agilent E3631A DC power supply [2] and the voltage is measured with the
Tektronix TDS2014B oscilloscope [63]. The current through the sensor and the load is determined with the
voltage over the load and the constant load resistance.

Figure 4.14: Schematic overview of the measurement setup for the calibration of the current measurements using the ACS712

Calibration of the sensor is the first step of the experimental phase of the current sensing system. The
curve fitting tool of Matlab is used to find the conversion equation. Eighth data points are shown in figure ??
together with the curve fitted line of equation 4.6. The curve fitted equation has a coefficient of determina-
tion, R-squared, equal to 99.8%. The minor difference in coefficients of determination between the equations
for the voltage and current sensors is also visible if we compare figure 4.10 with figure 4.15. The larger devia-
tions to the curve fitted line in figure 4.15 could be caused by the small amount of calibration data points, but
could also be a first sign of poorer stability.

Iheater = Bi tAC S712 ·0.0006678−13.44 (4.6)

Figure 4.16 shows the average deviation to the true value for eighth different current levels. The figure
shows a constant, increasing deviation from the true value. Indicating that the curve fitted line from the
calibration is a bit too low and the slope is too small. The fastest conversion time (860 SPS) shows smaller
deviations to the true value compared to slower conversion times and is less stable. The trend of increasing
deviations for higher currents of 128, 250 and 475 SPS is not ideal, but is completely invisible for 860 SPS. It
is therefore difficult to assign the large deviations to the true value to the insufficient calibration method for
860 SPS. This indicates that the fastest conversion time affects the stability of the measurements negatively.
This average deviation for the slower conversion times (128, 250, 475 SPS) should be minimized once the
hardware design is confirmed and a conversion time is selected. More data point will be required to improve
the accuracy of the curve fitted line.

The presumptions of unstable current measurements from figures 4.15 and 4.16 is confirmed by figure
4.17 and by table 4.3. The top graph of figure 4.17 shows the difference between the minimum and maximum
measured current for different current levels in the estimated operational range. The decreasing precision
for increasing SPS ratios is generally visible in the graph and also supported by average difference from table
4.3. But there are also some unexpected outliers, like the outlier of the 128 SPS around 900 mA. These outliers
plus the very large differences in measurements confirm the instability of the current measurements in this
setup. This is further supported by the second and third graph of figure 4.17. Deviations of 10-15 mA will have
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Figure 4.15: Curve fitted line for the ACS712 together with the ADS1115 current sensor with its measurement data points

a serious influence on the determination of the heater chip temperature, especially in combination with the
deviations of the voltage measurements. The accuracy results of the ACS712 do not meet the measurement
requirement from section 3.1.1.

The first major factor with a negative influence on the performance of the current measurements is the
setup. The combination of the ACS712 and the ADS1115 is not ideal. The ACS712 has a total measurement
range of -5000 mA up to 5000 mA [3]. The estimated measurement range of this system only uses a small part
of that range (400 mA up to 1100 mA). The analog output voltage of the ACS712 has its center at 2500 mV
for a 0 mA input. The voltage increases for higher currents and decreases for lower currents. The ADS1115
measures a voltage of 2634 mV for 400 mA and 2768 mV for 1100 mA. Which means that an increase of 700 mA
results in a voltage increase of 134 mV, this is equal to 1073 bits for the ADS1115 analog-to-digital converter.
The best case voltage measurements, at 128 SPS, have a precision of about 1 mV, this will increase to 2-3 mV
precision for higher SPS ratios. A 1 mV deviation of the ADS1115 will result in a 5.22 mA deviation in the
current measurements. The average maximum deviation from table 4.3 for a SPS ratio of 475 SPS will result
in a deviation of 8.54 mA in the current measurements. This is still without the uncertainties of the ACS712.
The difference in the analog output voltage of the current sensor for an increase of 700 mA is too small to be
accurately measured by the analog-to-digital converter. A larger output voltage range of the current sensor
would minimize the effect of the uncertainties to the analog-to-digital converter.

SPS Average Difference [ mA] Average Maximum Deviation [mA] Average Precision [%]
128 18.365 11.623 1.712
250 19.281 12.110 1.684
475 20.783 11.997 1.720
860 25.876 13.850 2.047

Table 4.3: Average results for different conversion times of the ACS712 current measurements

The datasheet of the sensor is a bit unclear about the true performance of the sensor at different operating
conditions [3]. The datasheet states that the total output error at 25 ◦C and 5 A is ±1.5%. In addition, there
is a graph that shows a decreasing accuracy for smaller input currents, but a larger accuracy for measure-
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Figure 4.16: The average deviation to the true value for different SPS ratios at eighth different current levels

ments conducted at temperatures different than 25 ◦C. The graph is visible in figure 4.18 and does not show
any numbers or data, so it only gives an indication of the estimated accuracy of the ACS712. The decreasing
accuracy for higher current levels is also not visible in the measurement data, these results show a constant
deviation to the true value over the entire measurement range (400 - 1100 mA). A very rough estimation based
on analyzing figure 4.18 would give a total output error somewhere around 1.5%. The output error in combi-
nation with precision of the ADS1115 explains the poor performance of the current measurements.

The current sensing system of this project have to be replaced with a sensor that is able to communicate
directly with the MCU. The INA219 [64] with a I2C interface might be suitable to solve the both the accuracy
and efficiency problems of the ACS712. Its shunt resistance can be selected arbitrary, in order of 0.1 mΩ,
reducing the insertion losses of the current sensor. This replacement will also improve the accuracy of the
current measurements, due to the current sensing error of the INA219 of only 0.3 %. The minimum and
maximum measurement error will be 1.2 mA (at 400mA) and 3.3 mA (at 1100 mA) respectively. A combination
of the INA216 [66] with the ADS1115 [65] in an ideal configuration might also be a solution to the current
measurement accuracy problem. But the additional conversion step of the analog-to-digital converter is only
useful when the analog output of the current sensor is comparable with the input range of the converter. The
gain error of the INA216 is equal to approximately 0.2%. A small improvement compared to the INA219, but
the combination with the ADS1115 will also have a negative impact on the measurement performance.
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Figure 4.17: Effect of the different SPS values on the stability of the current measurements

Resistance Measurements

A schematic overview of the measurement setup that is used to examine the quality of the resistance mea-
surements of the ADS1115 and the ACS712 is given in figure 4.19. The power is supplied by the Agilent E3631A
DC power supply [2] and the voltage is measured with the Tektronix TDS2014B oscilloscope [63].

The resistance is determined with the voltage and current measurements using Ohm’s law given by equa-
tion 4.7.

Resi st ance = V ol t ag e

Cur r ent
(4.7)

Previous results given in figures 4.13 and 4.17 showed that especially the current measurements are not very
stable, with deviations to the average measured value in the range of 10-15 mA. The stability of the voltage
measurements is in the order of 1-3 mV. Equation 4.8 gives a worst-case example of the possible deviations in
the resistance measurements with a large power applied to the load. A maximum deviation of 75 mΩ could
follow from the instability of the voltage and current measurements. This would result in a maximum tem-
perature difference of 20.25 ◦C using the 0.27 ◦C per 1 mΩ, obtained in section 3.1.1. A very large difference
with the determined required accuracy of 6 ◦C from section 3.1.1.
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Figure 4.18: Full range measurement performance of the ACS712 given by its datasheet [3]

Figure 4.19: Schematic overview of the measurement setup for the quality of the resistance measurements using the ADS1115 and the
ACS712

Rl ow = 2.997

0.815
= 3.677Ω

R = 3.000

0.800
= 3.750Ω

Rhi g h = 3.003

0.785
= 3.825Ω

(4.8)

The stability of the voltage and current measurements is more or less equal over the complete measure-
ment range. The stability of the resistance measurements is, however, affected differently for varying condi-
tions at the load. An constant error is relatively larger when the measured value is smaller. This is supported
by the bottom graphs of figures 4.13 and 4.17. Equation 4.9 provides an example of the predicted performance
with a small applied power to the load. The resulting error to resistive value is more than twice as large (204
mΩ) compared to the previous example. This would result in a maximum temperature difference of 55.08 ◦C.
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Rl ow = 0.997

0.301
= 3.312Ω

R = 1.000

0.286
= 3.497Ω

Rhi g h = 1.003

0.271
= 3.701Ω

(4.9)

The actual resistance stability measurement results are given in figure 4.20. The figure shows the results
from 100 samples with a 100 ms delay at each of the seven voltage levels of the load. These measurements are
conducted using a stable output from the DC power supply (Agilent E3631A [2]). The used load has a stable
resistance of 3.417 Ω. The large instability of the measurements is therefore almost completely caused by
the voltage and current sensors. These results follow the predictions made in this section. The measurement
performance increases for higher voltage and current levels at the load and show especially poor results for
voltage levels smaller than 2 V.

Figure 4.20: Effect of the different SPS values on the stability of the resistance measurements

The large difference between minimum and maximum determined resistance is caused by the noise of
both sensors and the amplification of the noise from the current sensor by the analog-to-digital converter.
Replacing the current sensor with a sensor that can directly communicate with the MCU or a sensor with a
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smaller operational range will improve the measurement performance of this system. Another possibility is a
smoothing filter that removes the large noise spikes sensed in the resistance measurements. An exponential
filter has been implemented to improve the performance of this measurement system. The first order expo-
nential filter is given in equation 2.2. The filter determines the weight of the new measurement relative to the
previous result. A large filter coefficient results in a large weight for the newest measurement, while a small
filter coefficient results in large weight for the previous result.

The performance of the resistance measurements with a first order exponential filter is given in figure
4.21. These measurements are conducted at a constant voltage and current level of 3 V and 0.88 A respec-
tively. The average maximum deviation at 3 V of the four SPS rates before the filter is equal to 70.61 mΩ. The
second graph of figure 4.21 shows that this result is improved by the filter, even with a very small influence
of the previous value at larger filter coefficients. The improvement is, however, not sufficient to accurately
control the temperature of the heater chip. There are only two filter coefficients, 0.1 and 0.2, that ensure that
the maximum deviation at 3 V is smaller than 20 mΩ and therefore acceptable considering the determined
accuracy of 22 mΩ. Reducing the applied power to the load will further decrease the performance of the
measurements, as is shown in figure 4.20. It is therefore safe to assume that this combination of sensors is
not sufficient to accurately measure the temperature in the heater chip. Especially because of the possible
additional negative impact of accuracy deviations and instability of the buck-boost converter.

Figure 4.21: Effect of the first order exponential filter on the stability of the resistance measurements
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Complete Temperature System Measurements

The previous paragraph investigated the maximum achievable precision of the combination of sensors with
an exponential filter. These results do not seem to be sufficient for this application due to the major error at
especially lower power levels. The other two mentioned characteristics that might have an influence on the
measurement performance are the accuracy and the instability of the buck-boost converter. An ideal cali-
bration of both sensors requires a lot of extra data and time to study its imperfections, it is therefore out of
the scope of this thesis project. This is definitely so due to the conclusion that the sensor combination is not
sufficient. It is, nevertheless, possible to determine the effect of the buck-boost converter on the quality of
the resistance measurements.

A schematic overview of the measurement setup that is used to examine the effect of the buck-boost con-
verter on the resistance measurements of the ADS1115 and the ACS712 is given in figure 4.22. The power is
supplied by the Agilent E3631A DC power supply [2] and the voltage is measured with the Tektronix TDS2014B
oscilloscope [63].

Figure 4.22: Schematic overview of the measurement setup for the effect of the buck-boost converter on the resistance measurements
using the ADS1115 and the ACS712

Figure 4.23 show the performance of the resistance measurements with the power supplied by the buck-
boost converter. The measurement range of this figure is smaller due to de operational range of the buck-
boost converter. These graphs show that the effect of a possible unstable output of the converter can be
neglected. The performance is comparable with the performance of figure 4.20. The precision of both figures
stays below 5% at a voltage level of 1.5 V and is also between 1-2% at a voltage level of 3.5 V.

Although the previous results showed that the designed temperature measurement system is incapable
of accurately measuring the temperature of the heater chip, it might be valuable to examine the effect on the
temperature control loop. The temperature control loop is presented in section 2.2.1. The loop has a start-
up sequence to initiate the temperature measurements and a PID control loop. A final calibration step with
a total assembled system is necessary to improve the accuracy of the measurements. The data points and
curve fitted lines of both sensors are given in figure 4.24. The curve fitted equations of both sensors are given
in equation 4.10.

Vheater = Bi tADS1115 ·0.0001248+0.04518

Iheater = Bi tAC S712 ·0.0006513−13.07
(4.10)

Table 4.4 shows the resistance measurement results after the final calibration. The measurements are ob-
tained with a SPS rate of 860 and a filter coefficient of 0.2. The maximum SPS rate is selected due to large
reduction of conversion time and minimal difference in precision. The table supports the conclusions made
after previous results, with improved precision for higher voltage levels. The accuracy also slightly improves
for higher voltage levels. The large difference between the average resistance measurement at 1.5 V and the
other voltage levels highlights poor measurement performance at lower voltage levels. The accuracy at every
level should be improved in a future control system, but it is less important than the precision. A constant
deviation to the true value could be covered by the MCU during the temperature calibration step. The rate of
change of resistance is important to determine change in temperature after that calibration step.
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Figure 4.23: Effect of the different SPS values and the instability of the buck-boost converter output on the stability of the resistance
measurements

The load is replaced with a VLM prototype with a resistance of 4081.15 Ω. A thermal camera is used to
monitor the temperature of the thruster without collecting any data. Mainly to verify that the temperature
of the thruster is rising during the experiment. The reference temperature of the experiment is 50 ◦C. A low
reference temperature is chosen to protect the heater chip of the sensor without a coolant flow. Previous work
experienced that the heater is destroyed quite easily due to overheating [23]. The results of the PID controller
experiment are given in figure 4.25. The figures presents the measured temperature and PID output voltage
over time. The voltage determines the amount of power supplied to the heater chip. It is determined by the
current measured resistance and the power output of the PID controller.

The figure shows that the PID output voltage counteracts the measured temperature. The voltage rises
when the temperature drops, this is especially visible during the first 4000 ms. The temperature measure-
ments are not correct with a deviation of about 10-15 ◦C to the value of the thermal sensor. The system
detects that the temperature is rising after 1500 ms. The PID controller counteracts that behavior by slowly
decreasing the amount of power supplied to the heater chip. This continues until approximately 4000 ms.
The temperature starts to approach its reference value according to the measurement system, so the con-
troller drops its voltage to the minimum value. This has a large negative impact on the reliability of the mea-
surements, with a growing deviation to the thermal camera measurements up to 40-50 ◦C. The tipping point



76 4. Experimental Characterization

Figure 4.24: Final calibration of voltage and current sensors

Resistance 3.417Ω (Keithley Model 199 [30])
Voltage Average Resistance Accuracy [mΩ] Accuracy [%] Precision [mΩ] Precision [%]
1.5 3340.16 76.84 2.25 41.71 1.25
2 3391.27 25.72 0.75 22.70 0.67
2.5 3391.42 25.58 0.75 17.40 0.51
3.0 3397.15 19.85 0.58 16.09 0.47
3.5 3396.47 20.53 0.60 9.83 0.29

Table 4.4: Final resistance measurement results with a SPS rate of 860 and filter coefficient of 0.2

at 4000 ms summarizes the main problem of this measurement system. The measurement performance at
lower voltage levels is not sufficient for this application.

Temperature Dynamics Heater Chip

The temperature measurements of figure 4.25 do not have a lot of overlap with the measurements of the
thermal camera. They sensed a temperature increment after 2000 ms, but at a slower pace compared to the
actual temperature increment and with a large deviation. A first impression of the temperature dynamics of
the heater chip was a bit unexpected and very slow compared to the dynamics of the control system. These
findings can not be caused by a delay between both measurement systems. The sampling time of the thermal
camera is a bit slower than the sampling time of the measurement system, 12 ms [19] versus 5.57 ms, but this
difference should not be visible so clearly. An additional experiment determined the period of time necessary
to increase the heater chip temperature from 30 ◦C to 50 ◦C. A schematic overview of the measurement setup
that is used to investigate the temperature dynamics of the heater chip is given in figure 4.26. The power is
supplied by the Agilent E3631A DC power supply [2] and the temperature is measured with the FILR AX-5
thermal camera. An example of the thermal image is given in figure 4.27. The view of the camera is perpen-
dicular to the nozzle exit.

The DC power supply applied a constant voltage of 4.0 V to the heater chip. This resulted in a starting
power of 3.18 W. The power supplied to the heater chip slowly decreased over time due to the increasing re-
sistance and fixed voltage value, to approximately 3.11 W. The amount of power supplied to the heater chip
seems to be a good estimation of the available heating power in the final design. The time is measured with a
stop watch. It took the heater chip about 43 s to increase the temperature with 20 ◦C.
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Figure 4.25: Effect of the different SPS values and the instability of the buck-boost converter output on the stability of the resistance
measurements

Figure 4.26: Schematic overview of the measurement setup for the temperature dynamics of the heater chip

The first 10-15 ◦C from the starting point went relatively fast compared to the final 5-10 ◦C. The same
accounts for the cooling down after the power is disconnected from the heater chip. With a relatively rapid
decrease for the first 10-15 ◦C and a very slow decrease of temperature after 10-15 ◦C. Although the heating
and cooling speed was relatively fast in the first period after a change of power, it still seems to be very slow
compared to the dynamics of the control system. This chapter examined the possibility to decrease the sam-
pling time to increase the performance of the temperature control system. The decay in measurement quality
seemed to be acceptable compared to the profit in sampling time, but those assumptions are made without
considering the dynamics of the heater chip.

A very short sampling time is always valuable for a control system. It will recognize deviations to the ref-
erence value faster and is therefore also able to react faster. But when the temperature changes at a rate in
the order of seconds per degrees Celsius, it might be a waste of computational power to determine the tem-
perature almost 200 times in that same period. The dynamics of the digital potentiometers and buck-boost
converter should be taken into account too. If their ability to change the output voltage is not faster than
100 or 200 ms, it does not seem to be useful to run the PID algorithm every 5.57 ms. That will only keep the
buck-boost converter in a transition period and could affect the stability of its output voltage. The change of
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Figure 4.27: Flir AX-5 thermal camera image

voltage is of course important for the speed of the converter. Minor steps from the PID algorithm are easier
to achieve in a short period of time than large voltage steps. Meaning that the PID controller should not be
to aggressive to ensure that the voltage steps are also smaller, but not to small to make the system to slow to
react on different mass flow rates.

An additional study into the behavior of this control system should be conducted to find a balance be-
tween these considerations. The dynamics of the pressure in the chamber are much faster with a rise time
of only 0.350 ms. The demand for a shorter control loop for the chamber pressure is therefore much larger
than a shorter control loop for the temperature. This could make it a waste of time to measure a negligible
temperature difference in every loop, while the fluctuations in pressure are much more significant. These
assumption would change the design of the combined control loop from section 2.2.3 in to a pressure main
loop and a side path, once every couple of pressure loops, to control the temperature. An example of such a
different functional flow diagram is given in figure 4.28. The main control loop now consists of two separate
loops. The control system moves to the temperature control loop once the check parameter reaches ’X’, that
stands for the amount of pressure loops before the system enters the temperature control loop. This is just an
example that might be beneficial for the performance of the pressure control, while it has a negligible effect
on the accuracy of the temperature controller.
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Figure 4.28: Functional flow diagram to control the thrusting of the VLM propulsion system
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4.3. Pressure Control
The second main control parameter of this control system is the pressure in the chamber. There is a direct
relation between the chamber pressure, chamber temperature and performance of the propulsion system.
Accurate control of the pressure is essential for an efficient and stable system. An activation of the solenoid
valve will increase the pressure in the chamber. The pressure will slowly decrease until the valve is activated
again, resulting in an average chamber pressure. The ability to accurately control the pressure in the chamber
has a direct influence on the efficiency of the system. It will allow for smaller safety margins, which will
increase the mass flow rate and therefore thrust of the propulsion system. Exceeding the maximum chamber
pressure could result in an incomplete vaporization process, which could result in a very poor performance
or even a frozen nozzle. This section will examine the performance of the solenoid valve circuit.

4.3.1. Solenoid Valve Control
The solenoid valve is controlled by a combination of a DC-DC boost converter and a switching circuit, the
details are given in section 3.2. The output of the boost converter is controlled by a combination of two
resistances connected to the feedback pin of the IC. The output of the boost converter is connected and
disconnected by a PMOS transistor. The PMOS connects the boost converter to the solenoid valve once its
gate voltage is connected to the ground by a NPN transistor, which is controlled by the MCU. This section will
examine the performance of the boost converter, the switching circuit and their effect on the solenoid valve.
An electrical representation of the solenoid valve is given in figure 4.29.

Figure 4.29: Electrical representation of the INKX0511400A solenoid valve [33]

A schematic overview of the measurement setup that is used to examine the electrical behavior of the
solenoid valve and the switching circuit is given in figure 4.30. The power is supplied by the Agilent E3631A
DC power supply [2] and the voltage is measured with the Tektronix TDS2014B oscilloscope [63]. The data
collected by the Tektronix oscilloscope is used to examine the behavior of the spike voltage on the solenoid
valve.

Figure 4.30: Schematic overview of the measurement setup for the solenoid valve and switching circuit

Section 3.2 proposed a resistance combination of 300 kΩ (R1) and 31 kΩ (R2) at the feedback pin. The
used resistance R2 is not exactly equal to 31 kΩ, it has a measured resistance of 31.39 kΩ (Keithley Model 199
[30]). This should give a theoretical output voltage of 12.93 V. Figure 4.31 shows that behavior of the spike volt-
age for the solenoid valve. The MCU activates the switching circuit and the de-activates it after the minimum
spike period of 350µs. This is repeated without any other computations to acquire the signal from figure 4.31.

The red line is the necessary 12 V spike voltage level to keep the valve opened for the complete spike
duration. The graph shows that there is a short period of time during the spike with a voltage level slightly
below the red line. Additional experiments with a fluid flow should examine whether this would disturb the
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activation of the solenoid valve, but that is out of the scope of this thesis project. Increasing the output volt-
age of the boost converter would also solve this problem, but that would also increase the amount of power
dissipated in the valve. Lowering the voltage of R2 slightly below 30 kΩ is probably sufficient. It was unfortu-
nately not possible to change the resistance and repeat the experiment, because of a malfunctioning solenoid
valve. The duration of each spike slightly differs and is a bit longer than the delay between both HIGH/LOW
operation for the analog control pin, each spike took respectively 392 µs, 397 µs and 391 µs. The longer spike
times are at the expense of shorter down times, suggesting that the valve will not directly close after changing
the voltage level of the analog output pin. The delay between the HIGH/LOW operation could be shorter to
ensure an opening time of 350 µs.

Figure 4.31: Solenoid valve control voltage over time

It is difficult to distract the power supplied by the DC power supply due to the fast dynamics of the system.
The required input power of the spike could be determined from the efficiency of the converter and the dissi-
pated power of the solenoid valve. The average efficiency of the boost converter is tested to be 81.89% for the
operational range of the spike circuit. The exact resistance of the solenoid valve is measured to be 10.60 Ω.
The power dissipated by the solenoid valve can be calculated with equation 4.4, the power over time is given
in figure 4.32. These results show that it is not possible to open the valve using 4 W power available for the
micropropulsion system without an additional energy storage system. The amount of energy dissipated by
the solenoid valve for a single spike is equal to 0.89 µWh and 1.08 µWh when the conversion losses are taken
into account. The battery of the PocketQube cannot deliver more than 0.44 µWh during that same period. It
will take approximately 970 µs to acquire enough energy to open the solenoid valve. Although the spike times
of the example experiment of figure 4.32 are a bit longer than the assumed 350 µs, the required energy for a
single spike is still smaller than estimated spike energy (1.85 µWh) of section 3.4.1. This is mainly caused by
the lower average spike power, 14.70 W measured versus 16.14 W assumed. The final output voltage of the
boost converter should be slightly larger, to keep the voltage over the valve above 12 V. A larger voltage will
increase the energy dissipated during a single spike, but the spike time can also be a bit shorter. It is therefore
assumed that these results give a good approximation of the final spike energy requirement of the solenoid
valve.

Ref. [55] concluded from pressure experiments that the rise time of the pressure is much faster than the
decay time of the pressure. The time that the valve should allow propellant to flow to the chamber could be



82 4. Experimental Characterization

Figure 4.32: Solenoid valve control power over time

therefore much shorter than the time that it should be closed. Exact rates are unfortunately not provided,
but the project used a sampling period of 40 ms. The minimum time between two spikes is then equal to
the sampling time of 40 ms. It will take approximately 2.43% of the available energy between two spikes to
charge an additional storage device or the battery of the satellite. These numbers do not consider the charge
and discharge losses of the storage device. This seems to be an acceptable part of the supplied power to
the micropropulsion system, but it will increase for smaller sample times up to almost 20%. Adding another
factor to the trade-off for the ideal sampling time of the pressure control loop. Future research should be
conducted to find an optimal storage device or whether it is possible to use the battery of the satellite for the
pressure control system.
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4.4. Conclusion
This section summarizes the content of the experimental part of this project. The experiments are mainly
focused on the electrical behavior and performance of the control electronics. The configuration of these
electronics is given in section 3.4. A list of equipment with their usage is provided at the start of the chap-
ter. The main equipment used during this project is the Agilent 3631A DC power supply and the Tektronix
TDS2014B oscilloscope.

The theoretical model of the output of the buck-boost converter has been validated by 15 data points over
the entire operational range. The theoretical model approaches the actual output, but the differences due
to a few uncertainties are still too large for this application. An additional calibration step using the curve
fitting tool of Matlab has been performed to increase the output accuracy. The average accuracy of the model
is equal to 5.9 mV with maximum of 13.0 mV. The precision results from a repeatability experiment have a
much smaller influence on the final output performance, with a maximum deviation of 1.86 mV to the aver-
age output. These results combined meet the requirements that followed from the resolution of the pressure
measurements. Except for the case of the highest pressure resolution, which requires an output accuracy of
13.17 mV. An additional, extensive calibration step might decrease the maximum deviation with a few milli-
volt to meet the requirements from the pressure resolution completely. Implementation of the current sensor
(ACS712) to the circuit, resulted in an average voltage drop of approximately 250 mV. A new curve fitted model
with similar accuracy characteristics and a resolution of 0.89 mV have been proposed to regulate the amount
of power supplied to the heater chip. The implementation of the current sensor also has a large effect on the
output efficiency. The total efficiency decreases from about 90% to 75-78%. The selected current sensor is
therefore unsuitable in terms of efficiency.

The quality of the temperature measurements depend on the performance of the voltage and current
sensors. The results from the voltage measurements seem to be within the acceptable range, with an average
deviation in order of a few mV and a precision of approximately 0.1%. This can not be said about the current
measurements, with average maximum deviations of 11-14 mA and a precision of about 1.75%. Only a small
part of these large differences are caused by the inaccuracy of the ACS712. The largest part is a result of a
bad combination of sensors. The analog voltage signal from the ACS712 is converted to a digital signal by the
ADS1115 with a very small voltage range of 134 mV for a current range of 400 - 1100 mA. A 1 mV deviation in
the ADC conversion will result in a 5.22 mA deviation in the current measurements. The few mV deviation
in the voltage measurements cause a very large deviation in the current measurements, especially at lower
conversion times. It is also possible that a part of these deviations is caused by the voltage ripple of the power
supply. The maximum voltage ripple is 2 mVpp. It is difficult to determine how large the precise effect of the
voltage ripple is on the measurement performance, but also safe to assume that the actual performance is
slightly better than the results of this chapter.

These deviations also also have a large impact on the resistance measurements. The measured maximum
deviations are in the order of a few hundred mΩ for less applied power and about 50 mΩ when more power
is applied to the load. The large deviations for lower power levels is caused by the constant deviations in volt-
age and current and smaller measurement values. Suggesting that it will be more challenging to determine
the heater chip temperature when less power is applied. The large deviations are removed from the mea-
surements using an exponential filter. The filter has a positive effect on the measurement quality with some
acceptable results (5-6 ◦C) in ideal conditions, but this will not be sufficient for this application. Even tough
a small part of the measurement deviations could be assigned to the voltage ripple of the power supply, the
differences are still too large to approach the given requirements. The current sensor has to be replaced by
for example the INA219 in a future design to increase the measurement results to an acceptable level.

A simple experiment showed that the temperature dynamics of the heater chip are very slow compared
to the dynamics of the control system. It took approximately 43 s to increase the temperature of the heater
chip from 30 ◦C to 50 ◦C with an average input power of 3.15 W. The heating and cooling speed was relatively
fast in the first period after a change of power in room conditions, but still seems to be slow compared to
the dynamics of the control system. A very short sampling time is always valuable for a control system. But
when the temperature changes at a rate in the order of seconds per degrees Celsius, it might be a waste of
computational power to determine the temperature almost 200 times in that same period. The demand for
a faster control loop for the chamber pressure is larger than a faster control loop for the temperature. These
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findings could change the design of the combined control loop from section 2.2.3 in to a pressure main loop
and a side path, once every couple of pressure loops, to control the temperature.

Finally, the solenoid valve control circuit has been tested. The experiments showed that the theoretical
boost converter output voltage of 12.93 V was not sufficient to ensure that the spike voltage stayed above the
boundary of 12 V. The output voltage of the boost converter should be increased by a smaller resistance R2 to
the feedback pin. The efficiency of the boost converter for spike conditions was 81.89%. Calculations showed
that it will take approximately 970µs of the total peak power to collect enough energy for a single spike. This is,
divided over the complete time of the measurement delay, about 2.43% of the peak power. The percentage of
power necessary to charge an additional storage device will increase almost 20% for the shortest control loop.
This part of the peak power will be at the expense of the available heating power. Another important factor
for the discussion about the optimal duration of the control loop. Additional research should be conducted
to determine whether the battery of the satellite is able to supply the required peak power or to find the ideal
storage device for this application.



5
Conclusion

This chapter intends to draw conclusions on the work presented in this report. The findings and results of
this project will be combined in this chapter to create a clear and complete picture of the work. Recommen-
dations will be shortly mentioned to provide the right connection with the results and will be explained in
section 6. This report presented the hardware and software design of a potential control system for the VLM
concept. The final section presented the experiments that are conducted to verify the performance of the
selected hardware. The goal of this project was:

The general objective of this Master thesis project is to control a ground prototype of the Vaporizing Liquid
Micro-resistojet by selecting an efficient control strategy and by designing the additional control electronics,
considering the limitations based on the requirements of PocketQubes.

Three main research questions were formulated to realize the goal of the project. These research ques-
tions will be repeated and answered in this section together with some important additional findings.

1. What is an efficient control strategy to regulate pressure versus power in the Vaporizing Liquid Mi-
crothruster designed for the Delfi PocketQube?

The control strategy depends on a few important factors. The first is an analytical model to estimate the
potential orbital performance of the propulsion system. Different complex models are proposed in litera-
ture that are often based on experiments. A complete model should combine the basic IRT assumptions
with the boiling instabilities, nozzle performance and a thermal model of the propulsion system. This report
presented a very basic analytical model that could be used to make a first estimation of the performance.
An comprehensive model is out of the scope of this project. The power versus pressure relationship is ex-
perimentally determined by Ref. [23]. This relation is the initial step to the main control parameters. The
pressure that follows is the first main control parameter. That pressure is thereafter used to determine the
second main control parameter: temperature.

Three different functional flow diagrams have been proposed in this report. The first two are solely de-
signed for the experimental phase of the project, to verify the performance of the temperature and pressure
control systems separately. The final functional flow diagram could be used to control a propulsive operation.
The diagram has two different versions due to the uncertainties of the temperature dynamics of the heater
chip. The response to a different applied power is relatively slow compared to the temperature control loop.
This suggests that it might be possible to take temperature measurements out of the main control loop into a
side path that could be used after a certain amount of pressure loops. The final important factor of the con-
trol strategy are the selected control mechanisms to regulate the temperature and pressure in the chamber. A
PID controller is proposed to be used to control the temperature in the chamber. The pressure could be con-
trolled by the hybrid sliding mode controller from Ref. [55]. The SMC controller activates the solenoid valve
to open the valve for the minimum spike time. The control parameters of the controllers mainly depend on
the measurement delays and the dynamics of the heater chip and chamber. The measurement delays could
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be reduced by decreasing the conversion times of the sensors.

2. What is the ideal configuration of sensors, actuators and additional electrical components to support the
selected control strategy?

The control strategy has two main control parameters: temperature and pressure. The temperature can be
controlled with the heater chip without additional sensors in or near the chamber. The heater chip converts
electrical energy into thermal energy for the vaporization process. The resistance of the heater chip is made of
Molybdenum, a temperature sensitive material that will be used to determine the temperature in the cham-
ber. The heater chip power is controlled by a DC-DC buck-boost converter (EVQ28164-D-00A). The output
voltage of the converter depends on two digital potentiometers, with resistive values of 10k (MCP4162-103E)
and 100k (MCP4162-104E), connected to the feedback pin of the converter. The adjustable power supply has
a resolution of 0.89 mV and an average efficiency of 90%. The temperature measurement system needs the re-
sistive value of the heater chip to determine the temperature in the chamber. The ADS1115 analog-to-digital
converter is used to determine the voltage over the heater chip with an average precision of 0.1%. The cur-
rent is measured by a combination of the ACS712 Hall effect sensor and the ADS1115. The ACS712 converts
the current into a voltage signal for the analog-to-digital converter. This additional conversion step causes
major deviations in the measurements with an average precision of 1.75%. The resistance measurements are
therefore very unreliable with deviations up to a few hundred mΩ, especially when the power applied to the
heater chip is small. These results do not even approach the proposed requirement of 6 ◦C (22 mΩ). The
measurement system is only able to meet that requirement in nearly optimal conditions, using an exponen-
tial filter with a very small filter coefficient. The current sensor also reduces the efficiency of the adjustable
power supply with approximately 12-15%. The sensor should be replaced in future work by for example the
INA219 to improve the performance of the temperature control system and meet the proposed requirements.

The selected solenoid valve (INKX0511400A) requires a minimum spike voltage of 12 V. That voltage is
supplied by a boost converter (EVQ3428A-L-00A) with a required output voltage of at least 13 V. The boost
converter has an efficiency of 81.89% for the operational conditions. The ON/OFF cycle of the solenoid valve
is controlled by a basic switching circuit. An NPN-transistor (MJE15032G) controlled by the MCU pulls the
gate of a PMOS transistor (AOI21357) to the ground to close the switch and to allow the current flow from the
boost converter to the solenoid valve. A diode (1N4005) is connected in parallel with the solenoid valve to
protect the transistor from the inductive voltage spike. Noticeable is the amount of energy necessary to acti-
vate the solenoid valve. It requires approximately 1.08 µWh (including conversion losses), this is compared to
the available energy in that same period (0.44 µWh) quite large. This does not have to be a big problem when
the period between two spikes is sufficiently large. It might be possible for the on-board satellite battery to
supply the large amount of power required for the spike. Otherwise it is necessary to develop a dedicated
storage system to store the required spike energy. The microcontroller selected for this project is the Arduino
Uno. It is based on the ATMEGA328P and is ideal for current phase of the project due to its accessibility for
testing in breadboard configurations.

3. What are the potential challenges in meeting the requirements of the propulsion system for a PocketQube?

A number of major challenges have been discovered during the experimental phase of this project. One
could divide them into a few categories. The first category is the ability to supply sufficient power to the
heater chip and solenoid valve. The power distribution system of the design is assumed to be stable and effi-
cient, but the energy requirements of the solenoid valve create a difficult challenge. The required peak power
and energy for a single spike exceeds the available peak power and energy for the micropropulsion system.
Additional research should be conducted to determine an efficient solution to this storage problem.

The second category is the ability to collect accurate measurement data without affecting the conver-
sion efficiency. This solely accounts for the current measurements of the heater chip. The sensor have be to
placed in series with the heater chip, but can not dissipate to much energy. In addition, there is the proposed
requirement of a maximum accuracy of 6 ◦C (22 mΩ), which becomes especially challenging when less power
is applied to the heater chip. The voltage measurement accuracy is assumed to be sufficient, but the current
measurement accuracy needs to be improved.
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The final category is the control strategy with a major trade-off for the optimal sampling time of the con-
trol loop. That also includes the possibility to create two separate loops, one for the pressure and one for
the temperature. A very fast sampling time for the temperature loop might be useless because of the slow
dynamics of the buck-boost converter and heater chip. In addition, it also has a negative effect on the quality
of the measurements. Yet it is also possible that a faster system is necessary for the final prototype in nearly
operational conditions. The response time of the solenoid valve control circuit is sufficient and will not affect
the sampling time of the loop, but the amount of energy dissipated in the valve could be important. A shorter
sampling time decreases the transient period between two possible spikes. The amount of energy for a single
spike needs to be collected and stored in a shorter period of time when the transient time between two spikes
is smaller. That same amount of energy could be very valuable for the vaporization process. It could increase
the maximum chamber temperature and therefore the maximum chamber pressure. Larger chamber pres-
sures increase the thrusting performance of the system, but also need a shorter transient time between two
spikes. Finishing the trade-off between different control parameters of the propulsion system. This circle of
consequences have to be examined in future projects and will be included in the recommendation chapter
(6) of this thesis.

The main goal of this Master thesis project is partly achieved. A control strategy and system have been
proposed, but didn’t operate as expected. Additional work is necessary to improve the electronics and test
the proposed control strategy.





6
Recommendations

This Master thesis project is the first step to an efficient control system for the VLM concept of the Delft
University of Technology. The project created a lot of opportunities for potential future projects:

• The biggest challenge is already shortly mentioned in the previous chapter. It is an opportunity to
investigate the effect of the different control parameters on the performance of control system. The
trade-off between sampling time, measurement accuracy, system dynamics and power usage, of both
temperature and pressure, could lead to very interesting discoveries. An optimal balance between these
parameters is essential to make it suitable for missions in miniaturized spacecraft like the Delfi-PQ.

• The current sensing system of this project have to be replaced with a sensor that is able to communicate
directly with the MCU. The additional conversion step of the analog-to-digital converter is only useful
when the analog output of the current sensor is equal to the input range of the converter. The noise
to the conversion of the current to voltage signal should be minimal too. A combination of the INA216
[66] with the ADS1115 [65] or a single implementation with the INA219 [64] with a I2C interface might
be suitable to solve the both the accuracy and efficiency problems of the ACS712.

• The power requirements of the solenoid valve exceed the maximum peak power of the micropropulsion
system. One could investigate whether this is the only available solenoid valve for this application. It is
also interesting to examine the energy storage options that fit within the requirements of a PocketQube.
The on-board battery of the satellite might be the easiest solution to the storage problem, but it should
be investigated whether it meets all the following requirements. A storage system need to have enough
space for at least a single spike. In addition, it might also be challenging to find a device that is capable
of providing those amounts of power in a very short period of time. A final requirement of the storage
device is its efficiency, the amount of power dissipated by the device should be minimal. A dedicated
storage system for solely the solenoid valve could also be a possibility.

• The experiments of the project focused on the performance of the temperature control system and the
control circuit of the solenoid valve. The work examined the effect of smaller conversion speeds on the
measurement quality of the voltage and current sensor. These results could be used in the trade-off
from the first point of this section. Similar steps need to be taken to examine the effect of different
conversion times on the performance of the pressure measurements. A setup have to be made with a
known pressure value to determine the accuracy and precision of the MS5837 sensor series.
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Appendix

A.1. Main Code
#include <SPI.h>
#include <Wire.h>
#include <ADS1X15.h>
#include <MS5837.h>
#include <PID_v2.h>

ADS1115 ADS(0x48); // Construct an ads1115
MS5837 ms5837; // Construct a ms5837

// Initialize the PID controller for the heater chip
double Kp = 0.069381, Ki = 0.023004*0.006, Kd = 0.003058*0.006;
double SetPoint, Input, Output;
PID myPID(&Input,&Output,&SetPoint,Kp,Ki,Kd,DIRECT);

// Declare output pins
const int CS10K = 10; const int CS100K = 9; const int SpikeandHold = 2;

// Declare Global Variables
// Resistance variables
float ResistanceZero = 5.45; // Measured heater chip resistance at T0
float alfa = 0.0011993; // Temperature coefficient heater chip
float TempZero = 30; // Starting point temperature (T0)

// Control parameters
float OutputVoltage;
float Resistance, CurrentResistance, CurrentResistanceStart;
float StoragePressure, ChamberPressure, ChamberPressureSetPoint;
float StorageTemp, ChamberTemp, ChamberTempSetPoint;
float LastErrorSMC, LastDerivativeErrorSMC, LastErrorPID, LastDerivativeErrorPID;
unsigned long PreviousTimeSMC, PreviousTimePID;
int NA; int NB; // Steps for 10k (NA) and 100k (NB)

// Assign starting state and initiate check sequence
int state = 1, check = 1;

void setup() {
Serial.begin(9600);
Wire.begin();
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pinMode(CS10K,OUTPUT);
pinMode(CS100K,OUTPUT);
pinMode(SpikeandHold, OUTPUT);
SPI.begin();

myPID.SetOutputLimits(0.5, 3.8);
myPID.SetMode(AUTOMATIC);
myPID.SetSampleTime(1);

digitalWrite(SpikeandHold, LOW); // Ensure that the valve is closed at t = 0

// Temperature sensor setup ADS1115
ADS.setGain(1); // Sets the upper limit to +/- 4.096V (1 bit = 0.125mv)
ADS.begin();
ADS.setMode(1); // Select operational mode: single (1) or continuous (0)
ADS.setDataRate(7); // Set data rate sensor: 4=128 SPS (default) to 7=860 SPS

}

void loop() {

// Temperature Control
switch (state) {

// Setup State -> Receive required performance and determine
// resistance for given temperature
case 1:

SerialRead();
Resistance = alfa*ResistanceZero*(ChamberTempSetPoint-TempZero)+ResistanceZero;

break;

// Start-up sequence temperature control, apply power and
// determine current resistance
case 2:

OutputVoltage = 2.5;
DigitalPotControl(OutputVoltage);
delay(1000);
HeaterChipSensorStart();
state = 3;

break;

// Temperature control state + check if set point is changed
case 3:

PIDControl(Resistance);

if (Serial.available() > 0) {
state = 1; // Go back to state 1 and read new temperature requirement
check = 2; // Prevent that the system goes back to the start-up state (2)
}

}

// Pressure Control
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switch (state){
// Setup State -> Receive Required Performance
case 1:

SerialRead();
ChamberPressureSetPoint = ChamberTempSetPoint; // Temp due to single SerialRead func

break;

// Run sliding mode control algorithm
case 2:

SlidingModeControl(ChamberPressureSetPoint);

if (Serial.available() > 0) {
state = 1; // Go back to state 1 and read new pressure requirement
}

break;
}

A.2. Start-up Sequence Temperature Measurements
int HeaterChipSensorStart() {

// Input Local Variables
float SumCurrent = 0;
float SumVoltage = 0;
float HeaterChipCurrent;
float HeaterChipVoltage;
float CurrentStart;
float VoltageStart;

// Read Data from ADS1115 (10x to get average value)
for (int i = 1; i < 11; i++){
HeaterChipCurrent = ADS.readADC_Differential_0_1()*0.0006513-13.07;
HeaterChipVoltage = ADS.readADC_Differential_2_3()*0.0001248+0.04518;

SumCurrent = SumCurrent + HeaterChipCurrent;
SumVoltage = SumVoltage + HeaterChipVoltage;
CurrentStart = SumCurrent/10;
VoltageStart = SumVoltage/10;
delay(10);
}
CurrentResistanceStart = VoltageStart/CurrentStart;

return;
}

A.3. Temperature PID Controller
int PIDControl(float Resistance){

HeaterChipSensor(); // Run heater chip sensor function
Input = ChamberTemp;
SetPoint = ChamberTempSetPoint;

myPID.Compute();
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// Determine output voltage using power output PID + current heater chip resistance
OutputVoltage = sqrt(Output*CurrentResistance);
DigitalPotControl(OutputVoltage); // Run digital potentiometers control function

}

A.4. Temperature Measurements
int HeaterChipSensor() {

// Input Local Variables
float w = 0.2; // Weight factor exponential filter
float R;

// Read Data from ADS1115
HeaterChipCurrent = ADS.readADC_Differential_0_1()*0.0006513-13.07;
HeaterChipVoltage = ADS.readADC_Differential_2_3()*0.0001248+0.04518;
R = HeaterChipVoltage/HeaterChipCurrent;

// Apply exponential filter to measurement results
// (first start value from starting sequence)
CurrentResistance = w*R + (1-w)*CurrentResistanceStart;
CurrentResistanceStart = CurrentResistance;

ChamberTemp = (CurrentResistance-ResistanceZero)/(ResistanceZero*alfa)+TempZero;

return;

}

A.5. Digital Potentiometers Control
int DigitalPotControl(float OutputVoltage){

// Curve fitted coefficients
float a = 0.4771;
float b = 3970;
float c = 1023;

// Determine input bits for digital potentiometers
float X = (b-OutputVoltage*c)/(OutputVoltage-a);
int N = round(X);
if (N < 0){

NA = 0;
NB = 0;

}
else if(N > 2804){

NA = 255;
NB = 255;

}
else if(N > 1500 && N < 2805){ //2599

NB = 255;
NA = N-NB*10;

}
else{

NB = 10*floor(N/100);
NA = N-NB*10;

}

// SPI communication with digital potentiometers
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digitalWrite(CS100K, HIGH);
digitalWrite(CS10K, LOW);
SPI.transfer(0);
SPI.transfer(NA);
digitalWrite(CS10K, HIGH);
digitalWrite(CS100K, LOW);
SPI.transfer(0);
SPI.transfer(NB);
digitalWrite(CS100K, HIGH);

}

A.6. Sliding Mode Pressure Control

int SlidingModeControl(float ChamberPressureSetPoint){
float CurrentTimeA = micros(); // Start timer
float ElapsedTime = CurrentTimeA - PreviousTimeSMC; // Determine elapsed time since last SMC run
float P = 1000;

// Run inlet pressure function for chamber pressure
InletPressure();

// Determine error values
float ErrorA = ChamberPressure - ChamberPressureSetPoint;
float DerivativeError = (ErrorA - LastErrorSMC)/(ElapsedTime/100000);
float SecondDerivativeError = (DerivativeError - LastDerivativeErrorSMC)/(ElapsedTime/100000);

float OmegaSMC = SecondDerivativeError + 2*P*DerivativeError + P*P*ErrorA;

// Open solenoid valve for minimum spike time
if (OmegaSMC <= 0){

Serial.println("Spike");
digitalWrite(SpikeandHold, HIGH);
delayMicroseconds(350);
digitalWrite(SpikeandHold, LOW);

}

LastErrorSMC = ErrorA;
LastDerivativeErrorSMC = DerivativeError;
PreviousTimeSMC = CurrentTimeA;

}

A.7. Inlet Pressure

int InletPressure() {
// Read Data from MS5837-02BA
ms5837.init();
ms5837.setModel(MS5837::MS5837_02BA);
ms5837.setFluidDensity(997); // kg/m^3 (freshwater)
ms5837.read();

ChamberPressure = ms5837.pressure(); // Inlet Pressure in mbar
ChamberTemp = ms5837.temperature(); // Inlet Temperature in degrees Celsius

return ChamberPressure;
}
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A.8. Tank Pressure
int TankPressure(){

// Read Data from MS5837-07BA
ms5837.init();
ms5837.setModel(MS5837::MS5837_07BA);
ms5837.setFluidDensity(997); // kg/m^3 (freshwater)
ms5837.read();

StoragePressure = ms5837.pressure(); // Storage Pressure in mbar
StorageTemp = ms5837.temperature(); // Storage Temperature in degrees Celsius

return StoragePressure;
}

A.9. Serial Read Arduino
int SerialRead(){

static byte ndx = 0;
char endMarker = '\n';
char rc;
const byte numChars = 32;
char receivedChars[numChars]; // an array to store the received data

while (Serial.available() > 0 && state == 1) {
rc = Serial.read();

if (rc != endMarker) {
receivedChars[ndx] = rc;
ndx++;
if (ndx >= numChars) {
ndx = numChars - 1;
}
}

else {
receivedChars[ndx] = '\0'; // terminate the string
ndx = 0;
state = 2;
ChamberTempSetPoint = atof(receivedChars);
}
}

// Check if start-up sequence is required
if (check == 2){

state = 3;
}

}
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