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Abstract

The University of Würzburg, Germany has for several years already a successful pico-
satellite student project called University-Würzburg-Experimental satellite (UWE). The
so far launched three satellites have proven the ability of determining and controlling the
attitude using several sensors and magnetorquers and a reaction wheel as actuators.

The next pico-satellite in the UWE series shall use coaxial “triggerless” Vacuum Arc
Thrusters (VATs) as actuators for attitude and orbit control. The electric propulsion
device including thruster heads and power processing unit is developed at the University
of the German Federal Armed Forces (in german: Universität der Bundeswehr) (UniBW).

In order to integrate this system in the already existing UWE platform, extensive testing
is required. The power processing unit has been tested under nominal conditions for its
performance and effects on other subsystems. It has been found that the current design
of the power processing unit creates electromagnetic interference which leads to a reset
of microcontrollers - even on other subsystems of the satellite, although several flaws in
the design have been found and corrected. This fact disqualifies this design of a power
processing unit for use on UWE. A new design of the Power Processing Unit (PPU) using
a more thorough separation between analog and digital part of the electronics is currently
under development at the UniBW.

Two different thruster heads have been characterized with an experimental setup during
a field campaign at the cooperating UniBW. The thrust to power ratio of a thruster
head containing indium as propellant was found to be ≈ 9.72 µN/W while using titan as
propellant resulted in a thrust to power ratio of ≈ 13.48 µN/W. In order to create a high
thrust per second the thruster has to be fired with a frequency > 1 Hz. However, this
lead to liquefaction of the indium propellant and disabled the operation of the thruster.
Erosion of conducting surface material that enables the “triggerless” operation has shown
to be an undesired effect that reduces the lifetime of the respective thruster head.
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Acronyms

AC alternating current
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rms root mean square

SEPIC single-ended primary inductance converter

UniBW University of the German Federal Armed Forces (in german:
Universität der Bundeswehr)

UWE University-Würzburg-Experimental satellite

VAT Vacuum Arc Thruster
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1 Introduction

F
uture space missions are strongly restricted by their costs. Therefore the focus in

space society lies on the miniaturization of satellite systems in order to make them

affordable. The goal is to achieve the mission objective by the use of distributed small

satellite systems like swarms or formations instead of one large satellite. Therefore each

of the satellites capabilities will be limited, but the joint functionality of several small

systems could achieve the same goal as one big multifunctional satellite.

In order to create a formation for the corresponding mission objective the satellites have

to be able to change their attitude and orbit. An attitude alteration can be achieved

using actuators like rotation wheels or magnetorquers, but for orbit control some kind of

propulsion device is necessary. For orbit insertion usually chemical propulsion systems are

used, but for orbit and attitude correction electric propulsion devices are preferred. On

the one hand these systems offer the possibility of tuneable thrust and on the other hand

the launch costs of satellites using electric propulsion can be reduced due to the higher

mass efficiency in comparison to chemical propulsion.

The University of Würzburg has so far inserted three CubeSats named UWE into orbit.

The third generation has proven a functional attitude determination and control using

magnetometers, sun sensors and gyroscopes as sensors and magnetorquers and a rotation

wheel as actuators. UWE-4 is supposed to use VATs for attitude and orbit control. Due to

mass and space restrictions of CubeSats the UWE platform has a very restricted power and

mass budget. The use of solid propellant in a VAT made this technology very attractive

for use in a CubeSat. The UniBW as project partner develops the thruster heads as well
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as the PPU. The University Würzburg integrates the additional subsystem into the UWE

platform and operates the satellite during mission lifetime.

In order to ensure stable performance of the additional subsystem and conserved func-

tionality of the other subsystems the PPU has to comply with the requirements of the

UWE system. Therefore the operation of the PPU and the thruster heads has to be tested

alongside other subsystems. According to Keidar et al. [1] and Bock et al. [2] it is well

known that a proper electromagnetic interference (EMI) filter has to make sure that the

noise created during a firing process of the thruster does not interfere with other systems.

For the design of a control algorithm for UWE-4 the delivered thrust bit as well as the

thrust to power ratio and the direction of the thrust vector as well as its uncertainty have

to be known.

The principle of operation of a VAT as well as the theory of the power conversion process

from satellite bus voltage to operating voltage of the VAT is discussed in chapter (2.1.1)

and chapter (2.2) respectively. The experimental setup for the measurement of thruster

parameters is presented in chapter (2.3). As a consequence of initial tests and erroneous

documentation a complete reverse engineering of the PPU is presented in chapter (3.1).

The measurements of thruster parameters have been performed during a field campaign

of one week duration at the UniBW and are presented in chapters (3.2) to (3.5).
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2 Theory

T
here exist two main propulsion systems for rockets - chemical and electrical. While

electrical propulsion systems are impossible to use in order to bring a rocket into

space, they are very feasible for in-space maneuvers. This part of the report shall give a

short overview of the state-of-the-art electric propulsion devices, with a special focus on

technologies that are applicable to small satellites like a CubeSat. Its secondary purpose

is to enable the reader to understand the theory of a VAT and the associated PPU. A

general introduction into operating principles of electric propulsion devices follows as well

as a more detailed description of the used thrusters and their PPU.

Additionally a detailed description of the experimental setup of the thruster characteriza-

tion measurements during the field campaign at the UniBW is given.

2.1 Propulsion Technologies

For the purpose of comparing different propulsion technologies, several factors have to be

taken into account. The mission requirements dictate a certain desired thrust as well as

a certain lifetime and size of the propulsion device. Hereby the lifetime can be limited by

propellant, aging effects of the thruster, power restrictions or the operating principle of

the device and other reasons. A chemical propulsion device has the general characteristic

that once ignited, it burns all of its propellant. It is therefore rather being used for

short-term operations such as insertion into a transfer orbit. Electric propulsion devices

mostly have a tunable thrust level and can be used for rather long-term operations like

station-keeping or attitude and orbit control. However chemical propulsion delivers a
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much higher thrust, but with a much lower mass efficiency. Using electrical energy as

power source to generate thrust distinguishes electrical from chemical propulsion devices

where the propulsive energy is released by burning of the propellant. This fact is a huge

advantage for missions that can generate electrical energy basically endless by the use of

solar panels.

For the apparent UWE-4 project the purpose of the thrusters is attitude and orbit control.

Chemical propulsion is not feasible for this purpose and therefore the following chapter

will focus on the state-of-the-art of electrical propulsion devices.

2.1.1 State-of-the-art - Electric propulsion

Nowadays several models of electric propulsion devices underlying different physical models

of the creation of propulsive forces are under development. Electric propulsion devices are

usually divided into three classes that describe the propulsive mechanism:

� Electrothermal thrusters heat the gaseous propellant using electrical power like an

ohmic resistor or a plasma in order to increase the thermal velocity of the propellant

at the nozzle.

� Electrostatic thrusters use some kind of ionization process (e.g. electron collision

ionization) in order to create charged particles. These particles are then accelerated

by the Coulomb force.

� Electrodynamic thrusters use some kind of interaction of ionized propellant with

electromagnetic fields for the acceleration of the propellant.

So far the two mostly used electric propulsion technologies are ion engines (SERT 1,

Snapshot, ATS-4 among others) and pulsed plasma thrusters. In ion engines a plasma

is produced inside a discharge chamber by electron bombardment or radio-frequency ion-

ization of a gaseous propellant. The ions are then accelerated using an electrostatic grid

system. This fact classifies ion engines as electrostatic thrusters. However, due to the nec-

essary equipment, like an external neutralizer and a flow control unit for the propellant,

the physical size of this electric propulsion system makes it applicable for microsatellites
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rather than nanosatellites like CubeSats. The power consumption of currently developed

ion engines, like the Miniature Xenon Ion Thruster (MiXI) [3] and the µNRadio-frequency

Ion Thruster (RIT)-2.5 [4] are in the range of 13−50 W, which a CubeSat can not provide

for a reasonable amount of time.

Pulsed plasma thrusters were used as the first electric propulsion device in 1964 onboard

a russian spacecraft named Zond 2 [5] and afterwards on several others like SMS [6] and

EO-1 [7]. In a pulsed plasma thruster a big capacitor discharges its stored energy by

creating an arc between two electrodes. The arc ablates Teflon, which is placed between

the electrodes as solid fuel. Electromagnetic forces created by the electrodes and the arc

current accelerate the ablated material and thus create thrust. This classifies a pulsed

plasma thruster as an electrodynamic thruster. The miniaturization of the thruster head

for CubeSat appllications is not as challenging as the miniaturization of the PPU, due

to the large capacitor necessary to store the arc energy. A current coaxial design named

AFRL µPPT is described by G. Spanjers et al. [8]. The key characteristics of this system

with 0.5 kg mass, a power consumption of 1− 20 W and a thrust of 2− 30µN depending

on thruster frequency lie in the range of the CubeSat standard. However the issue with

this thruster is that “[...] neutrals from the plasma can redeposit onto the Teflon surface,

causing charring and eventually shortening of the two electrodes [...]” [9].

According to Mueller et al. “[...] no Cubesat has flown in space featuring propulsion

[...]” [9] so far. VATs have a similar operating principle and similar characteristics like

the pulsed plasma thruster, but the problem of carbon neutrals on the insulator is here

rather beneficial for operation. This fact makes them attractive for CubeSat projects like

UWE-4. The operating principle of a VAT will be explained below.

2.1.2 Vacuum Arc Thruster

The proposed thrusters for the UWE-4 project are co-axial VATs developed by the UniBW

Munich, Germany. A cross section of the thruster can be seen in figure (2.1). Photogra-

phies are depicted in figures (3.14) and (3.16). The cathode of the used thruster has a

circular interface with a diameter of 4.7 mm and the surrounding isolator tube is made of
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Al2O3 with a thickness of 0.65 mm. The square anode is made of aluminum with an edge

length of 9.1 mm. The following description of the operating principle of a VAT is mainly

based on Schein et al. [10] and Anders et al. [11].

The general design of a co-axial VAT comprises of two co-axial electrodes, separated

by a cylindrical insulator. The propellant of this kind of thruster is the solid cathode

material itself. Therefore a special focus lies on the choice of the proper cathode material

( [1], [13], [11]) rather than the anode material. It has been found by Keidar et al. [1] that

cathode material with a low melting temperature results in the creation of macrodroplets,

which reduces the thrust efficiency.

The thrusters are usually operated in pulsed mode. Conventionally an arc discharge is

“[...] triggered by applying a positive voltage pulse of order 10 kV for several microseconds

to a trigger electrode” [11]. This high voltage exists only for few microseconds as initiation

for the plasma, which then carries a current at a magnitude of several 10 A at a voltage of

several 100 V for a duration of some ms. However it is not desired to supply high voltage

spikes with a following high current at these magnitudes in a CubeSat.

The proposed design of this thruster uses a thin conducting layer of graphite on the

insulator surface in order to lower the necessary voltage for a high electric field breakdown

and thus the voltage between the electrodes. This conductive path between cathode and
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drift apart over time. This defines the task for UWE-4 and the VAT: To obtain a relative distance below 1500 km 

between two satellites and to maintain this position throughout a planned mission duration of three months in order 

to sustain a radio link
4
. For this task several mission models were evaluated. From this analysis follows that a total 

Δv of 4.5 m/s is required. At an Isp of 1000 s and a thrust of 2 µN the necessary propellant mass amounts to 0.6 g at a 

life time of 10
6
 pulses if the repetition rate is 1 Hz. The actual thruster operation will be bang-bang controlled with a 

time constant of 1 day. A more detailed description can be found in IEPC-2013-195
5
. 

C. Requirements and Restrictions 

During mission analysis several restrictions emerged. Most of these limitations are stricter than expected at the 

beginning of the project. Therefore most of the effort is focused onto developing a complete propulsion system. The 

most critical restriction is the mass limit of 200 g. In addition with a power limit of 2 W and a bus voltage of 3.8 to 

4.3 V it turns out to be extremely difficult to build a suitable PPU. The space assigned to the PPU inside the satellite 

is limited to one PCB of 100 mm x 100 mm with 10 mm distance to the next board. Due to these limitations it is 

impossible to focus the plasma plume by magnetical or electrical methods. Therefore the only means of enhancing 

the thrust vector is the geometry of the thruster head. As described above four thruster heads will be installed in the 

four outer rails of the satellite, which also results in severe constraints for the thruster head dimensions. Since the 

rails are the main structure any changes which decrease the mechanical stability are not possible. A maximum 

diameter for the thruster head of 7 mm and a maximum length of 80 mm were determined together with a maximum 

mass for all 4 thruster heads of 50 g. This leaves only 150 g for the PPU. As mentioned above the total propellant 

mass necessary for the proposed mission is only 0.6 g assuming an Isp of 1000 s. 1 Hz thruster operation over 10
6
 

pulses at a precise thrust of 2 µN is another challenge for the reliability of the VAT. 

III. VAT Development 

The main advantage of the Vacuum Arc Thruster 

is its simplicity. There are no tanks for gaseous or 

liquid propellants which consume space and mass 

and therefore no valves which could freeze or leak. 

Back in 2001 thrust measurements at JPL have 

shown that the VAT is a suitable fine positioning 

system
6
. The most common concept is the coaxial 

assembly (Fig. 2). A cylindrical cathode is 

surrounded by tubular insulation which itself is 

covered by the anode. If a voltage is applied between 

these electrodes a vacuum arc is formed. Normally 

this would require a very high voltage to achieve a 

breakdown in vacuum. Therefore the so called 

“trigger-less ignition” has been developed
7
: A 

conductive film is deposited on the insulator surface 

with a tiny gap between the film and the cathode. 

This layer is a short circuit between the electrodes if no current is flowing in the circuit thus transferring the full 

applied voltage. At the tiny gap between the conductive layer and the cathode a high electric field arises at relatively 

low voltages (some 100 V) until a breakdown occurs and the plasma is initiated by so called cathode spots – Fig. 3 

shows a sequence of cathode spots visualized by a 

high speed imaging system
8
. This leads to a voltage 

drop across the thin film since its resistance is not 

zero. The vacuum arc plasma acts in the following 

as low resistance path between the two electrodes 

with a burning voltage of about 30 V. During this 

process the cathode and the conductive film are 

eroded. In fact it is the eroded cathode material 

which forms the quasi neutral plasma plume with 

an inner pressure of about 10
7
 Pa leading to an 

exhaust velocity of the order of 10
4
 m/s

9
. As 

already mentioned the feeding of the cathode 

material is not important for the proposed mission 

 
Figure 2. Simple schematic of the Vacuum Arc 

Thruster.  

 
 

 
 

Figure 3. High speed imaging of cathode arc spots. 
Chronological sequenz over 300 µs, frontal (top) and 

lateral view (bottom). 

Figure 2.1: This figure shows a schematic of a cross section through a coaxial VAT
(figure taken from [12]).
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anode “[...] provides a means for Joule heating of the coating-cathode interface[...]” [11]

and thus liquefies and erodes material from the cathode, which then creates a localized

metal gas of higher pressure than the environment. Small gaps between insulator and

cathode “[...] generate micro-plasmas by high electric field breakdown [...]” [10] at these

so-called cathode spots. The high current is then conducted through the metal gas forming

a plasma arc.

The conducting layer will also experience Joule heating and therefore erode from the

insulator surface over time. However, according to Anders et al. [11] macroparticles and

metal plasma of the cathode is partly deposited onto the insulator surface with ongoing

operation of the thruster and therefore the resulting resistance will “[...] vary around a

steady-state average value [...]” which has a healing effect on the conductive path.

While the electrodes create an electric field, the high current in the plasma creates a

magnetic field. This suggests the assumption that electrodynamic forces are the acceler-

ating mechanism of the plasma and has also been shown in a theoretical model by Beilis

et al. [14]. This assumption is reinforced by the fact that a vacuum arc plasma is fully

ionized [1], since these electromagnetic forces only act on charged particles. Because the

ions have a mass mi which is much larger than the mass of the electrons me
1 the main

momentum is carried by the ions. Thus by measuring the ion current density distribution,

which according to Keidar et al. [1] and Polk et al. [13] is a cosine distribution, the effective

direction of the thrust vector can be determined. According to Keidar et al. [1] the ejected

plasma is quasi-neutral and therefore an additional neutralizer is redundant. This is an

additional advantage for CubeSat missions which have only very limited space.

In order to supply the necessary electrical energy for the creation of the plasma usually

an inductive energy storage PPU is used, since it delivers the necessary voltage/current

characteristics. However, “[...] due to the noisy characteristics of the discharge, high peak

currents and fast switching [...]” [1] in the PPU, extensive electromagnetic interference

shielding and filtering has to be done in order to secure the on-board microcontroller.

1mi ≈ 105 ·me for indium as cathode material
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Due to the operational change of the thruster heads caused by erosion of the graphite

layer and cathode material, it is desirable to have diagnostic means to monitor the used

electrical energy. This can give an estimate on the created thrust per thruster firing. Since

the thruster will be operated on the lower end of the physical effect of the plasma arc a

bang-bang controller is supposed, where the input energy can not be adjusted.

2.2 PPU

The PPU is designed in order to fulfill several purposes. On the one hand it has to

comply with the requirements of the VAT and on the other hand it has to have the means

to give the attitude determination and control system (ADCS) and the on-board data

handling (OBDH) subsystem the possibility to communicate with the microcontroller on

the PPU or shut down the subsystem in case of a power shortage. For this purpose several

housekeeping circuits are implemented on the PPU. The complete prototype of the PPU

will be analyzed in chapter (3.1).

For a field campaign at the UniBW a second design of a PPU has been used. This PPU

only consists of analog power conversion components, but not of digital components. This

PPU will be described in chapter (2.3.2).

Since the VAT needs a high voltage in order to create a spark, the supplied voltage from

the power subsystem has to be converted. The conversion circuit is divided into two parts.

The operating principle of the first part will be described as follows. The second part of

the conversion circuit will be described in chapter (3.1.6).

2.2.1 Single-ended primary inductance converter

The first part of the voltage conversion is realized using a single-ended primary inductance

converter (SEPIC). The SEPIC belongs to the family of DC-DC pulse width modulation

(PWM) hard-switching converters. A converter is called hard-switching, if no circuitry

aims “to achieve smooth current/voltage transitions in the switching moment” [15]. The

design of a SEPIC was presented first in 1977 by Massey and Snyder [16]. A schematic
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of such a converter can be seen in figure (2.2). A SEPIC is a non-inverting converter

containing two capacitors and two inductors.

Generally a power converter converts an input voltage to another output voltage. A SEPIC

converter can convert a direct current (DC) input voltage to a higher or a lower DC output

voltage depending on the duty cycle of the PWM signal of switch S.

The operating principle of a SEPIC will be described in the following paragraph, which

is loosely based on the work of Ioinovici [17] and correlates to figure (2.2). During the

on-state of the switch S a current iL1 driven by the supply voltage v1 is charging the

inductor L1, while a current iL2 charges the inductor L2 through the capacitor C1. In the

off -state of switch S, the polarity of the induced voltages in L1 and L2 is given by lenz’s

law and of opposite sign. Therefore L1 charges C1 while L2 supports the load. During

the on-state of switch S, diode D blocks the current, so the output voltage V2 in this

state will be supplied completely by capacitor C2. This is the reason for the necessity of

a huge output capacitor in a SEPIC. It can be seen that the output voltage of the SEPIC

depends on the duty cycle of switch S.

In this converter the capacitor C1 acts as DC isolation between input and output, which

is the advantage of a SEPIC over a common boost converter.

18.09.2014 17:32:57  C:\EAGLE-7.1.0\untitled.sch (Sheet: 1/1)
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Figure 2.2: This figure shows a schematic of a SEPIC circuit.
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2.3 Experimental Setup

During a one week field campaign at the UniBW an experimental setup was used to mea-

sure the thrust of several thruster head models along with currents and voltages applied

to the respective thruster head. Additionally a second experimental setup has been in-

tegrated into the thrust balance setup which allows for the measurement of ion currents

created by the ignition of a thruster and thus the spatial distribution of the ion current

density.

The experimental setup consisted of several components:

� A cylindrical vacuum chamber with inner diameter of 0.6 m and a length of 1 m is

used in order to simulate the apparent low pressure environment in space. The vol-

ume of the vacuum chamber is 0.248 m3. The vacuum chamber has several windows

and flanges for the vacuum pump, and electrical connectors.

� A Pfeiffer vacuum pump system consisting of a rotary vane pump2, a turbopump3

and a control unit4. This system can create a pressure as low as ≈ 10−7 mbar.

� A Picotest G5100A Arbitrary Waveform Generator [21] for the creation of a trigger

pulse.

� A GOSSEN voltage regulator5 for a bias voltage used with the ion current measure-

ment setup.

� A HAMEG® DC power supply6 for the multiplexer, which is used to measure the

ion currents.

� A HP 6827A DC Power Supply7 for the used PPU.

2Pfeiffer Vacuum - DUO 20 M [18]
3HiPace® 700 - Turbopump [19]
4DCU 400 - Display control unit incl. power supply [20]
5MSP-Konstanter 64 D 42 P [22]
6HAMEG® HM7042-5 - Triple Power Supply Unit [23]
7HP 6827A - Bipolar Power Supply/Amplifier [24]
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� A LeCroy Oscilloscope8 along with a LeCroy Current Probe9 and a LeCroy Differ-

ential Probe10 in order to measure the current and voltage applied to the thruster

head and the ion current.

� A multiplexer circuit11 designed at the University of Würzburg previous to the ap-

parent master thesis. This multiplexer circuit enables to measure the current of 16

probes.

� A PPU which will be described in section (2.3.2).

� A diode array of sixteen diodes assembled in a hemispherical fashion and designed

along with the multiplexer circuit previous to the apparent master thesis. This device

will be described in more detail in chapter (2.3.1).

� A µN thrust balance setup12 developed by the Austrian Institute of Technology

(formerly named: Austrian Research Centers) in order to quantify the thrust created

by the thruster during one pulse.

� A small fixture on the thrust balance that contains the thruster and a counterbalance

of same mass (refer to section (2.3.3)). Both have a mass of mfix = 0.198 kg.

The thrust balance setup, the diode array and the multiplexer were placed inside the

vacuum chamber during experimentation. All other components were placed outside the

vacuum chamber. A schematic of the setup for the measurement of the electrical signals

is shown in figure (2.3). A photography of the setup in the vacuum chamber can be seen

in figure (A.3).

2.3.1 Ion current measurement

The ion current is measured using a setup of 16 square planar copper probes with edge

length 0.01 m in a hemispheric structure with a radius of 0.12 m. The emitting plane of

8LeCroy Serial Data Analyzer [25]
9LeCroy CP 150 - Current Probe [26]

10ADP305 - High-voltage active differential probe [27]
11no documentation available
12Handbuch zur µN-Schubmesswaage [28]
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the thruster head is placed at a distance of ≈ 0.02 m from the center of the hemispheric

structure on the central axis of the setup. The hemispheric structure is made of stainless

steel, due to its good outgassing properties in vacuum. The probes are connected on the

backside to coated copper pins in order to insulate them from the hemispheric structure.

The copper pins are connected to a multiplexer that can either combine single probe

signals together or pass only one probe signal on to a single output wire. In order to

deflect electrons of the plasma, the probes are biassed with -70 V. A shunt resistor of

RIon = 82 Ω between the biassing power supply and the electric ground of the setup

enables to measure the ion current with the oscilloscope. A schematic of the hemispheric

structure can be seen in figure (2.3). A photography is depicted in figure (A.3).

The ion current distribution is measured in order to determine the main direction of the

plasma plume created during a firing of the thruster. According to the work of Heberlein

and others [29], [30], [31] and [13] a cosine distribution of the form

jip(l, ϕ) =
jic cos(ϕ)dA1

πl2
(2.1)
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Figure 2.3: This figure shows a schematic of the experimental setup at the UniBW.
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is to expect for this plasma plume. In this equation l describes the radius and ϕ the angle

from the normal of the thruster head. dA1 describes the spot area, where the eroded mass

is ejected from and the foot of the normal. jic resembles the ion current flux from the

cathode surface and jip the ion current flux on the probe. However under the assumption

of a nearly constant ion current flux from the cathode surface and a nearly constant spot

area, the ion current distribution only depends on the radius l and the angle ϕ. If the

center of the cosine distribution is rotated from the zenith direction of ϕ = 0, this will

have to be taken into consideration for the on-board attitude and orbit control law.

2.3.2 Power processing unit used during the field campaign

The used PPU during the field campaign was a later design of the UniBW, which only

consists of the analog part, but not of a digital part. Therefore the switching signal had

LeCroy SDA

C1
2mF

R1
0.001

Ch 3

ADP305

+

Thruster

UT4020

UT4020

UT4020

G5100A

CP 150

IRF640

500 uH 500 uH

80 us

-

Out

Power Processing Unit

Ch 2

+

-

6827A

Figure 2.4: This figure shows a schematic of the electrical circuit of the PPU used during
the field campaign in at the UniBW.
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to be created externally of the PPU using the G5100A Waveform Generator and the HP

6827A Power Supply.

A schematic of the used PPU and its external signals is depicted in figure (2.4). A pho-

tography of the PPU is depicted in figure (A.1). The external power supply is connected

in parallel to several capacitors which sum up to a total of 2 mF in order to support the

power supply in terms of a low pass element. The metal-oxide-semiconductor field-effect-

transistor (MOSFET)13 is triggered using the external waveform generator. With a high

signal at the gate of the MOSFET the transformer starts charging, otherwise the circuit

is open. When the gate signal goes low again the transformer will discharge on the sec-

ondary side through the thruster by creating an arc. In order to protect the MOSFET

from the high discharge current, several UT4020 rectifiers have been placed in parallel to

the MOSFET. For a better understanding of the measurement procedure of the power

signal the differential probe as well as the current probe are shown in figure (2.4).

2.3.3 Thrust balance

In order to quantify the thrust generated by the thruster a µN thrust balance setup is

used. The operating principle of this setup is based on torsional oscillation. A schematic
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of the thrust balance setup can be seen in figure (2.5). A photography is depicted in figure

(A.3).

For the following description of the thrust balance please refer to figure (2.5). The blue

lever can rotate around the central pillar of the setup. At the end of the lever on the

right-hand side a table for the experimental installation is visible. For optimal results the

thruster has to fire perpendicular to the lever. However in order to keep the low friction

of the setup and to prevent a displacement due to gravitational forces a counterbalance

has to be put on the table on the other side of the lever. An optical sensor measures the

displacement of the lever on this side of the setup. In the central pillar a torsion spring

will deliver the restoring force of the setup.

The setup has undergone a small change at the UniBW. Due to the necessary electrical

contacts for the thruster, the cables would create a torque on the system. Therefore small

galinstan14 pots have been put on top of the central pillar (refer to figure (A.3)). Galinstan

is liquid at air temperature, so the electrical contacts are free-hanging into these pots and

therefore will not create any force on the system as long as the contact is rotating around

the rotating axis of the whole thrust balance system.

In order to determine the spring constant k of the torsion spring, the manufacturer has

measured the frequency of the free oscillation of the system without any additional installed

components to f = 0.377 Hz. The moment of inertia of the system is given by a computer-

aided design (CAD) drawing of the manufacturer to Imanu = 5.739·10−2 kgm2 15. Therefore

the spring constant can be calculated to

k = ω2
0,manu · Imanu = (2π · f)2 · Imanu = 0.321

Nm

rad
= 5.60 · 10−3

Nm

deg
(2.2)

In the upper equation ω0,manu denotes the natural frequency of the system as given by the

manufacturer.

Applying the small angle approximation α ≈ 180·x
r·π , the torque created by the thruster is

14gallium, indium and tin (lat. stannum) alloy
15according to the thrust balance manual [28, p. 7]
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calculated to

D = F · r = k · α =
180 · k · x
r · π

. (2.3)

In equation (2.3) F denotes the force created by the thruster, r = 0.32 m denotes the lever

arm and x denotes the displacement measured by the optical sensor. Rearranging this

equation gives the possibility of describing the force F in dependency of the displacement

x:

F =
180 · k · x
r2 · π

≈ 3.133
N

m
· x (2.4)

Please note that this model is valid for the approximation of a static force F , since the

oscillation of the system - its natural frequency ω0 and the damping coefficient γ - are not

taken into account.

The manufacturer of the thrust balance has delivered a Graphical user interface (GUI),

that shows and saves the current measurements directly to a file. However the software

itself already calculates the force F based on equation (2.4). Therefore the maximum

displacement, which is corresponding to a maximum force in this model, resembles the

generated thrust.
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3 Analysis

I
n order to command the VATs a software had to be developed for the on-board

microcontroller. After implementation of this software, it was found that the micro-

controller resets every time at the end of the trigger pulse. The properties of the PPU

and the mechanism on creation of the trigger pulse will be described in chapter (3.1). A

complete reverse engineering of the PPU had to be done with the goal of ensuring stable

operation for diagnostic purposes after each thruster firing. This reverse engineering pro-

cess as well as applied corrections to the current design of the PPU will be described in

detail in chapter (3.1).

On the other hand it is necessary to define some control specific parameters of the thrusters

like the thrust bit and the accuracy of the delivered thrust in terms of direction and mag-

nitude in order to design a control algorithm. As already mentioned in chapter (2.1.2) it

is not desired to adjust the generated thrust by adjusting any input parameter. There-

fore it was necessary to find a correlation between input energy and generated thrust in

order to draw conclusions about the generated thrust after the thruster firing. Thus the

experimentation results of a field campaign at the UniBW are presented in chapters (3.2)

- (3.5).
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3.1 Analysis of the Power Processing Unit

The microcontroller itself has a supply voltage range of 1.8-3.6 V. A constant voltage of

3.3 V can be supplied by the power subsystem for this purpose (refer to figure (3.2)). Since

the 3.3 V supply line also powers all the microcontrollers of other subsystems of the satel-

lite, voltage fluctuations, electromagnetic compatibility troubles and other disturbances

on this line should be avoided. For this reason the VAT part of the PPU is provided

with another 4.2 V supply line of the power subsystem (refer to figure (3.3)). Since this

voltage is too low in order to create the necessary spark at the VAT, it is converted twice.

At first it is converted using a SEPIC to 25 V DC (refer to chapter (3.1.5)). A subse-

quent transformer allows for voltage spikes of more than 1 kV on the secondary side of the

transformer, which is directly connected to the VAT heads.

In order to mitigate the effects of parasitic currents between different parts of the PPU,

the single parts of the PPU dealing with different levels of voltages have separate ground

planes which are connected using jumpers.

Unfortunately firing a thruster gives rise to the problem of a microcontroller reset. This

problem has to be mitigated before the system can be used properly. For this debugging

process the complete hardware design had to be studied. In order to understand the

schematics1 the single parts of the PPU will be explained from UWE subsystem connector2

to the thruster circuit3 itself. Therefore the individual circuits on the PPU are depicted

and discussed as follows. A photography of the PPU is depicted in figure (A.2).

3.1.1 UWE subsystem connector

In figure (A.5) we can see several signals connecting satellite bus and PPU:

� GND SYS: system ground of the satellite

� VCC 3V3: supply voltage for the microcontroller ≈ 3.3 V

1refer to figure (A.4) in the appendix
2refer to figure (A.5) in the appendix
3refer to figure (A.4) in the appendix for an overview or to figure (3.8) for a detailed view
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� V UNREG SW: direct output voltage of the power supply subsystem ≈ 3.6-4.2 V

� RESET: external reset for the microcontroller

� PANELBUS I2C SDA: serial data connection for I2C communication

� PANELBUS IC SCL: serial clock connection for I2C communication

� SYS IC SDA: serial data connection for I2C communication (used in UWE-3, n.c.)

� SYS I2C SCL: serial clock connection for I2C communication (used in UWE-3, n.c.)

3.1.2 Hot swap circuits for the supply voltages

There is one dual hot swap controller (DHSC)4 installed on the PPU. One channel ensures

that the microcontroller will be connected to its supply voltage of 3.3 V. The second hot

swap circuit ensures the same for the 4.2 V supply voltage of the thruster circuit. The

schematics for the general pin configuration of the DHSC is depicted in figure (3.1), the

schematics for the two voltage configurations can be seen in figures (3.2) and (3.3).

Figure 3.1: This schematic shows the controller block of the DHSC of the PPU.

4LTC4222 - Dual Hot Swap Controller with I2C Compatible Monitoring [33]
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The part of the DHSC depicted in figure (3.1) is showing the communication and con-

figuration pins concerning both hot swap circuits, such as start-up time, inrush current

slew rate and independent switching capability. In figure (3.1) we see that the CONFIG

pin (2) is tied to INT.VCC (3), this enables both PPU circuits to start up and turn off

independently. Since the TIMER pin (8) is tied to INT.VCC as well, a 100 ms start-up

time of the hot swap circuits is provided by an internal timer. The SS pin (1) is called

soft-start input. Together with the sense resistor RS of the hot swap circuits, it sets the

inrush current slew rate. According to figure (3.2) (or figure (3.3) respectively) the sense

resistor RS has been chosen to be R70 = 0.05 Ω (R73 = 0.01 Ω). With the chosen soft-start

capacitor C21 = 10 nF the inrush current slew rate is restricted to

dI

dt
=
ISS · 0.0429

RS · C21
= 858 A/s (4290 A/s). (3.1)

The SDA (19) and SCL (20) pins have been connected properly to PANELBUS IC SCL

and PANELBUS I2C SDA (refer to section (3.1.1)) and with the chosen configuration

for the ADR.0-ADR.2 pins (5-7) the hot swap controller has the I2C-address 0x74. The

two enable pins EN 1 (17) and EN 2 (24) have to be pulled low externally in order to

enable the gate pins (13) and (28) (refer to figures (3.2) and (3.3)) of the two hot swap

circuits. As can be seen in figure (3.1) they are connected to ground and thus the gates

are enabled. The ON pin (22) is set high due to the resistor R48. This is a debugging

mode for laboratory testing. For the in-space operation this ON pin is on ground level

and the DHSC is switched by the ADCS or the OBDH subsystem via I2C in order to turn

the PPU subsystem on or off.

In figure (3.2) (or figure (3.3) respectively) one observes two LEDs indicating whether the

input and output voltages are present. The DHSC triggers the respective GATE pin (13) or

(28), if none of the internal protection mechanisms is triggered by the applied voltage and

current. These protection mechanisms comprise for each circuit of over-, undervoltage and

overcurrent faults. The overvoltage inputs OV.I.0 (9) and (32) are internally connected to

a comparator with 1.235 V at the negative input. Therefore a proper voltage divider on

the outside of the controller decides, when an overvoltage fault occurs. For the hot swap
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circuit providing 3.3 V (4.2 V) this is the case, if the input voltage rises above

UOV,3.3V = 1.235 V · R67 +R68

R67
= 1.235 V · 1.21 kΩ + 2.49 kΩ

1.21 kΩ
≈ 3.78 V (3.2)

UOV,4.2V = 1.235 V · R75 +R60

R75
= 1.235 V · 1.21 kΩ + 3.48 kΩ

1.21 kΩ
≈ 4.79 V (3.3)

The undervoltage inputs UV.I.0 (10) and (31) are internally connected to a comparator

with 1.145 V at the positive input. For the hot swap circuit providing 3.3 V (4.2 V) a

undervoltage fault occurs, if the input voltage falls below

UUV,3.3V = 1.235 V · R3 +R2

R3
= 1.235 V · 1.21 kΩ + 1.74 kΩ

1.21 kΩ
≈ 3.01 V (3.4)

UUV,4.2V = 1.235 V · R9 +R8

R9
= 1.235 V · 1.21 kΩ + 2.05 kΩ

1.21 kΩ
≈ 3.33 V (3.5)

Decoupling capacitors (C6, C7, C19 and C22) of 100 nF have been put in parallel to

the voltage dividers in order to mitigate false over- or undervoltage faults due to supply

transients. The supply voltage input pins +VDD (11) and (30) of the DHSC have been

connected to the input voltages from the bus connector (refer to figure (A.5)) - VCC 3V3

or V UNREG SW respectively. These pins also represent the positive current sense inputs

of the DHSC. The negative current sense input is the SENSE (-) pin (12) or (29). The

Figure 3.2: This schematic shows the 3.3 V hot swap circuit of the PPU.
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resistor RS sets not only the inrush current slew rate (refer to page (20)), but it also sets

the maximum available output current before an overcurrent fault occurs. The maximum

available constant current and pulsed current have to be distinguished. For the sake of

suppressing unnecessary resets due to minor current surges, there is an internal 20µs timer

that allows the subsequent circuitry to draw a current larger than

IMax,pulse =
50 mV

RS
= 1 A (5 A) (3.6)

for this duration. If the current exceeds this value for more than 20µs, the corresponding

gate pin (13) or (28) is pulled low. In order to prevent from short circuits, another

maximum current limit of

IMax =
150 mV

RS
= 3 A (15 A) (3.7)

pulls the gate pin low immediately with regard to ensuring the safety of the subsequent

device. The switching property of the DHSC has been realized using two FDC653N - MOS-

FETs. According to [34] this MOSFET can have a maximum continuous drain current

ID,cont = 5 A and a maximum pulsed drain current of ID,pulse = 15 A. This corresponds to

the maximum current for the 4.2 V hot swap circuit. The maximum gate-source voltage

of the FDC653N is VGS,max = ±20 V. The gate driver of the hot swap controller provides

Figure 3.3: This schematic shows the 4.2 V hot swap circuit of the PPU.
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a current of ID = 12µA at its gate pins (13) and (28) with a view to charge the gate

of a MOSFET. In order to prevent inrush current spikes at the load connected to the

MOSFET a gate resistor RG has to be chosen such that ID · RG < VGS,max. Therefore

the corresponding resistor was chosen as R69 = RG = 9.09 Ω (R61 = RG = 9.53 Ω) for the

3.3 V (4.2 V) circuit. For the purpose of providing a constant dV/dt during the start-up

process a series resistor and capacitor have been employed from the gate pins to GND SYS

(refer to figure (A.5)). This stabilizes at first the inrush current which in turn results in

a stable output voltage slew rate. The SOURCE pins (14) and (27) have been connected

to the output potential of the hot swap circuits. They serve as ADC Inputs in the hot

swap controller in order to monitor the output voltage. The FB pins (15) and (26) are

connected to the output voltages via voltage dividers. If the voltages at these pins drop

below 1.235 V the power is not considered good which results in the GPIO pins (16) and

(25) pulling low. If this happens to the 3.3 V hot swap circuit, the I2C communication

(refer to figure (3.4)) is blocked. This ensures that communication can only start after a

certain time of start-up process for the microprocessor. For the 3.3 V (4.2 V) circuit this

means that the output voltage is not considered good, if it drops below

U3.3,out,pwrgood = UFB,pwrgood ·
R64 +R65

R64
= 1.235 V · 24.3 Ω + 30.1 Ω

24.3 Ω
= 2.8 V(3.8)

U4.2,out,pwrgood = UFB,pwrgood ·
R57 +R56

R57
= 1.235 V · 24.3 Ω + 68.1 Ω

24.3 Ω
= 4.7 V(3.9)

From this calculation follows that the output voltage of the hotswap circuit dealing with

4.2 V is not considered good, if the desired voltage of 4.2 V is supplied, but only if a

voltage above 4.7 V is supplied. So this voltage divider should be altered in the next

iteration of a PPU, even if it does not have any direct consequences for the performance

of the hotswap circuit. Additionally the FB pin functionality ensures a proper start-up

voltage behavior according to the hotswap manual [33]. The AD IN pins (18) and (23) are

tied to GND SYS, since they remain unused. The GP IO pins (16) and (25) are pulled-

up by the 10 kΩ resistors R55 and R63 in case of a ’powergood’ consideration, which is

depending on the FB input voltage. Thus the GPIO SWAP 2 signal is pulled high as soon

as both input voltages are present. GPIO 1 however stays low, because the voltage at the

corresponding FB pin (26) is too low.
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As soon as the GPIO SWAP 2 signal turns high, the MOSFETs in figure (3.4) enable the

communication with the microcontroller via I2C. For this purpose a power-off protection

switch device5 is used.

3.1.3 Delay Supervisory Circuit

The circuit depicted in figure (3.5) holds the MSP430F249-EP microcontroller of the PPU

in a reset state for the sake of ensuring that the supply voltage of 3.3 V is stable and

present when the microcontroller enters the usual working state.

Figure 3.4: This schematic shows the protection switches for the communication lines
of the MSP430F249-EP microcontroller of the PPU.

5Power-Off Protection ±5 V, +12 V, Quad SPST Switches with 5 Ω On Resistance [35]
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For this purpose a programmable-delay supervisory circuit6 component has been integrated

into the circuit. This element sets the SUB RESET output (1) to low, if the voltage at

the SENSE input is below 0.405 V or if the MR (manual reset) input (3) is triggered.

Referring to figure (3.9), it can bee seen that the SUB RESET output is the input for the

RST/NMI pin (58) of the microcontroller. The voltage connected to the SENSE input (5)

of the supervisory circuit via a voltage divider is the output voltage of the 3.3 V hot swap

circuit (refer to figure (3.2)).

This component is not connected properly. With regard to comparing the SENSE input

voltage to something, the component has to be connected to a supply voltage at the VCC

pin (6) and to ground at the GND pin (2). Unfortunately this has been omitted and needs

to be corrected in a future version of the PPU.

After connecting these pins, the voltage divider around the SENSE pin allows the input

voltage to drop to

V3.3V,reset =

(
1 +

R22

R23

)
· 0.405 V ≈ 0.66 V (3.10)

before the SUB RESET pin is set low. The 1 MΩ pull-up resistor R24 usually holds this

pin high. In order to reduce sensitivity to transients at the SENSE input a decoupling

capacitor of 10 nF is put in parallel to the voltage divider.

According to the technical manual of the delay supervisory circuit [36] the time delay tD

for which the SUB RESET pin is kept low and therefore the microcontroller is hold in the

Figure 3.5: This schematic shows the delay supervisory circuit for the MSP430F249-EP
microcontroller of the PPU.

6TPS3808 - Low Quiescent Current, Programmable-Delay Supervisory Circuit [36]
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reset state, depends on the capacitor connected to the CT pin (4). The time delay tD can

be calculated to

tD(s) =
C2(nF )

175
+ 0.5 · 10−3(s) =

100(nF )

175
+ 0.5 · 10−3(s) ≈ 0.572 s. (3.11)

3.1.4 Digital Temperature Sensor

The circuit depicted in figure (3.6) shows the circuit around the digital temperature sensor

(DTS). In order to have the possibility to monitor the temperature on the circuit board

a DTS7 has been implemented.

This sensor can be read via the I2C communication line directly from the MSP430F249-EP

microcontroller on the PPU. Referring to figure (3.9) we can see that the communication

pins (45) and (46) of the microcontroller are connected to the communication pins (1) and

(2) of the DTS, where both lines have to be connected to a pull-up resistor for a proper

functionality The supply voltage pins of the DTS are pins (4) and (8). The datasheet [37]

advises the user to connect a 0.1µF capacitor between the supply voltage pins in order to

suppress minor voltage fluctuations. Pins (5), (6) and (7) describe address pins. Since all

of them are connected to ground the I2C address of the DTS is 72 hex. Because pin (3)

Figure 3.6: This schematic shows the digital temperature sensor of the PPU.

7LM75CIM-3 - Digital Temperature Sensor and Thermal watchdog with Two-Wire Interface [37]
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is not connected the overtemperature shutdown capability of the DTS is not used in this

circuit.

The MSP430F249-EP microcontroller alert output MSP ALERT is connected via an LED

to the 3.3 V hot swap output in the DTS schematics and can be used to visualize a software

alert during development.

3.1.5 Single-ended primary inductance converter

The operating principle of a SEPIC was described in chapter (2.2.1).

For this kind of switching regulators the switching controller as well as the desired input-

output voltage relation determine the selection of the other circuit parts. A circuit diagram

of the implemented SEPIC circuit can be seen in figure (3.7). In this application a Low-

Side N-Channel Controller8 (N2) is used for this purpose. The function of the eight pins

of the controller will be described in this section before the selection of the other electrical

circuit parts will be discussed.

The controller pins (4) and (5) have to be connected to ground. This way the controller on

the one hand has a reference for its input pins that are regulating the output PWM signal

on pin (6) and on the other hand it serves as the negative input for the supply voltage,

which is connected at pin (8) to the output of the 4.2 V hotswap circuit (refer to figure

(3.3)). Please notice that the ground nomenclature has changed here from GND SYS

to PWR GND in order to have an electric separation between the digital part of the

microcontroller and the analog part of the PPU. In figure (A.5) is a bridge connection

between these two grounds depicted.

The input pin (2) has to be connected to an RC element for filtering purposes of the

feedback input (3). Unfortunately the manufacturer does not disclose information for the

choice of proper components at this point of the circuit. For this reason the components

R19 and C10 have been selected according to a schematic in the technical documentation

[38, Fig. 1]. The input pin (7) can serve for several purposes, such as frequency adjust

8LM3488QMM - High Efficiency Low-Side N-Channel Controller for Switching Regulators [38]
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for the switching frequency of pin (6) or synchronization with an external clock. In this

setup the pin is connected to ground via a resistor of RFA = 40.2 kΩ, which enables it

to a shutdown functionality only. If a high signal is received on pin (2), the controller

switches into a low current mode. The input pin (3) is the feedback pin of the control

loop. The controller adjusts the PWM signal, such that the voltage on pin (3) equals

1.26 V. Therefore a proper voltage divider has to be chosen between the SEPIC output

voltage and PWR GND. Input pin (1) serves as a current limiter. Therefore a proper

sense resistor RSEN has to be connected between this pin and ground. If the voltage

across this resistor equals the current sense threshold voltage of VSEN = 156 mV, pin (6)

will be turned off until the next cycle.

The selection of the other components around the controller will be discussed in the fol-

lowing paragraph. The calculations are based on the technical manual of the DHSC [38].

For a proper calculation of the duty cycle D of the PWM signal, the forward voltage drop

VF of the diode V239 has to be taken into account:

D =
VOUT + VF

VOUT + VIN − VQ + VF
· 100 =

25 V + 0.875 V

25 V + 4.2 V + 0.875 V
· 100 ≈ 86% (3.12)

In this equation VIN and VOUT describe the in- and output voltage respectively, VQ de-

scribes the on-state voltage of the selected MOSFET M110, which is very small and there-

fore treated as negligible. The selected MOSFET has to be capable of dealing with the

peak switch voltage VSW (PEAK) of the SEPIC of

VSW (PEAK) = VIN + VOUT + VF = 4.2 V + 25 V + 0.875 V = 30.075 V. (3.13)

According to the technical documentation of the MOSFET [40] the drain-to-source break-

down voltage VDS(BD) = 55 V and therefore the MOSFET has been selected properly. The

selected diode11 has to handle the peak current, which is in a SEPIC equal to the switch

9refer to [39]
10refer to [40]
11refer to [39]
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Figure 3.7: This schematic shows the SEPIC of the PPU.
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peak current ISW (PEAK) and the peak reverse voltage

Vrev(PEAK) = VIN + VOUT = 4.2 V + 25 V = 29.2 V. (3.14)

According to the manual of the superfast rectifier diode V23 [39], it can handle a reverse

peak voltage of up to 150 V.

The average diode current equals the output current of the SEPIC:

ID(AV G) = I2 = 2.5 A (3.15)

Since the peak switch current ISW (PEAK) also depends on the ripple current of the induc-

tors, this calculation is done on page 31. The selected inductors have to maintain constant

current mode. Therefore the average current in the inductor L1 has to be calculated:

IL1(AV G) =
D · I2
1−D

=
0.86 · 2.5 A

1− 0.86
≈ 15.36 A (3.16)

The average current in inductor L2 equals the output current I2. The switching frequency

of the MOSFET has been measured with an oscilloscope to fs ≈ 253 kHz. With this

information the peak to peak ripple currents in the inductors can be calculated to

∆IL1 = ∆IL2 =
VIN ·D
L1 · fs

=
4.2 V · 0.86

84.4µH · 253 kHz
≈ 0.169 A. (3.17)

In order to maintain the previously mentioned constant current mode, the criterion for

the inductors is

VIN · (1−D)

2 · I2 · fs
=

4.2 V · (1− 0.86)

2 · 2.5 A · 253 kHz
≈ 0.465µH < L1 = 84.4µH (3.18)

VIN ·D
2 · I2 · fs

=
4.2 V · 0.86

2 · 2.5 A · 253 kHz
≈ 2.853µH < L2 = 84.4µH. (3.19)

Additionally the peak current IL1(PEAK) has to be lower than the maximum current ISEN

set by the current sense resistor RSEN (R37). However the current sense resistor restricts
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the current to

ISEN =
VSEN −D · VSL

RSEN
=

156 mV − 92 mV

50 mΩ
≈ 1.28 A. (3.20)

In this equation VSL describes an internal compensation ramp voltage of the controller.

The peak current IL1(PEAK) is calculated to

IL1(PEAK) =
D · I2
1−D

+
∆IL1

2
=

0.86 · 2.5 A

1− 0.86
+

0.169 A

2
≈ 15.44 A. (3.21)

This current however is higher than the maximum current ISEN . Therefore either the

sense resistor RSEN or the inductances should be replaced in a future iteration of the

PPU.

The peak switch current ISW (PEAK) can be calculated now to

ISW (PEAK) = IL1(AV G)+I2+
∆IL1 + ∆IL2

2
= 15.36 A+2.5 A+0.169 A = 18.029 A. (3.22)

According to the diode datasheet [39] this is however above the threshold of the diode

for a repetitive surge current Ithr(rep) = 14 A. On the other hand are these calculations

done using the average forward current of ID(AV G) = 2.5 A as diode current, which won’t

be the case in the pulsed mode application of the VAT. This could be a lifetime limiting

factor for the diode and therefore disable the proper operation of the PPU, therefore the

diode has to undergo extensive testing in this circuit before launch in order to ensure its

functionality. Apart from a large alternating current (AC)-root mean square (rms) current

rating of the SEPIC capacitor CS (C12 and C49) a minimum value for this capacitor can

be calculated as

CS ≥ L1 ·
(
I2
VIN

)2

= 84.4µH ·
(

2.5 A

4.2 V

)2

≈ 29.90µF. (3.23)

However the two capacitors in use only give a main capacitance of

CS = C12 + C49 = 2 · 4.7µF = 9.4µF, (3.24)
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which is too small for this SEPIC circuit. According to the SEPIC documentation [38],

it is recommended to use a 10-20µF input capacitor between supply voltage and pin (8)

of the controller (and L1 respectively). For an input voltage range below 8 V it is even

recommended to use a 20 Ω series resistor with a 1µF bypass resistor directly attached to

pin (8) and additionally to the previously mentioned input capacitor. In this design, there

is only an input capacitance of

CIN = C24 + C9 = 4.7µF + 220µF = 224.7µF (3.25)

attached to the voltage input (8). This input filter and the previously mentioned RC

element are additional changes for a future version of the PPU. The voltage divider

connected between output voltage of the SEPIC and pin (3) of the controller successfully

facilitates an output voltage of 25 V. This voltage divider circuit will be explained in several

steps:

1. Putting the focus only on resistors R18 and R26 the output voltage would be

Vout,1 = 1.26 V ·
(

1 +
249 kΩ

12.7 kΩ

)
≈ 25.96 V. (3.26)

These two resistors define the maximum magnitude of the output voltage.

2. Assembling an RC element comprising of R27 and C13 in parallel to R18 serves as

a proportional-integral (PI) controller for voltage ripples created by the switching of

the SEPIC .

3. The adjustable resistor R21 facilitates fine tuning of the output voltage.

The output capacitor of the SEPIC has to provide the output current during the on-state

of the MOSFET. Therefore this capacitor has to be able to handle the maximum rms
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current of

IC2(rms) =

([
I2SW (PEAK) − 2 · ISW (PEAK) ·∆IL1 +

(2 ·∆IL1)2

3

]
(1−D)− I22

)1/2

=

([
18.0282 − 2 · 18.028 · 0.169 +

(2 · 0.169)2

3

]
(1− 0.86)− 2.52

)1/2

A

= 6.20 A. (3.27)

Increasing the capacitance C2 of the output capacitor stores more electrical energy for the

thruster circuit which is attached to SEPIC 25V (refer to figure (3.8)). The total output

capacitance in this design is

C2 = C15 + C28 + C30 + Cx = 3 · 22µF + 33µF = 99µF. (3.28)

In this formula Cx describes one of the capacitors C47, C29, C55 or C63 respectively which

are depicted in figure (3.8) as part of the output capacitance to the respective thruster.

On the low side of the output capacitors a shunt resistor of 25 mΩ enables the on-board

microcontroller to monitor the output current, since the signals +SEPIC CURR and

PWR GND are connected to Analog-to-Digital-Converter (ADC) inputs of the micro-

controller (refer to figure (3.9)). Additionally another voltage divider containing resistors

R35 and R36 has been implemented in order to enable the microcontroller to monitor the

output voltage of the SEPIC. The microcontroller is therefore connected to the signal

SEPIC DIVIDER (refer to figure (3.9)). The capacitor C23 serves as a lowpass filter for

this monitoring functionality.

In order to fire a thruster the respective MOSFET gate in figure (A.4 - page 3) has to

be triggered with 12 V, which is provided by a Low Dropout Adjustable Regulator12 (N6)

(refer to figure (3.7)). This regulator comprises of 8 pins that are not all assigned and an

additional ground plane called PPU GND. Please note that a bridge connects PPU GND

and PWR GND. According to the manual of this regulator [41] pins (4) and (6) have no

specified functionality while pins (2) and (7) have to be tied to the ground plane. The

On/Off pin (1) turns the controller on as long as the applied voltage level is below 1.3 V,

12LM2941LD - Low Dropout Adjustable Regulator [41]
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therefore this pin is tied to ground as well. The maximum input voltage VIN,max accepted

at pin (3) is VIN,max = 31 V, so this regulator is chosen properly. The input capacitor

of CIN = 1µF works as a low pass filter for noise and the voltage ripples created by the

switching circuit of the SEPIC (refer to page (32)). The output capacitor of COUT = 22µF

is recommended by the manufacturer for loop stability.

The output voltage VOUT can be set with a proper voltage divider between pins (5) and

(8) and the ground level. This is facilitated in this assembly using the resistors R30, R66

and an adjustable resistor Rx 50 for fine tuning. With this voltage divider the output can

be tuned in the voltage range

VOUT,min ≤ VOUT ≤ VOUT,max

Vref ·
(

1 +
R66 ·Rx 50max

R30 · (R66 +Rx 50max)

)
≤ VOUT ≤ Vref ·

(
1 +

R66

R30

)
1.275 V ·

(
1 +

12.1 kΩ · 24.3 kΩ

1.27 kΩ · (12.1 kΩ + 24.3 kΩ)

)
≤ VOUT ≤ 1.275 V ·

(
1 +

12.1 kΩ

1.27 kΩ

)
9.38 V ≤ VOUT ≤ 13.42 V.

Because the circuit is already assembled and the 12 V output voltage is supplied it is

refrained from unsoldering the resistor Rx 50 for the sake of measuring the value of resis-

tance.

The purpose of capacitor C43 in this assembly is to compensate a characteristic of the

LM2941LD controller. The transient response of the controller shows a lowering of output

voltage with increasing load current. Since the 12 V are used to trigger the gate of the

MOSFET of the thruster switching circuits (refer to page (35)), a relatively high current

can occur and lead to a lowering of the 12 V potential. This is compensated with the

capacitor C43, by mirroring the load current effect on the adjust pin (8) of the controller.

3.1.6 Analog thruster circuit

The purpose of the analog thruster circuit is to enable the thruster heads to create a spark

as a source for thrust by supplying the necessary electrical energy for this process. A

complete circuit diagram of the analog thruster circuit is depicted in figure (A.4 - page 3).

A detailed view on the flyback converter schematic for one thruster can be seen in figure
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(3.8). Since the operating principle of this circuit is the same for all four thrusters refer

to figure (3.8) for the following chapter.

The central components of this circuit are the thruster head J6, the transformer T4, the

MOSFET M7 and the gate driver N5. In periods where the thruster is not supposed to be

fired the MOSFET gate will not be triggered in order to separate the 25 V supply voltage

of the SEPIC (refer to chapter (3.1.5)) from PPU GND. No energy will be consumed and

the primary side of the transformer will not have a voltage supplied between points (1)

and (2).

In order to fire the thruster, the gate of the MOSFET will be triggered for a certain

time. During this time interval, point (2) of the transformer is on the same potential as

PPU GND and the coil on the primary side of the transformer will build up a voltage

across points (1) and (2) that will compensate the outer voltage due to Faraday’s law of

induction. However the induced voltage in the primary coil will drop with time, current

will start to flow through it and the core of the transformer will get saturated. Before

the core gets saturated the gate of the MOSFET will be opened again, thus the energy

stored in the core of the transformer during the charging process will be released on the

secondary side of the transformer and fire the thruster.

The non-inverting gate driver13 is a eight pin component with pins (1) and (8) not assigned.

Pin (3) is tied to PPU GND as reference for both inputs and outputs. Pin (6) is the

positive output supply voltage, which is connected to the 12 V supply created with the

Low Dropout Adjustable Regulator (refer to figure (3.7)). Pins (2) and (4) are the input

pins for the trigger signal created by the microcontroller (refer to figure (3.9)). Pins (5)

and (7) are the output pins which drive the gate of MOSFETs M7 and M4 respectively.

According to the manufacturer the positive supply input of 12 V has to be decoupled from

the ground reference using a capacitor in order to filter peak currents during turn-on. This

is realized with capacitor C36.

The necessary MOSFET14 characteristics depend strongly on the performance character-

istics of the connected transformer. At the instant, when the gate is opened and the

13LM5111-1M - Dual 5A Compound Gate Driver [42]
14IPD60R380C6 - CoolMOS C6 600V CoolMOS C6 Power Transistor [43]
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Figure 3.8: This schematic shows a detailed view on the thruster circuit for 1 of the
supposed 4 thruster connections of the PPU.
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transformer discharges, a high voltage spike will occur on the primary side of the coil. The

MOSFET has to withstand this spike as well, so the drain-source breakdown voltage has

to be higher than this voltage spike. Unfortunately the drain-source breakdown voltage of

the used MOSFET is at ≈ 600 V15. This voltage is very close to the voltage spike on the

primary side of the transformer, which has to be created in order to supply the necessary

voltage spike for the ignition of the thruster on the secondary side of the transformer. This

effect lead to destroyed MOSFETs already during laboratory testing.

The RC element on the primary side of the transformer has been integrated in order

to mitigate the ringing effect of the transformer. Proper scaling of the resistor R34 and

capacitor C62 is essential in order to mitigate the ringing effect. However the ringing effect

is also dependent on transformer properties. Because hardly any information is supplied

on the transformer it is not possible to comprehend the scaling of the suppressor circuit

components.

The transformer has a winding turns ratio of 1:2, which is as well the ratio for the voltages

present on each side of the transformer. Using a transformer in order to create the high

voltage gives the advantage of galvanic isolation. The capacitors on the secondary side of

the transformer as well as transformer T5 are not present in the actual model of the PPU.

The diodes define the direction of the current on the secondary side of the transformer. The

initial idea of integrating transformer T5 seems to be to have the ability of monitoring

the secondary current of any of the switching transformers via the shunt resistor R46.

However this will have to be integrated in a future version of the PPU in order to have

the possibility of running diagnostics.

3.1.7 Microcontroller

The PPU uses a MSP430F249-EP16 as its internal processing unit to send firing commands

and to run diagnostics on the electrical circuit. A schematic of the microcontroller as well

as the connections to communication ports, supply voltages and other signals is depicted

in figure (3.9). For the microcontroller merely an illustration of its connections shall be

15according to [42]
16MSP430F249-EP - Mixed Signal Microcontroller [44]
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given instead of getting lost in a very detailed explanation of each pin and each component

placed next to the pins. This controller is already in successful use on other subsystems

of the present UWE-3 satellite and therefore the power supply connections as well as the

corresponding circuitry has been copied from the previous project.

On the top-right of figure (3.9) the signals of a Joint Test Action Group (JTAG) connector

for debugging purposes of the microcontroller can be seen. On the top-left side of the same

figure the supply voltage namely SUB VCC 3V3 and GND SYS as ground reference can

be seen. The supply voltage at this point can be turned on or off by the 3.3 V hot swap

circuit depicted in figure (3.2). On the left-hand side of the microcontroller the signals

+SEPIC CURR (refer to figure (3.7)), +SHUNT END (refer to figure (3.8)) as well as

the respective reference potentials are connected for diagnostic purposes of the thruster

firing process. On the bottom-right the signal SEPIC DIVIDER (refer to figure (3.7)) is

connected in order to monitor the voltage on the primary side of the transformer. On the

right-hand side of the microcontroller the SUB RESET signal from the delay supervisory

circuit is connected to the reset pin of the microcontroller. This facilitates an external

reset of the on-board microcontroller triggered by the OBDH. Other important pins on

the right-hand side of the microcontroller are the four trigger pins named THRUSTER 1

- THRUSTER 4 which trigger the MOSFET gates in figure (3.8) to fire the thrusters.
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Figure 3.9: This schematic shows the pin allocation of the MSP430F249-EP microcon-
troller of the PPU.
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3.1.8 Applied changes to the circuitry and recommendations for future

iterations

As sources for the microcontroller reset three possible scenarios are considered:

1. Any of the design flaws in the circuitry or a combination of these is responsible for

the microcontroller reset.

2. Any of the connections between microcontroller and the 4.2 V circuitry carries a

voltage/current ripple created in the switching process of the MOSFETs used in

figure (3.8).

3. During the firing process created EMI in the thruster head, the MOSFET in the

analog thruster circuit (refer to figure (3.8)) or the transformer induces a voltage

fluctuation on the microcontroller power supply line.

The first two possibilities can be eliminated by a correction of the design flaws and a

installation of filters. This process and its findings will be discussed as follows.

As previously shown in chapters (3.1.1) to (3.1.7) several flaws have been found in the

design of the PPU. In order to locate (and possibly mitigate) the path on which the

voltage fluctuation creating the microcontroller reset is transmitted, several changes have

been made to the circuitry of the PPU:

� The two bridge connections (X7) and (X8) (refer to figures (A.5) and (3.7)) have

been supported with ferrite cores, soldered in parallel in order to mitigate effects of

high-frequency currents on the ground line.

� The sense resistor RS = R70 in the 3.3 V hotswap circuit (refer to figure (3.2)) has

been replaced by RS = 0.01 Ω in order to allow the microcontroller a higher surge

current in order to compensate a voltage fluctuation due to the firing process.

� The resistor R48 (refer to figure (3.1)) in the general hotswap pin configuration

circuit has been removed in order to have the possibility to turn the two hotswap

circuits on/off from the OBDH.
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� In the delay supervisory circuit (refer to figure (3.5)) the design flaws have been

corrected. Since this PPU is for experimental use only, two cables have been soldered

connecting the GND pin (2) to GND SYS and the supply voltage pin VCC (6) to

SUB VCC 3V3.

� In order to secure the MOSFETs used in the analog thruster circuit (refer to figure

(3.8)) a varistor with a clamping voltage of 400 V has been integrated across the

MOSFETs as safeguard.

� In the microcontroller circuit the pull-down resistors R12 and R16 (refer to figure

(3.9)) prevented a proper communication with the microcontroller and had to be

removed.

� Additionally the resistors R13, R29, R38, R44 and R45 (refer to figure (3.9)) - which

build the direct connection between the microcontroller and the analog 4.2 V circuitry

for diagnostic purposes of the thruster firing - were removed in order to prevent effects

on the microcontroller from directly connected current/voltage spikes.

Unfortunately these corrections have not been able to mitigate the microcontroller reset.

For testing purposes a capacitor of 8 mF has been connected between different circuit

points on the PPU and GND SYS as low-pass filter:

� The primary side connections (1) and (2) of the respective transformer (refer to

figure (3.8))

� The power supply connections VCC 3V3, SUB VCC 3V3, V UNREG SW and

SUB V UNREG SW (refer to figures (3.2) and (3.3))

A hotswap internal fault register stores information about occured faults since the last

startup of the DHSC. This enables to see irregular overcurrent as well as over- and

undervoltage faults. This is a possible source for the microcontroller reset, because these

faults temporarily disable the gate pin (refer to chapter (3.1.2)) of the respective hotswap

circuit and therefore suppress the supply voltage to the microcontroller. Unfortunately

there are also occurrences of microcontroller resets at times where the DHSC did not

register any fault.
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It was also observed that other subsystems connected to the same power source undergo

a microcontroller reset if a thruster is fired.

After the previously mentioned changes and observations it was concluded that the voltage

fluctuation on the microcontroller power supply line is resulting from electromagnetic

interference created during the firing process. This EMI problematic is also mentioned by

Keidar et al. [1] and Bock et al. [2]. A possibility to mitigate this would be to cover the

transformers and the corresponding MOSFETs with mu-metal17, which would shield the

created magnetic field from propagation through space to other components. However if

the thruster head itself is the source of the EMI, a very thorough suppressor circuit has

to be integrated.

17nickel, iron, copper and chromium alloy with high magnetic permeability
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3.2 Thrust balance measurements

In section (2.3.3) it was mentioned that the model used by the manufacturer to describe the

physics of the system are only valid in the approximation of static forces. However the used

thruster will create an instantaneous force F on a much smaller time scale than the thrust

balance could resolve. During one firing the plasma will exist for about 5 − 10 ms, while

the effect on the thrust balance can be observed for several seconds. Therefore the system

will oscillate and the static approximation of the physical model of the thrust balance is

not valid any more. Using formula (2.4), it is possible to conclude the displacement x and

develop a different approach that resembles the physics of the system more accurate.

3.2.1 One-dimensional damped harmonic oscillation as model for thrust

measurements

In figure (3.10) one measurement of a thruster firing with the thrust balance is depicted.

Please note that the measured force F has already been replaced by the displacement

x using formula (2.4). In this figure it is visible that an oscillation is taking place with

an overshoot in the negative displacement region before the system goes back to its rest

position. This behavior is best described using the differential equation for a damped

harmonic oscillation:

ẍ(t) + γẋ(t) + ω2
0x(t) = 0 (3.29)

In the equation above γ denotes the damping constant and ω2
0 the natural frequency of

the system. In the case of the thrust balance, it is necessary to introduce the force F as

instantaneous excitation f = a · δ(t− t′) at time t′ using the dirac delta distribution. The

variable a denotes the magnitude of the force created by the thruster firing. This leads to

an inhomogeneous differential equation

G̈(t− t′) + γĠ(t− t′) + ω2
0G(t− t′) = a · δ(t− t′). (3.30)
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In the above equation G(t− t′) denotes the Green’s function18 of the differential equation.

The solution of this differential equation can be found in Ziemer et al. [45] as

G(t− t′) = a ·Θ(t− t′) · exp

(
−γ · (t− t

′)

2

)
· sin(ω1(t− t′))

ω1
. (3.31)

In the above equation, it holds ω1 =

√
ω2
0 −

(γ
2

)2
.

Since ω2
0 and γ are parameters of the system, these should not change from one firing

to another. This is an optimization problem, which was solved using MATLAB®. 89

different single firings have been fitted to formula (3.31), allowing the exact time t′ of

the firing and the magnitude a to change, but keeping the system parameters ω2
0 and γ
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Figure 3.10: This figure shows the raw data of one thruster firing measured with the
thrust balance (blue) and the applied fit with the developed model (red).

18The Green’s function describes the impulse response of an inhomogeneous differential equation.
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constant. Thus the optimization problem can be formulated as

min
ω2
0 ,γ∈<

(
89∑
i=1

T∑
t=t0

‖yi(t)− xi(t)‖

)
. (3.32)

In the above equation t0 and T denote the beginning and the end of the pulse respectively,

yi(t) and xi(t) denote the raw measured displacement and the displacement according to

the fit respectively.

20 different starting conditions on the systems constants were tested. All of them converged

to the same optimal result of

� γres = 1.204± 0.001
1

rad · s
(3.33)

� ω2
0,res = 3.835± 0.001

1

rad · s2
. (3.34)

In formula (2.2) of section (2.3.3) the natural frequency squared ω2
0,manu given by the

manufacturer was already introduced as

ω2
0,manu =

k

Imanu
=

0.321 Nm
rad

5.739 · 10−2 kg m2
≈ 5.5933

1

rad · s2
. (3.35)

The thruster fixture and the counterbalance are responsible for this deviation. Assuming

that the spring constant has not changed, a first approximation of the distributed mass

of the fixture and its counterbalance can be made using two point masses located at a

distance of the lever arm length r from the rotation axis. The resulting total moment of

inertia would therefore change to

Iapprox = Imanu + 2 ·mfix · r2

= 5.739 · 10−2 kg m2 + 2 · 0.198 kg · (0.32 m)2 ≈ 9.794 · 10−2 kg m2. (3.36)

Inserting this approximated total moment of inertia into equation (3.35), the natural

frequency squared of the system is

ω2
0,approx =

k

Iapprox
≈

0.321 Nm
rad

9.794 · 10−2 kg m2
≈ 3.278

1

rad · s2
. (3.37)
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So even with a very rough approximation the natural frequency ω0,approx is already similar

to the fit result ω0,res in equation (3.34).

The previously described fit was afterwards applied on every single firing keeping the

system parameters constant at the values of (3.33) and (3.34). An exemplary result of

this fit is depicted in figure (3.10). It can be seen that the fit matches the raw measured

displacement data very well. However the maximum displacement is not the only used

indicator for the created force any more, but rather the oscillatory behavior of the thrust

balance.

3.2.2 Comparison of thrust balance models

In order to compare both measurement methods of the generated thrust, the uncertainties

as well as the average deviation between both methods has been determined.

For the static method following formula (2.4) the uncertainty has been determined us-

ing the standard deviation σx of the displacement (refer to figure (3.10)) measurement,

previous to each actual pulse. For a 95% confidence interval, it holds for the displace-

ment uncertainty δx = 2 · σx. Following formula (2.4) this uncertainty propagates to the

determined force in the following fashion

δFstat =
∂F

∂x
· δx = 3.133 · δx. (3.38)

For the method following the dynamic model of a damped harmonic oscillator described

above, the uncertainty δFdyn corresponding to a 95% confidence interval can be obtained

directly from the fit itself.

Both methods have the following average uncertainties δF and average deviation ∆F of

mean values in force determination:

� δFstat = 3.785µN

� δFdyn = 0.671µN

� ∆F = 1.347µN
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This means that the static model overestimates the generated thrust in average by 1.347µN

and that the uncertainty of thrust determination can be reduced using the dynamic model.

This can also be seen in figure (3.11), where the comparison between determined thrusts

for 89 firings of a thruster is depicted.
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Figure 3.11: This figure shows a comparison of thrusts determined using the conven-
tional static model (blue, refer to formula (2.4)) and the developed dynamic
model (red).
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3.3 Supply power measurements

As already mentioned in chapter (2.3) the supplied voltage and current to the thruster

head during a thruster firing has been monitored. The supply power measurement has

been conducted using the current probe and the differential probe as depicted in figure

(2.4). An example of such a measurement is depicted in figure (3.12) and will be described

as follows.

At the beginning of the voltage signal at t ≈ −0.2 ms the voltage Vthr between cathode

and anode of the thruster is ≈ 60 V. This is the input voltage to the PPU supplied by

the HP 6827A DC Power Supply. The negative voltage measured between t = −0.08 ms

and t = 0 ms resembles the 80µs PWM signal supplied by the Picotest G5100A waveform

generator during which the MOSFET gate is triggered, the circuit through the MOSFET

is closed and the transformer core stores energy. At t = 0 ms the MOSFET opens the
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Figure 3.12: This figure shows a measurement of the plasma voltage (red) and current
(green) during a thruster firing. The blue bars resemble the ignition and
break off of the plasma arc.
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circuit again, the plasma is ignited and a current is flowing from the anode to the cathode

of the thruster head. When the voltage stabilizes again at ≈ 4.8 ms the plasma breaks off

and also the current disappears.

The energy supplied to the plasma during one firing is calculated using the following

formula:

Epulse =

T∫
t=0ms

u(t) · i(t)dt = δt ·
jend∑
j0

(u(tj) · i(tj)) (3.39)

In the equation above u(t) and i(t) describe the voltage and current signal respectively.

T describes the duration of the pulse. However, since the data is discrete, a transition to

a sum has to be done, where j0 and jend resemble the start and end index of the signals

respectively. δt describes the time discretization of the measurement.

The starting point for formula (3.39) can be defined at t = 0 ms, because the plasma

ignites at the time, when the trigger signal ends. The definition of the break off of the
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Figure 3.13: This figure shows a zoom into figure (3.12) at the time of the break off of
the plasma arc. The plasma voltage (red) and current (green) is depicted
as well as the blue bar which resemble the break off of the plasma arc.
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plasma arc has to be at the time when the current disappears. Unfortunately the noise of

the current measurement is ≈ 1 A and therefore the signal fluctuates a lot and cannot be

used to determine the break off of the plasma arc, as can be seen in figure (3.13). However

the voltage measurement rests at a value of Vthr ≈ 33 V and oscillates beforehand. The

last value of Vthr ≥ 50 V was defined as break off of the plasma arc.

The results of the supply power measurements and their respective thrust measurements

will be described in the following chapter.
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3.4 Evaluation of power and thrust

In the previous chapters the principles for the analysis of thrust and power supply mea-

surements have been established. It is now possible to take a closer look on the effects of

different materials used as cathode material. As cathode material and therefore propel-

lant the following materials have been tested with the previously described measurement

method:

� Indium

� Titan

3.4.1 Indium thruster head

The thruster head used for the measurements depicted in figure (3.15) contains indium as

cathode material and aluminum as anode material. It should be noted that this thruster

head (refer to figure (3.14)) has hardly been used for measurements previous to these

measurements. Therefore it was possible to conduct 64 different measurements of thrust

and input power.

The measurements depicted in figure (3.15) have been conducted using two different PPU

input voltages. The data points depicted in green correspond to an input voltage of 55 V,

Figure 3.14: This figure shows a picture of a thruster head using indium as cathode
material taken before the measurements.
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while the measurements depicted in blue correspond to an input voltage of 60 V. It is

clearly visible that a lower input voltage leads to a lower energy for the plasma arc and

thus to a lower generated thrust. The linear regression depicted in red used all the data

points and follows the formula

Thrust[µN ] = (9.72± 1.50) · Energy[J ]− (2.70± 2.76). (3.40)

Assuming a firing frequency of 1 Hz this corresponds to a thrust to power ratio of 9.72±

1.50 µN/W. According to Polk et al. [13, Table II] the thrust to power ratio of indium should

be 18.69 µN/W. One the one hand this could result from the low melting temperature of

156.69 °C19 of indium which leads to the creation of microdroplets20 and decreases the
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Figure 3.15: This figure shows 64 corresponding measurements of thrust and input en-
ergy using indium as cathode material as well as a linear fit (red). Mea-
surements with a PPU input voltage of 55 V(60 V) are shown in green
(blue).

19refer to any source for the physical properties of elements, e.g. [46, Indium]
20refer to chapter (2.1.1)
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thrust efficiency, on the other hand Polk et al. [13, p. 2175] also mentions that the value

in literature might be “[...] artificially high because of the unrealistically high value of

ion mass fraction [...]” which is used for the calculation of this value. Additional energy

of ≈ 0.28 J is necessary to facilitate the high electric field breakdown which initiates the

plasma.

The observations during the measurements showed, that the thruster works very reliable

with an input voltage of 60 V. For the experiments using 55 V input voltage not every

MOSFET trigger signal lead to a noticeable power or thrust signal.

Subsequent experiments using bursts of firings instead of single firings ended the function-

ality of this thruster due to liquefaction of the indium cathode. This results from the high

temperature due to the high current and the missing convection in vacuum to cool down

the thruster. This fact puts a restriction on the firing frequency of the thruster which has

to be investigated in future experiments.
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3.4.2 Titan thruster head

The measurements depicted in figure (3.17) have been conducted using a thruster with

titan as cathode material. Unfortunately it was only possible to fire the thruster for nine

times before other components of the setup prohibited further experiments for the time

being. This thruster head was already extensively experimented with before the presented

measurements. The input voltage of the PPU was chosen as 50 V. The low energy per

firing - when compared to the indium thruster head - results from this fact. Although nine

data points restrict the statistical significance a linear regression has been performed and

it follows the formula

Thrust[µN ] = (13.48± 17.76) · Energy[J ]− (7.29± 27.07). (3.41)

The huge uncertainty resembles the low statistical significance. With future measurements

these values are expected to lie in a narrower band. So far the thrust to power ratio

can be determined as 13.48 ± 17.76 µN/W. This value corresponds very well with Polk et

al. [13, Table II] who mentions a calculated value of 12.77 µN/W. Due to the higher melting

temperature of 1668 °C21 the creation of microdroplets should be negligible for the cathode

material titan.

Figure 3.16: This figure shows a picture of a thruster head using titan as cathode ma-
terial taken at the end of its lifetime.

21refer to any source for the physical properties of elements, e.g. [46, Titan]
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Observations during experimentation showed that this thruster does not work very reliably

with an input voltage of 50 V. Therefore it is advised to either increase the input voltage

or narrow down the thickness of the insulator in order to lower the electric field breakdown

voltage. However the low reliability could also result from aging effects of the electrodes

or the insulator material.
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Figure 3.17: This figure shows 9 corresponding measurements of thrust and input energy
using titan as cathode material as well as a linear fit (red).
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3.5 Ion current measurement

The ion current measurement has been conducted using a shunt resistor of 82 Ω as de-

scribed in figure (2.3). An example of such a measurement is depicted in figure (3.18). As

can be seen in this measurement several high current spikes in unexpected high current

regions made it impossible to use this measurements in order to recreate a cosine profile

as described in chapter (2.3.1). The current was expected to be in the order of some tens

of mA. Thus it is not possible to determine the plume direction.

At the time of experimentation it was not clear where these current spikes result from and

ejected macro particles from the cathode were assumed to create these spikes. However

after extensive diagnostics with the experimental setup, it was found that arcing between

the hemispherical measurement device described in (2.3.1) and the actual copper diodes

created these spikes.
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Figure 3.18: This figure shows a measurement of the ion current on a probe during a
thruster firing. The probe was therefore integrated in the hemispherical
ion current measurement device described in chapter (2.3.1).



3.5. Ion current measurement 57

As a consequence the insulation between diodes and hemisphere has to be enhanced before

further measurements can be conducted.
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4 Conclusion and Future Work

F
or the purpose of integration of the VATs and the corresponding PPU several

problems have been identified during this thesis work.

During the implementation of the software on the microcontroller and the reverse engi-

neering of the PPU multiple flaws in the PPU design have been fixed. Among others,

supporting components in the housekeeping circuits, like the delay supervisory circuitry

and the hotswap circuits had to be modified. The corresponding components and new

connections are defined in chapter (3.1.8). Additionally it has been experimented with

additional capacitors as low pass element in order to mitigate the voltage ripple created

during the firing process of the thruster head. Despite all the changes the EMI created

during creation of the plasma arc still resets the on-board microcontroller as well as micro-

controllers on other subsystems. Therefore a very thorough re-conception of the circuits

and the printed circuit board design, including EMI filters has to make sure that the cre-

ated voltage ripple can not propagate to the digital components in the satellite in a future

iteration of the PPU. Because of the spatial limitation on a CubeSat, it is not possible to

integrate an additional power source for the thruster circuit, which could theoretically be

another solution in case of a propagating voltage ripple.

The comparison of visual observations of the thruster heads fired with the two different

PPUs made the impression that the two stage power conversion using the SEPIC and the

transformer does not transfer as much energy as the analog PPU used at the UniBW. For

this reason a different approach for the first DC power conversion is advisable.

The static model of the manufacturer of the thrust balance has been extended to a dynamic

model to make it applicable for pulsed thrusters. The dynamic model has shown that the
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static model of the manufacturer overestimates the thrust in average by 1.347µN. Apply-

ing this dynamic model reduced the uncertainty of thrust determination from 3.785µN

to 0.671µN. Thrust and corresponding supply power measurements have shown that a

rough linear correlation between input energy and created thrust exists at this low thrust

regime. Therefore it is theoretically possible to integrate a diagnostic means on-board the

PPU for the purpose of counting back on the created thrust in space. For the thruster

head using indium as cathode material a thrust to power ratio of 9.72 ± 1.50 µN/W could

be determined. The thruster head using titan as cathode material has a thrust to power

ratio of 13.48 ± 17.76 µN/W. However, these measurements should be repeated especially

for titan in order to produce a result with higher statistical significance.

Unfortunately also the operation of the thrusters has shown some problems that have to

be solved prior to the mission. The redeposition of cathode material in order to maintain

the conducting path on the surface of the insulator has only partly worked, which was

indicated by an increasing resistance with ongoing operation. Therefore the graphite

layer had to be renewed after some tens of firings. However future experiments using

indium as anode material shall enable a redeposition of anode material on the insulator

surface. A melting of the cathode material has to be restricted to the cathode spot of the

corresponding firing process and must not extend to a larger area, otherwise the thruster

head could fail entirely. This process could be observed during experimentation of the

indium cathode with higher frequencies. Therefore for each cathode material a maximum

firing frequency has to be defined in order to ensure rigidity. After this experimentation, it

has to be checked which cathode material can fulfill the previously mentioned requirements

and additionally deliver a suitable thrust to power ratio.

The ion current measurement unfortunately stays without result for the plasma beam

divergence or the direction of the thrust vector. Arcing between the experimental setup

structure and the used probes created false current signals that made the modeling of a

cosine profile of the ion current beam impossible. However, the arcing can be mitigated

either with a better insulation between structure and probes or with a replacement of

the hemispherical structural by an insulating material like ceramic itself. Afterwards the
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ion current measurement can be repeated and the directivity of the thrust vector can be

determined.
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A Appendix

Figure A.1: This figure shows a photography of the PPU used during the field campaign
at the UniBW.
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The initial PPU was 

designed for bus voltages of 

12 to 24 V. Due to the 

limited solar electric power 

supply of UWE-4 only 3.8 – 

4.3 V are available. 

Therefore additional 

electronic stages have been 

implemented: At first the 

bus voltage is converted to 

12 V which is necessary for 

the operation of several 

electronic parts used in the 

PPU. In a second step the 12 

VDC will be transformed to 

25V as an input voltage for 

the PPU described above.  

Since there are four thruster heads four transformers are necessary. The PPU is operated by a micro controller which 

is programmed with the mission specific parameters from JMUWs mission analysis. The input commands are 

transferred by the UWE-4 interface. Currently the PPU has been assembled and is now in the integration phase (Fig. 

9). Several teething problems occurred which are now under progress. 

 

V. Conclusion 

We are currently developing an electric micro propulsion system for the UWE-4 pico satellite of Würzburg 

University. Several design challenges have to be solved within a tight schedule since the satellite is supposed to  be 

launched in 2014. The propulsion system chosen for this task is the Vacuum Arc Thruster which has shown its 

abilities in previous research programs. NASA measurements indicated a highly reliable, durable propulsion system 

with thrust to power ratios up to 10 µN/W at different power levels. Since previous VAT systems were designed for 

higher bus voltages and under less restrictive space and mass limitations several modifications and further 

developments are necessary. By choosing different materials a large range of Isp, erosion rates and thrust is 

 

Figure 8. PSpice model of the improved PPU concept for UWE-4. 

 

Figure 9. The UWE-4 PPU. Frontplane with the four transformers on the left, backplane on the right. Figure A.2: This figure shows a photography of the first proposed PPU design by the
UniBW [12]. The frontplane with the four transformers is depicted on the
left, the backplane is shown on the right.

Figure A.3: This figure shows a photography of the experimental setup in the vacuum
chamber at the UniBW. The thrust balance as well as the hemispherical
diode array setup are depicted.







Figure A.4: This schematic shows the complete circuit diagram of the PPU.
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Figure A.5: This schematic shows the connector between PPU and satellite bus.


