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Abstract

This thesis is a cumulative dissertation. The research work focusses on in-
vestigations of the electromagnetic compatibility (EMC) of orbital propulsion
systems for satellites. The basis of this work is the advancing commercial use
of electric propulsion (EP) systems. A radio-frequency ion thruster (RIT) is
available for this purpose as a representative for electrostatic thrusters. Publica-
tions in subject-specific journals document the work carried out and show the
knowledge gained. This involves the generation and expansion of simulation
models for the thruster, its ion beam and peripheral components. Furthermore,
the construction and commissioning of a semi-anechoic chamber (SAC) with
a vacuum tank is described. This paper serves to classify and summarize the
published contributions, which have created a comprehensive understanding
of the subject areas and in turn made new work possible. The influences on
the EMC of a thruster caused by a radio-frequency generator and an ion beam
can be predicted by simulations and will be combined in further steps to ob-
tain a comprehensive model. The optimized semi-anechoic chamber eliminates
the weaknesses of existing, comparable test facilities and enables meaningful

analyses.
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Kurzzusammenfassung

Bei dieser Arbeit handelt es sich um eine kumulative Dissertation. Die For-
schungsarbeit beschiftigt sich mit Untersuchungen der elektromagnetischen
Vertraglichkeit (EMV) an Orbitalantrieben fiir Satelliten. Grundlage dieser Ar-
beit ist die voranschreitende kommerzielle Nutzung von elektrischen Raum-
fahrtantrieben. Hierfiir steht ein Radiofrequenz-lonentriebwerk (RIT) als Stell-
vertreter der elektrostatischen Triebwerke zur Verfiigung. Veroffentlichungen
in themenspezifischen Journalen dokumentieren die durchgefiihrten Arbeiten
und zeigen die gewonnenen Erkenntnisse. Dabei handelt es sich um die Gene-
rierung und Erweiterung von Simulationsmodellen fiir das Triebwerk, inklusive
Ionenstrahl, wie auch dessen Peripheriekomponenten. Weiterhin sind der Auf-
bau und die Inbetriebnahme einer halb-reflexionsfreien Absorberkammer mit
Vakuumtank beschrieben. Diese Ausarbeitung dient der Einordnung und Zu-
sammenfassung der veroffentlichten Beitrdge, durch welche ein umfassendes
Wissen innerhalb der Themenfelder entstanden ist und somit wiederum neue
Arbeiten ermoglicht werden. Die Einfliisse auf die EMV eines Triebwerks, durch
einen Radiofrequenz-Generator sowie einen Ionenstrahl, sind durch Simula-

tionen nun vorhersagbar und werden in weiteren Schritten zusammengefiihrt,



um ein umfassendes Modell zu erhalten. Die optimierte halb-reflexionsfreie
Absorberkammer eliminiert die Schwachen bestehender, vergleichbarer Testein-

richtungen und ermoglicht aussagekraftige Analysen.
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1 Einleitung

Diese Arbeit beschiftigt sich mit EMV-Untersuchungen fiir die Qualifizierung
von elektrischen Orbitalantrieben fiir Satelliten. Heutzutage sind elektrische
Triebwerke wichtige Antriebssysteme im Weltraum. Die zunehmende Kommer-
zialisierung hat einen grofien Einfluss auf die Raumfahrt und insbesondere auf
elektrische Antriebe. Wesentliche Motive fiir die aufkommende Raumfahrt sind
wissenschaftliche, politische, militarische und wirtschaftliche Ziele. Die noch
bestehenden Herausforderungen fithren zu umfangreichen Forschungen in
den Bereichen Energieeffizienz, elektromagnetische Vertraglichkeit, alternative

Treibstoffe, Skalierbarkeit und weiteren Gebieten [Holz2o].

Diese kumulative Dissertation beschéftigt sich mit der elektromagnetischen
Vertraglichkeit im Anwendungsgebiet der Raumfahrt, speziell der elektrischen
Triebwerke sowie deren peripheren Komponenten. Ziel dieser Forschungsar-
beit ist die Bearbeitung und Forcierung einzelner Schwerpunktthemen wie
Simulationsmodellen sowie der Aufbau einer Testeinrichtung. Dazu werden
vereinzelt vorangegangene Arbeiten aufgegriffen und weiterentwickelt. Baruth

[Bat17] erstellte und analysierte ein Simulationsmodell des RIM-4 (Abwandlung



1 Einleitung

eines RIT-4 zur Materialbearbeitung). Hierauf gilt es nun aufzubauen und dem
Modell weitere Komponenten eines elektrischen Antriebssystems hinzuzufii-
gen. Zudem ist die Errichtung und Inbetriebnahme einer EMV-Testeinrichtung
vorgesehen. Dadurch ist es moglich, ein Triebwerk unter realen Betriebsbedin-
gungen zu verwenden und aus EMV-Sicht zu vermessen. Diverse Aufbauten,
Konfigurationen und Parameter des Triebwerkssystems werden analysiert und
gegeniibergestellt. Die Gliederung dieser Arbeit ist daher wie folgt: Kapitel 1.1
zeigt zu Beginn die Motivation auf, woraufhin der Stand der Wissenschaft (Kap.
1.2) folgt. Weiterhin sind die wissenschaftliche Fragestellung dieser Promotion
und die daran ankniipfende Zielsetzung in Kap. 1.3 gegeben. Anschliefsend
wird ein Uberblick iiber die wichtigsten Grundlagen dieser Arbeit (Kap. 2)
aufgezeigt. Die verdffentlichten Beitrdge zu dieser Arbeit werden in Kap. 3
vorgestellt und in die Gesamtthematik eingeordnet. Abschliefsend fiihrt Kap. 4

eine Diskussion iiber die Forschungsarbeit.

1.1 Motivation

Aufgrund des zunehmenden Einsatzes von elektrischen Triebwerken sowie der
hohen Dichte an elektronischen Systemen auf einem Satelliten, die von der
Kommunikationselektronik bis zur Elektronik des Antriebssystems reichen,
gewinnen Aspekte der EMV zunehmend an Bedeutung. Neben den etablierten
Systemen, die ihre Vertrédglichkeit durch erfolgreichen Einsatz sicher bewiesen

haben, betreffen EMV-Aspekte die neuartigen EP-Konzepte. Etablierte Syste-



1.1 Motivation

me haben einen abgeschlossenen Entwicklungsstand und bereits erfolgreiche

Weltraumeinsiatze absolviert.

source

sensprs,
communication
device i

yoiosatellite lpe
% i electronic

Outside view Inside view .

Abbildung 1.1: Interaktionen zwischen Triebwerkssystem, inklusive Versorgungselektronik,
(,RIT system”) und Satellitenelektronik (,,satellite electronic”), (Abb. 17a in
[Holzo]).

Wie Abb. 1.1 zeigt, existieren diverse Kopplungsmechanismen zwischen den
Systemen auf einem Satelliten. Diese Storungen gilt es zu identifizieren und auf

ein betriebssicheres Niveau zu limitieren:

A: Abgestrahlte Emissionen des Ionenstrahls

B: Beeinflussung von Kommunikationssignalen durch den Ionenstrahl

C: Elektromagnetische Felder und Emissionsstrahlung des Triebwerks

D: Leitungsgebundene Storungen zwischen den Satellitensystemen

E: EMV-Interaktionen innerhalb des Triebwerkssystems: gegenseitige Be-

einflussung der Komponenten
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EM-Stoérung
—> —>
Send(> Ubertragungsleitung Empfinger
Gleichtakt Gegentakt

Abbildung 1.2: Gleichtakt- und Gegentaktstorung in einem Schaltkreis, hervorgerufen durch

eine externe elektromagnetische Storung.

Beispielsweise konnen HE-Leitungsstrome fehlerhafte Sensormessungen verur-
sachen, da deren elektromagnetische Felder iiber Kopplungspfade fiir leitungs-
gebundene Storpotentiale und Abstrahlungen sorgen. Grundlage davon sind
zwei mogliche Ausbreitungsmoden, der Gleichtakt- und Gegentaktbetrieb, siehe
zur Verdeutlichung Abb. 1.2. Der Gegentaktmode (engl. Differential Mode, DM)
zeichnet sich durch einen betraglich gleich grofien Strom mit entgegengesetztem
Vorzeichen aus. Beim Gleichtaktmode (engl. Common Mode, CM) hingegen
haben die Strome die gleichen Betrdge und Vorzeichen. Die verursachten Nah-
felder der gegensinnigen DM-Strome kompensieren sich, die der CM-Strome
superponieren. Bei gleicher HF-Stromstérke sind die Felder des Gleichtaktmode
demnach deutlich stérker als die des Gegentaktmode und haben aus EMV-Sicht

eine grofiere Bedeutung.



1.2 Stand der Wissenschaft

Alle Systemkomponenten eines EP-Systems sowie sdmtliche Betriebsarten kon-
nen in einer umfassenden EMV-Analyse berticksichtigt werden. Um rasche
und damit kostengiinstige Entwicklungszyklen zu ermoglichen, ist es erstre-
benswert, bereits in den frithen Entwicklungsstadien elektrischer Komponenten
tiir EP-Systeme auf EMV-Untersuchungen zuriickzugreifen. Der Aufwand und
damit die Kosten, EMV-sichernde Mafinahmen durchzufiihren, steigen mit dem
Fortschritt im Entwicklungszyklus. EMV-Fragen, die die elektromagnetische
Wechselwirkung zwischen den Komponenten von Satellitensystemen betreffen,
sind fiir alle Missionen von grofier Bedeutung. Um eine einwandfreie und
zuverladssige Funktion sowohl des Triebwerks als auch der Komponenten des
Satellitensystems sicherzustellen, ist es notwendig, die potenziellen elektro-
magnetischen Wechselwirkungen (Kopplungsmechanismen) zu identifizieren
und die Starke der HF-Storstrome sowie der emittierten elektromagnetischen
Felder zu begrenzen. Die Untersuchungen der Wechselwirkungen werden in
der Regel mit Hilfe von 3D-Simulationsmodellen durchgefiihrt. Die Elektronik-
baugruppen stellen etwa 60 % aller Baugruppen eines Triebwerkssystems dar,
was zeigt, wie wichtig es ist, diese vermeintlich peripheren Komponenten und
ihre Wechselwirkung mit dem Triebwerk und anderen Satellitenkomponenten

zu untersuchen [Holz2o].

1.2 Stand der Wissenschaft

Der Stand der Wissenschaft kniipft direkt an die Motivation an. Bisherige Verfah-

ren zur Sicherstellung der elektromagnetischen Vertraglichkeit priifen lediglich
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Abbildung 1.3: Schematische Skizze der halb-reflexionsfreien Testeinrichtung an der Justus-

Liebig-Universitdt Giefien, (Abb. 18c in [Holz20]).

Teilkomponenten, entweder durch Simulation oder messtechnische Untersu-
chungen. Dabei handelt es sich um einzelne Bereiche der komponenteninternen
Elektronik, wie beispielsweise eine Platine. Diese Analysen beziehen weder alle
Funktionen einer Komponente ein, noch betrachten sie die Baugruppe ganzheit-
lich. Weiterhin werden die Besonderheiten der Raumfahrt nicht berticksichtigt,
siehe dazu Kap. 2. Die EMV-Qualifizierung eines elektrischen Antriebssystems
inklusive der Energieversorgung und Regelung erfolgt oft erst im Rahmen
des abschliefSfenden Qualifikationsprogramms. Haufig werden dann Inkompa-
tibilitdten zwischen Anforderungen und tatsdchlichem Verhalten festgestellt.
In diesem Stadium ist dann lediglich eine Behebung der Problemstellungen

moglich, nicht jedoch die Erforschung und Beseitigung des Ursprungs.



1.2 Stand der Wissenschaft

Dem Autor sind keine Simulationsmodelle bekannt, welche speziell die Kompo-
nenten eines elektrischen Triebwerks abbilden und analysieren. Baruth [Bat17]
entwickelte und analysierte ein RIM-4 Simulationsmodell, das in dieser Ar-
beit verwendet wird. Die derzeit genutzten EMV-Analysen und Vorhersagen
wihrend der Entwicklung, noch vor der Produktion und des Betriebs, bieten
grofses Verbesserungspotenzial fiir die entwickelten Komponenten. Weiterhin
existieren lediglich wenige Einrichtungen weltweit, um die Triebwerkssysteme
ganzheitlich hinsichtlich EMV-Aspekten zu analysieren. Miiller, Kukies und
Bassner [Mueg2] fiihrten die ersten Vermessungen durch. Dabei befindet sich
das RIT in einem Vakuumzylinder aus Glas, Antennen erfassen das Emissionss-
pektrum in einem bestimmten Frequenzbereich von aufien. Die gleichzeitige
Erfassung von Umgebungsstorsignalen beeintrdchtigt die Messergebnisse und
kann sie verandern. Weiterhin sind aufgrund des Glaszylinders und der inne-
ren Ablagerungen durch den Extraktionsbetrieb die Messwerte nur bedingt
aussagekraftig und konnen leicht verfilscht werden. Eine Kombination aus
Absorberraum und Vakuumtank bietet die Moglichkeit, das Triebwerk wiahrend
des Betriebs ohne Hintergrundstérungen zu analysieren. Anlagen, die ein sol-
ches Prinzip umsetzen, werden in [Bar17; Beio3; Men16; Zhaz1] beschrieben.
Bei den Ausfithrungen der Einrichtungen handelt es sich um halb-reflexionsfreie
(engl. semi-anechoic) Anlagen. Hierbei ist die eigentliche Absorberkammer wei-
testgehend durch entsprechende Absorber gegen Reflexionen geschiitzt. Die
metallischen Wéande schiitzen vor Einkopplungen. Dieser Schutz trifft nicht
auf die Verbindung von Absorberkammer und Vakuumtank zu: Der Ubergang
sowie die Flanschoffnungen am Vakuumtank, fiir Messeinrichtungen und Pum-

pen, sind ein Einfallstor fiir externe elektromagnetische Stérungen und werden
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in dieser Arbeit thematisiert. Eine schematische Darstellung der Testeinrichtung
an der Justus-Liebig-Universitat Gieflen ist in Abb. 1.3 dargestellt und wird in

dieser Arbeit beschrieben.

1.3 Wissenschaftliche Fragestellung und Zielsetzung

Aufbauend auf dem Stand der Wissenschaft ldsst sich fiir die folgenden Themen

ein Forschungsbedarf ableiten:

¢ Simulationsmodelle, welche ganzheitlich eine Baugruppe bestehend aus
Triebwerk und versorgender Elektronik analysieren, existieren bislang
nicht. Selbst die einzelnen Komponenten der versorgenden Elektronik
sind bisher nicht simulationstechnisch untersucht. Aus diesem Grund ist
ein umfassendes Simulationsmodell des Radiofrequenz-Generators erstellt
und messtechnisch verifiziert worden. Die erste Veroffentlichung greift
die erstellte RFG-Simulation auf und befasst sich mit der messtechnischen
Verifikation des Modells [Rovz2z].

* Eine weitere Fragestellung betrifft die Wechselwirkung des Ionenstrahls
mit dem, ihn erzeugenden, Triebwerkssystem. Die zweite Veroffentlichung
erlautert das zugehorige Simulationsmodell und zeigt dabei das Vorgehen
und die adaptierbaren Parameter des Konstrukts, um den Ionenstrahl
abzubilden [Rovz23].

* Bei den erwdhnten Testeinrichtungen aus [Bar17; Beio3; Men16; Zhaz1]

handelt es sich um halb-reflexionsfreie Absorberkammern. Durch die bau-
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artbedingten Einschrankungen entstehen Nachteile und Unsicherheiten,
welche sich negativ auf die Triebwerks-Untersuchungen auswirken. Dies
beruht zum einen auf der fehlenden Schirmung an der Verbindungsstelle
von Absorberraum und Vakuumtank, wodurch externe elektromagneti-
sche Storungen eindringen kénnen. Des Weiteren gelangen Storsignale
durch Anbauteile des Vakuumtanks in das Messgebiet. Aus diesem Grund
ist am I. Physikalischen Institut der Justus-Liebig-Universitit in Giefsen
eine optimierte halb-reflexionsfreie Testeinrichtung entstanden, um die
bekannten Schwichen zu eliminieren. Die dritte Verdffentlichung bezieht
sich auf deren Konstruktion sowie die ersten Untersuchungen an elektri-

schen Triebwerken [Roy23].

Die Ergebnisse dieser Arbeit erweitern in vielerlei Hinsicht den Stand der
Wissenschaft und zeigen dabei neue Moglichkeiten der Analyse zu EMV-

Eigenschaften der gesamten Triebwerksbaugruppe auf.

* Das Verhalten von einzelnen entscheidenden Komponenten ist durch
Simulationen nun vorhersagbar.

¢ Die optimierte halb-reflexionsfreie Absorberkammer eliminiert die Schwa-
chen bestehender, vergleichbarer Testeinrichtungen und ermoglicht auf
Forschungs- sowie kommerzieller Ebene aussagekraftige Analysen.

* Die Vorteile einer Kombination von Simulation und Messung sind nutzbar.

Speziell bei Messverfahren mit diversen Aufbauten und Messkomponenten fiir
bestimmte Bereiche (elektrische Grofien, Frequenzspektren), ist es oft sinnvoll

ein Simulationsmodell zu nutzen, sofern das Vorgehen experimentell validiert



1 Einleitung

ist. In Langzeitmessungen oder bei der Untersuchung von Alterungsprozessen
mit anschlieBender Uberpriifung des Systemverhaltens kann eine Simulation
oft zu schnelleren Ergebnissen fiihren. Messungen hingegen konnen effizienter
sein, wenn Erwartungswerte bekannt sind und der Aufwand gering ist. Das
trifft auch zu, wenn es um unbekannte Systeme geht, fiir die noch kein Simula-
tionsmodell existiert. Die (Teil-)Ergebnisse von Simulation oder Messung sind
ebenfalls niitzlich, um sie bei der jeweils anderen Methode einzusetzen. Bei-
spielsweise ldsst sich das gemessene Emissionsspektrum einer Komponente als
Storquelle im Simulationsprogramm verwenden, um weiterfithrende Simulatio-
nen oder gegenseitige Beeinflussungen zu priifen. Im Falle eines unbekannten
Systemverhaltens ist es moglich, erste Ergebnisse durch eine Simulation zu
erhalten, ehe die Messung durchgefiihrt wird. Durch eine physikalische Plausi-
bilitatspriifung und die Simulation wird bekannt, welche Grofien zu erwarten

sind und welches Messequipment notig ist.

10



2 Uberblick der Themengebiete

Um Satelliten und weitere Raumfahrzeuge translatorisch zu bewegen, wer-
den Triebwerke benétigt. Die Fortbewegung basiert auf dem physikalischen
Prinzip der Impulserhaltung, bei der der Treibstoff entgegen der Bewegungs-
richtung ausgestofien wird. Die zeitliche Anderung eines Impulses entspricht

der wirkenden Kraft nach Gleichung (2.1):

_dp
F = a (2.1)

Mit dem Impuls p aus Gleichung (2.2)

p=m-v, (2.2)
folgt
_dp  dm do
e T ar (23)

11



2 Uberblick der Themengebiete

Unter der Annahme einer konstanten Geschwindigkeit v ergibt sich die Schub-

kraft Fr durch Gleichung (2.4):

dm ,
FT:E'vex:m'Uex (2.4)

Die Schubkraft wird demnach grofier, wenn mehr Treibstoffmasse m pro Zeit ¢
und mit einer hoheren Geschwindigkeit vex ausgestofsen wird. Die Raketenglei-
chung von Konstantin Ziolkowski ldsst sich durch den Impulserhaltungssatz
sowie weiterer Annahmen, wie einer konstanten Austrittsgeschwindigkeit, her-

leiten (Gleichung (2.5)) [Cha11]:

mo

AV = Vey - In (—) (2.5)

Nle

Wiahrend des Schubbetriebs dndert sich die Masse des Raumfahrzeugs von
mp beim Ziinden zu m. beim Brennschluss der Triebwerke. Gleichung (2.5)
beschreibt, dass die Geschwindigkeitsinderung des Raumfahrzeugs direkt von
der Austrittsgeschwindigkeit des Treibstoffs abhdngt. Bei chemischen Triebwer-
ken wird die Masse erhitzt, in Warmeenergie gewandelt und {iiber eine Diise
ausgestofsen. Durch die Energie der chemischen Bindungen ist die Austrittsge-
schwindigkeit der Masse limitiert. Bei elektrischen Triebwerken wiederum ist
die Extraktion in erster Naherung lediglich durch die zur Verfligung stehende

elektrische Energie eingeschrankt [Chax11].

Im Falle der elektrischen Triebwerke gibt es drei physikalische Prinzipien zur

Schuberzeugung [Holzo]:

12



e Elektrothermische Triebwerke erhitzen den Treibstoff elektrisch. Schub

wird durch thermodynamische Ausdehnung des Gases erzeugt.

* Elektrostatische Triebwerke beschleunigen die geladenen Ionen durch ein
elektrostatisches Feld, um einen Schub zu generieren. Die zuriickbleiben-
den Elektronen werden gesondert iiber Neutralisatoren aus dem Triebwerk
geleitet. Das RIT ist ein Vertreter dieser Triebwerksgattung.

* Elektromagnetische Triebwerke nutzen eine elektromagnetische Beschleu-

nigung (Lorentzkraft), um alle Teilchen des Plasmas gemeinsam zu extra-

hieren. Ausschlieflich die Ionen tragen zur Schuberzeugung bei.

Wie alle elektrischen Triebwerke verwendet auch das Radiofrequenz-lonen-
triebwerk elektrische Energie aus Sonnenkollektoren fiir seinen Betrieb. Die
verfligbare Leistung ist jedoch aufgrund technologischer Einschrankungen wie
Energiespeicherung oder der Effizienz der Leistungselektronik begrenzt. Auf-
grund dieser Faktoren ist die Austrittsgeschwindigkeit der Ionen ebenfalls
limitiert. Derzeit erreichen die ausgestofSenen Ionen eine Geschwindigkeit von
30km/s bis 50km/s. Das ist etwa zehnmal hoher als die Ausstofigeschwin-
digkeit von chemischen Triebwerken. Daher haben elektrische Triebwerke eine
hohere Masseneffizienz - ein besseres Verhiltnis von Schubkraft pro Treib-
stoffteilchen [Holz2o]. Diesen positiven Eigenschaften stehen zwei Nachteile
gegentiber: Erstens arbeiten lonentriebwerke ausschliefllich im Hochvakuum
und nicht unter Atmosphérendruck, sodass ein Start von einem Planeten aus
nicht moglich ist. Zweitens ist die Schubkraft dieser Triebwerke sehr gering
und liegt aufgrund der begrenzten elektrischen Leistung im Bereich von Mi-

kronewton bis etwa einem halben Newton. Daher entfalten sie ihre Vorteile im

13



2 Uberblick der Themengebiete

Weltraum unter geringer Schwerkraft. Ein Beispiel hierfiir ist das sogenann-
te ,station-keeping”-Manover, bei dem die Triebwerke Gravitationswirkungen

ausgleichen und das Raumfahrzeug auf seiner Umlaufbahn stabilisieren.

Radiofrequenz-Generator

Der Radiofrequenz-Generator versorgt die Triebwerksspule mit Energie, steu-
ert den Arbeitspunkt des Triebwerks und ist wesentlicher Bestandteil einer
RIT-Baugruppe. Er liefert einen hochfrequenten, sinusférmigen Strom zur in-
duktiven Einkopplung von elektrischer Energie in das Plasma. Der Frequenzbe-
reich hdngt unter anderem von der Geometrie des Ionisationsgefdfses und der
Spule ab. Weitere Faktoren sind die Gasart, der Arbeitspunkt, der Strahlstrom
sowie die Geometrie der Extraktionsgitter. Ebenso spielen die inneren Plas-
maparameter eine Rolle. Typischerweise liegt die Betriebsfrequenz im hohen
kHz- bis einstelligen MHz-Bereich. Der erzeugte Ausgangsstrom hangt von der
DC-Versorgungsspannung des RFG ab. Das Hauptziel des RFG ist es, einen ma-
ximalen Wirkungsgrad bei der Energieeinkopplung in das Plasma zu erzielen.
Um diese Anforderungen zu erfiillen, ist ein hocheffizienter, leistungsstarker
RFG entscheidend. Der Aufbau ldsst sich in Schaltungstopologien, wie Halb-
und Vollbriicke, sowie digitale oder analoge Regelungen klassifizieren. Ein
Schwingkreis resultiert aus dem Betrieb des RFG an einer Last, ausgefiihrt als

Serien- oder Parallelschwingkreis [Jun1g].

14



Elektromagnetische Vertraglichkeit

Elektromagnetische Vertraglichkeit ist ,die Fahigkeit eines Geréts oder Systems,
in seiner elektromagnetischen Umgebung zufriedenstellend zu funktionieren,
ohne dabei unzuldssige elektromagnetische Stérungen zu verursachen” [Int18].
Bei Raumfahrzeugen wird die Situation durch die Anforderungen an ein ge-
ringes Gewicht, eine hohe Zuverldssigkeit, Weltraum-umgebung und niedrige
Kosten zusitzlich erschwert. Aus diesem Grund sind die tiblicherweise verwen-
deten Ferritabsorber oder eine zusitzliche Abschirmung nicht notwendigerwei-
se zielfithrend. Daher konzentrieren sich die Entwurfsmethoden, wihrend der
Entwicklung, auf das Kabellayout, Gerdtedesign und die Anordnung innerhalb

der Baugruppe.

Raumfahrzeuge sind typischerweise verschiedenen Umgebungsbedingungen
ausgesetzt. Sie interagieren mit ihrer elektromagnetischen Umgebung oder
benachbarten Flugkorpern. Beispielsweise sei die Immunitét gegeniiber elektro-
magnetischer Strahlung von Radarsystemen und Steuergeradten der Tragerrakete
in der Startphase zu nennen. Weiterhin ist die gegenseitige elektromagnetische
Beeinflussung von benachbarten Raumfahrzeugen im Orbitalbetrieb zu bertick-

sichtigen [Zhaz1; Per19].

Systeme im Inneren von Raumfahrzeugen im Allgemeinen und elektrische
Schaltkreise im Besonderen beeinflussen sich gegenseitig. Elektromagnetische
Interferenz ist ein wichtiges Thema und wird definiert als eine Beeintrachtigung
der Funktionsfahigkeit von Geraten, Ubertragungskanilen oder eines Systems
aufgrund einer elektromagnetischen Stérung. Es gibt mehrere Kopplungspfade

zwischen Verursacher- und Opferschaltkreis [Monoo]:

15



2 Uberblick der Themengebiete

Impedanzkopplung kapazitive Kopplung induktive Kopplung
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Abbildung 2.1: Leitungs- und feldgebundene (Nahfeld) Kopplungswege der elektromagneti-
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schen Interferenz; Is bzw. U stellen die Storgrofien dar.

¢ Impedanzkopplung tritt auf, wenn zwei oder mehr Stromkreise eine ge-

meinsame Impedanz haben, beispielsweise den gleichen Stromriickweg.
Die Strome verursachen an der gemeinsamen Impedanz einen Spannungs-
abfall, der in den gekoppelten Stromkreisen Storungen verursacht. Dieses
Phianomen wird den leitungsgebundenen Emissionen zugerechnet.

Die kapazitive Kopplung erfolgt durch das elektrische Feld E. Potential-
unterschiede zwischen zwei oder mehreren Stromkreisen bewirken eine
Energietibertragung tiber parasitdare Kapazititen. Dieses Phanomen wird
dem Nahfeld zugeordnet. Die Storgrofle ist die sich zeitlich d&ndernde
Spannung dus/dt.

Induktive Kopplung entsteht durch das magnetische Feld H. Zwei oder
mehrere benachbarte Stromkreise storen sich gegenseitig durch elektroma-

gnetische Induktion. Die Energieiibertragung findet tiber Koppelinduk-



tivitdten statt. Diese Erscheinung ist ebenfalls dem Nahfeld zuzuordnen.
Die Storgrofle ist der sich zeitlich &ndernde Strom dis/d¢t.

e Abstrahlung von elektromagnetischen Wellen. Die E- und H-Felder sind
nicht trennbar, beide Felder sind gekoppelt und bilden elektromagnetische
Wellen, welche beispielsweise durch Schwingkreise im Resonanzfall oder
durch elektrisch lange Leitungen entstehen. Diese Erscheinung wird dem

Fernfeld zugeordnet.

Eine schematische Darstellung der Kopplungspfade findet sich in Abb. 2.1.
Befindet sich der Empfanger in der Ndhe der Stérquelle, werden das elektrische
und das magnetische Feld getrennt betrachtet. Dieses Raumgebiet wird als Nah-
feld bezeichnet. Wenn der Abstand zwischen Empfanger und Quelle grof ist,
liegen Fernfeldbedingungen vor und die elektrischen und magnetischen Felder
kombinieren zu elektromagnetischen Wellen [Ott11]. Faktoren wie die Quelle
selbst, die umgebenden Medien und der Abstand zum Messpunkt priagen das
Feld. In geringer Entfernung wird das Feld durch die Quelleneigenschaften
charakterisiert. In grofier Distanz von der Quelle hdngen die Merkmale des
Feldes vor allem von dem Medium ab, in dem sich das Feld ausbreitet. Der

Raum um die Storquelle ldsst sich daher in drei Bereiche unterteilen:

¢ Das Nahfeld befindet sich in der Ndhe der Quelle. Der Bereich ist durch
Gleichung (2.6) definiert:

==

2
Dabei ist

17



2 Uberblick der Themengebiete

A= ;—0 (2.7)

Die Wellenldnge A und damit die Frequenz f bestimmen den spezifi-
schen Bereich und den maximalen Abstand r zur Storquelle, wobei k die
Wellenzahl und cy die Lichtgeschwindigkeit ist.

 Der Ubergangsbereich ist definiert als

A

~ —. .8
7 (2.8)

r

¢ Das Fernfeld befindet sich weit entfernt von der Quelle. Die Reichweite

wird durch Gleichung (2.9) definiert:

r>>i (2.9)
27 9

Die Literatur definiert den quantitativen Abstand, bei dem das Nahfeld in das
Fernfeld tibergeht, unterschiedlich. Ubliche Werte besagen, dass bis etwa 2A
das Nahfeld und ab etwa 5A das Fernfeld existiert.

Der Wellenwiderstand, auch Wellenimpedanz genannt, ist das Verhéltnis zwi-
schen dem elektrischen und magnetischen Feld. Fiir das Fernfeld betrdgt dieses
konstante Verhiltnis, das mit Zy bezeichnet wird, ungefahr 377 ) fiir Luft und

den freien Raum:

M _1ora~3770 (2.10)

E
Z = — =
0 H €0
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Dabei ist po die magnetische Feldkonstante; sie betragt 47 - 1077 Vs/Am. €
ist die Dielektrizititskonstante und nimmt den Wert 8,854 - 10712 As/Vm an.
Im Nahfeld wird die Wellenimpedanz um weitere Faktoren ergénzt, um auch
dort ihre Giiltigkeit beizubehalten. Die Parameter hdangen von der Quelle selbst
und ihrer Entfernung zu dem Bezugspunkt ab. Im Falle eines dominanten
elektrischen Feldes (hohe Spannung, geringer Strom) wird die Wellenimpedanz

nach Gleichung (2.11) berechnet [Zhaz1]:

(2.11)

Ist das magnetische Feld dominant (niedrige Spannung, hoher Strom), so ist

die Wellenimpedanz durch Gleichung (2.12) gegeben:

2.1

ZC:ZO-k-T:ZQ- 1

(2.12)

Elektromagnetische Simulation

Um die Genauigkeit der Vorhersage abgestrahlter Emissionen des Systems
bei verschiedenen Betriebspunkten zu erh6hen, wird eine elektromagnetische
3D-Vollwellensimulation (engl. full-wave 3D electromagnetic simulation) durch-
gefiihrt. Dadurch lédsst sich ein umfassendes Modell einer Baugruppe einschlief3-
lich der Peripheriegeréte erzeugen. Die elektromagnetische Vollwellensimula-
tion ermoglicht die Analyse auf Grundlage der Maxwell-Gleichungen ohne
Vereinfachungen oder Ndherungsformeln. Im Allgemeinen werden zwei Arten

innerhalb der Simulationsumgebung unterschieden: Das 3D-Modell, welches

19



2 Uberblick der Themengebiete

die Geometrie und Materialeigenschaften definiert, und elektrische Schaltungen,
welche die Schaltkreise sowie die Funktionsweise von Bauteilen nachstellen.
Die Kombination dieser beiden Modelltypen ergibt eine Co-Simulation. Die
erzeugten Ergebnisse umfassen diverse Felder und Kopplungsmechanismen.
Mit Post-Processing Methoden ist es moglich, weitere Parameter des simulierten

Modells zu berechnen.

20



3 Einordnung der Veroffentlichungen

und deren Ergebnisse

Nachfolgend wird der thematische Zusammenhang der Veroffentlichungen
aufgezeigt. Eine Einordnung in die Gesamtthematik findet statt. Weiterhin l4sst

sich der Bezug zum Stand der Wissenschaft herstellen.
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3 Einordnung der Veroffentlichungen und deren Ergebnisse

3.1 Erste Veroffentlichung

Verification of a radio-frequency generator model in a full-wave 3D EM simulation
Yannik Rover und Chris Volkmar

©2022 IEEE. Reprinted, with permission, from Y. Rover and C. Volkmar, “Verification of a radio-frequency generator model in a full-wave 3D EM simulation”,

2022 IEEE Aerospace Conference (AERO), Big Sky, MT, USA, 2022, pp. 1-10, doi: 10.1109/ AERO53065.2022.9843355.

Autorenbeitrige

Der korrespondierende Autor Yannik Rover ist fiir die theoretischen Vorberei-
tungen sowie die messtechnische Durchfithrung verantwortlich. Chris Volkmar
begleitete das Vorhaben durch Hilfestellungen und Diskussionen. Yannik Ro-
ver verfasste den Entwurf des Manuskripts und alle Autoren kommentierten
frithere Versionen des Manuskripts. Alle Autoren lasen und genehmigten das
endgiiltige Manuskript. Yannik Rover hielt den zugehorigen Konferenzvor-

trag.

Einordnung in das Gesamtvorhaben

Ausgehend von dem Stand der Wissenschaft ist ein Simulationsmodell des
Radiofrequenz-Generators entstanden. Dieses Modell bildet exakt die mechani-
sche Geometrie samt des Leiterplattenlayouts nach. Kombiniert wird dies mit
der Modellierung des Ausgangskreises zur Spulenansteuerung. Die Veroffent-
lichung beschiftigt sich anschlieflend mit den Verifikationsmessungen mittels
Feldsonden (Nahfeld) und einer GTEM-Zelle (Fernfeld). In einem Frequenzbe-
reich von 100 MHz bis 500 MHz zeigt sich eine gute Ubereinstimmung, was die

Verwendbarkeit des Simulationsmodells zuldsst. In den dariiber- und darun-
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3.1 Erste Veroffentlichung

terliegenden Frequenzbereichen sind die Abweichungen durch die begrenzten

Messmethoden zu erkldren.
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Verification of a radio-frequency generator model in a
full-wave 3D EM simulation
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Abstract—lon thrusters, which make an essential part of “NewS-
pace” missions, play a major role in spacecraft systems for
propulsion and maneuvering. Therefore, the thrusters and their
peripherals must be safe and reliable. Furthermore, the mutual
interference of active high-frequency components — such as the
radio-frequency generator (RFG) typically used with RF ion
thrusters — and satellite components regarding immunity and
emissions must be considered. The RFG provides the energy
for the thruster coil and thus controls the operating point of
the thruster — which makes it a very crucial part of a radio-
frequency ion thruster (RIT) assembly. Here, we propose
procedures to obtain the radiated emissions of the RFG in
the near and far field, respectively. For this purpose, partial
procedures are adapted from a standard. A comparison of the
two measurement environments - near and far field - is sought
via calculations of the radiated power. The paper also examines
discrepancies between the curves as well as the unexpected
results and provides explanations. An outlook is given on how
the acquired measurement data will help in the verification of
a previously created full-wave 3D EM simulation model of the
RFG.
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1. INTRODUCTION

Nowadays, electric thrusters are important propulsion sys-
tems in space. Increasing commercialization has a major
impact on space flight and especially on electric propulsion
(EP). Strong reasons for emerging space travel are scientific,

978-1-6654-3760-8/22/$31.00 ©2022 IEEE

political, military and economic objectives. The still exist-
ing challenges are leading to extensive research in energy
efficiency, electromagnetic compatibility (EMC), alternative
propellants, and scalability, to name a few [1].

Additional information on EP and for further work is given in
section 2. Section 3 describes the fundamentals of electrical
quantities and physical effects used for measurement and
calculation in section 5. The measurement setup is shown
in section 4. The results of the measurements performed are
presented and discussed in section 6. Finally, a conclusion
summarizing the work is given in section 7.

2. MOTIVATION AND BACKGROUND

Ton thrusters, which make an essential part of “NewSpace”
missions, play a major role in spacecraft systems for propul-
sion and maneuvering. Therefore, the thrusters and their
peripherals must be safe and reliable. In addition to function-
ality, electromagnetic compatibility requirements must also
be met to always ensure stable operation under all operating
conditions. Furthermore, the mutual interference of active
high-frequency components — such as the radio-frequency
generator typically used with RF ion thrusters — and satel-
lite components regarding immunity and emissions must be
considered. In fact, the electronics (including the RFG)
constitute about 60 % of the total thruster assembly, which
shows the importance of examinations of those “peripheral”
components and their interaction with the thruster itself and
other satellite components.

Radio-frequency Ion Thruster

Radio-frequency ion thrusters are part of the electric thruster
family. Each thruster in space is based on the recoil principle.
There are different ways to generate thrust, in case of electric
thrusters there are three physical principles [1]:

« Electrothermal thrusters heat the gas electrically. Thrust
is generated by thermodynamical expansion of the gas.

« Electrostatic thrusters ionize the propellant with a high-
frequency rf-energy coupling. The charged ions are acceler-
ated by an electrostatic field. A RIT is a representative of this
group of thrusters.

« Electromagnetic thrusters use a static magnetic field via
permanent magnets to ionize and accelerate the gas. These
two processes cannot be controlled separately.

The radio-frequency ion thruster and all electric thrusters in
general use electrical energy for their operation. In contrast,



chemical thrusters use the chemical binding energy of the
propellant. Electrical energy is available through the solar
panels, but is limited for technological reasons such as energy
storage or power electronics efficiency. The ejection velocity
of the ions is limited for the same reasons. Currently, the
ejected ions reach a speed of 30 to 50 kilometers per second.
This is about ten times higher than the ejection velocity of
chemical thrusters. Therefore, electric thrusters have a higher
mass efficiency - a better ratio of thrust per unit mass of
propellant [1].

These positive characteristics are accompanied by two dis-
advantages: First, ion thrusters operate only in high vacuum
and not under atmospheric pressure, so it is not possible to
launch from a planet. Second, the thrust is very low; in the
range of micronewtons to about half a newton. This is due to
the limitation of electrical power. Therefore, the ion thrusters
demonstrate their benefits in space at low gravity.

Radio-frequency generator

The radio-frequency generator is the focus of current re-
search. It provides energy for the thruster coil and thus
controls the operating point of the thruster — making it a very
crucial part of a RIT assembly. The RFG output provides
a high frequency sinusoidal current for inductive coupling
of electrical energy into the plasma. The frequency range
depends on the geometry of the ionization vessel and coil. In
addition, inner plasma parameters and peripheral component
losses play a role. Typically, the operating frequency is in the
high kHz to single-digit MHz range. The associated output
current depends on the set input voltage.

The main goal of the RFG is to achieve maximum efficiency
in energy conversion. To fulfill these requirements, a highly
efficient, high performance RFG is crucial. The RFG consists
of a digital controller, implemented as a field-programmable
gate array (FPGA), ensuring precise timing and fast tracking
of the optimal resonant frequency. Furthermore, a half- or
full-bridge design allows for control of the varying output
load [2].

Simulation model

In order to increase predictability of the radiated emissions
of the system and during different operating points, a full-
wave 3D electromagnetic simulation is created to obtain a
comprehensive model of a RIT assembly including RFG. The
simulation model of the RIT thruster already exists. In the
case of the peripherals, the RFG is now being replicated.
The 3D model of the RFG comprises housing, connections
to the outside and PCB layouts. The internal electronic
devices are represented by schematics and Spice models. The
combination of these two types of models results in a co-
simulation. The outputs generated include the magnetic and
electric fields as well as the farfield radiation. With post-
processing, it is possible to calculate even more parameters
of the simulated model. The radiated power is an example of
this and a factor for later verification of the model. In figure
1 the 3D model is shown. The modeling and simulation are
done with the SIMULIA CST STUDIO SUITE software.

3. THEORY

Electromagnetic compatibility is the ability of an equipment
or system to function satisfactorily in its electromagnetic
environment without introducing intolerable electromagnetic
disturbances to anything in that environment.”[3] EMC tech-

Figure 1. Simulation model of the current RFG
development.

nology for spacecraft is based on traditional theory. For
spacecraft, the situation is further complicated by require-
ments on weight, reliability, space environment, and cost.
For this reasons, the commonly used ferrite absorbers or an
additional shielding may not be the first choice. Therefore,
design methods should focus on bonding, grounding, routing
and cable layout. Since spacecraft are typically subject to
various operating conditions, e.g., integration testing, launch,
and on-orbit operation, special attention should be paid to
the effects of these conditions on the electromagnetic en-
vironment (EME). Hence, the EMC characteristics of the
spacecraft are associated to its EME [4].

Inner spacecraft systems, in general, and electrical circuits,
in particular, affect each other adversely. Electromagnetic
interference (EMI) is an important issue and is defined as a
degradation in the performance of equipment, transmission
channels, or a system due to an electromagnetic disturbance.
There are several coupling paths between the culprit and
victim circuit [5]:

« Capacitive coupling occurs due to the electric field E. Dif-
ferences in potential between the culprit and victim circuits
cause energy transfer. This phenomenon is assigned to the
near field. R
o Inductive coupling occurs due to the magnetic field H.
Two or more adjacent circuits interfere with each other due
to electromagnetic induction. This phenomenon is assigned
to the near field.

« Impedance coupling occurs if two or more circuits have
a common impedance, such as the same return path. The
currents cause a voltage drop that can interfere with the
other circuit. This phenomenon is assigned to the conducted
emissions.

« Radiation of electromagnetic waves. The E- and H-
fields cannot be separated, both fields are coupled to form
electromagnetic waves. This phenomenon is assigned to the
far field.

The poynting-vector S is defined as the density and direction
of energy transport of an electromagnetic field. It is perpen-
dicular to the electric and magnetic field as shown in equation
1[6].

—

S=ExH (1)



The handling of the electric and magnetic field depends on
various conditions. If the receiver is located close to the
source of the noise, the electric and magnetic fields are
considered separately. This is called the near field. If the
distance between the receiver and the source is large, the far
field is reached and the electric and magnetic fields combine
to form electromagnetic waves [7].

Factors such as the source, the surrounding media and the
distance to the point of interest characterize the field. At
a small distance from the source, the field is characterized
by the properties of the source. At a great distance from
the source, the qualities of the field depend primarily on the
medium in which the field propagates. The space around the
noise source can therefore be divided into three areas:

e The near field is located near the source. Its range is
defined by equation 2. The wavelength A and thus the
frequency f determine the specific range and the maximum
distance r to the source of noise.

A 1

with

co
A= — 3
7 3)

where k is the wave number and ¢ is the speed of light.

« The transition region is in the range where the wavelength
divided by 27 is approximately equal to the distance to the
noise source.

o The far field is located far away from the source. Its range,
which is inverse to the near field, is defined by equation 4.

A 1

AN 4
ro> 57 = % “)
The wave impedance is the ratio of the electric field to the
magnetic field. For the far field, this ratio, called character-
istic impedance Z, is approximately 377 Q for air and free
space:

E
— J* _120n0 ~ 3770 (5)

o= — =
0 H €0

where 1 is the magnetic permeability and is given as 47t -
10~7 Vs/Am. € is the permittivity (dielectric constant) and is
given as 8.854-10~ 2 As/Vm. In the nearfield, this ratio is not
constant, but depends on the source and the distance between
the source and the point of interest. In case of a dominant
electric field (high voltage, low current) the wave impedance
is calculated using equation 6. If the magnetic field is
dominant (low voltage, high current), the wave impedance
is given by equation 7 [7].

1 A
Zo=Tp —— =7y
0 k-r 0 2-m-7 ©)
2. 7.
Zo="T0 kor=2 " )

4. METHODOLOGY AND MEASUREMENT
SETUP

Two power supplies and an output load are required for RFG
operation. In addition, current and field probes are necessary
to determine the operating point and for field detection,
respectively. Figures 2 and 3 show the arrangement of the
equipment for the measurement in the near and far field,
respectively.

GTEM-cell
seplum\\
T~ signal analyzer
cabel routing \ L
load 01am through ferrit S
simulator - RFG  |..._ clamp >
cell feedthrough

2m 18m

DC supply
power stage

12V DC supply
control unit

Figure 2. Arrangement of the equipment for far field

measurements.
12V DC supply
control unit 1.8m
B
RFG . load
= = simulator
DC supply 2m

power stage

nearfield probes,
electric and
mangetic field

Rogowski
probe

12m

spectrum

oscilloscope
analyzer

Figure 3. Arrangement of the equipment for near field
measurements.

The RFG is an in-house development from prior research
work [8]. The half-bridge design is used for the measure-
ments. The power supply for the control board of the RFG
is a standardized supply with an output voltage of 12V DC.
The supply for the intermediate circuit is a dc voltage source
from ET System with the model designation LAB/SMP 2150.
The output range is 0V to 150V DC, 0A to 16 A, and
the maximum power is 2400 W. The load simulator is
an in-house development and replicates the thruster coil by
adjustable inductance and resistance. The inductance and
resistance range is 3 pH to 6 uH and 0 Q to 6 Q, respectively.
The wiring between the devices is done with triaxial cables.

The further equipment is used for measurements and has
the following properties: The spectrum analyzer is a Ro-
hde&Schwarz FPC 1500 with a frequency range of 3 GHz,
used for near field measurements. In combination with the
GTEM cell a signal analyzer Agilent Technologies N90OO0OA
with a frequency range from 9 kHz to 7.5 GHz is used. The
oscilloscope is a Tektronix MDO3104 with a frequency range
of 1 GHz and a sampling rate of 5GS/s. A rogowski sensor
from PEM with the model designation CWTUM/03/B is used
for current measurement, the peak current is 60 A. The field
probes for magnetic and electric field sensing are probes from



Figure 4. GTEM cell configurations: (a) load simulator and RFG inside, (b) load simulator and cable inside, (c) cable
inside

EMCO with model number 7405-902 (3 cm loop probe for
magnetic field, 1 MHz to 500 MHz) and number 7405-904
(ball probe for electric field, 100 kHz to 500 MHz).

A Gigahertz Transverse Electromagnetic (GTEM) cell is
required for far field measurements. This is a shielded
enclosure with the ability to test radiated emission (RE) and
radiated susceptibility (RS). From an electrical standpoint,
the GTEM cell is an extended 50 Q transmission line. The
mechanical geometry of the housing is in the shape of a
pyramid and represents the outer conductor. The septum
is the inner conductor in which the radiated fields of the
equipment under test (EUT) generate a measureable voltage.
Reflections and resonance phenomena are eliminated by RF
absorbers and a 50 Q) termination between the housing and
the septum [6].

5. MEASUREMENT AND CALCULATION

After completion of modeling and simulation, the main ob-
jective is to verify the simulation results. For verification, it
is mandatory to perform experiments on the real RFG. This
is done either with a GTEM cell in which the RFG and the
associated components are inserted, or with near field probes.
The various operating points are as follows: The inductance
is constant at 3 uH, the resistance varies between 0.5 () and
1.40Q. The output current is given to 2A, 3A and 6 A,
respectively.

Far field (GTEM cell)

Figure 4 shows the three measurements in the GTEM cell
for far field radiation. First, the RFG in combination with
the load simulator is inside the cell and both contribute to
the measured emissions. In another setup, the RFG powers
the load simulator from outside the cell. Thus, only the load
simulator and the connected cable are inside the cell. The last
setup consists of only the cable, RFG and load simulator are
outside the cell. This is done to obtain the influence of the ca-
ble to calculate the emissions of the load simulator. The cable
is wound to a coil, because of the necessity to have always
the same arrangement in the cell to get a good comparison
between the setup cable and load simulator (b) and only cable
(c). In case of the load simulator, the wiring comes from the
cell feedthrough and goes to the load simulator with about

11 windings. When the load simulator is outside the cell, the
cable comes from the feedthrough and goes back to the load
simulator with 10.5 turns. Except for the half winding, the
cable setup is similar to the previous measurement and can
be compared and calculated accordingly.

The emissions from the devices under test (DUT) cause
a voltage on the septum which is measured with a signal
analyzer. The internal interference sources can be simplified
as Hertzian dipoles, so it is necessary to align the DUT in
three different orientations. All dipole structures are taken
into account and can be combined into one voltage using

equation 8:
V= /VA+Vi+V3 ®)

where V is the total voltage composed of the voltages of the
individual dipol orientations Up. A correlation algorithm
establishes the relationship between the voltage on the septum
and the electric field in the far field. The final equation for
determining the electric field is shown in appendix A and
depends on the maximum E-field in vertical and horizontal
polarization. The complete correlation algorithm is also
included in this appendix. For this calculation, the field factor
of the cell, the polarization factors and the dimensions of the
cell are required. The result is a frequency-dependent electric
far field that can be compared to limits in a standard or even
to check simulation models. This process is implemented in
software and directly connected to the signal analyzer of the
GTEM cell and its measured data. Another important indica-
tion is the radiated power of the DUT. This can be calculated
with the voltage on the septum and another correlation (Eq.
9):

Z2
p_2 F

=2
31 ey

Z.-V? €))

where P is the radiated power and e, is the TEM field factor
of the GTEM cell. Now there are already two data sets that
can be used for simulation verification. With the results of the
three setups (a), (b) and (c), it is possible to obtain only the
radiation of the RFG. This eliminates the unwanted radiation
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Figure 5. Calculation procedure for obtaining the radiation of the RFG.

contributions from the cabling and the load simulator. Figure
5 shows the process for determining the RFG radiation.

Near field (field probes)

The near field measurements are performed with the same
operating points as the far field measurements. The electric
and magnetic fields are obtained by field probes. These
probes are moved above the RFG and as close as possible
above the cover. The reason is the comparison with the far
field measurements, where the radiated power of the RFG
is calculated. The radiated power calculated from the near
field should thus also be in close proximity to the RFG. The
measured voltage is combined with the antenna factor of the
probe used and the magnetic or electric field is obtained. Egs.
10 and 11 show the resulting field strength as a function of
the antenna factor of the probes. The antenna factor diagram
of the respective probe used can be found in appendix B.

Haguam = Vapuv + AFg (10)

Eaguvim = Vapuv + AFgp (11)

The radiated power in the near field is calculated to:

Arrg

Ameasured ( 1 2)
=H-E-Arrc - f

P=H E- Apg -

where Agpg is the total area of the RFG housing. f is a
factor that indicates the ratio between the total area of the
RFG housing and the area on which the measurement points
are obtained. The assumption that the radiation is isotropic
leads to measurements on a certain area and the extrapolation

in the calculation. Due to the lack of spatial orientations, it
is permissible to use only the magnitudes of the fields and
neglect their spatial dependence. On the one hand, the near
field results can be used for simulation verification in the form
of comparisons. On the other hand, mutual verification is
achieved with the calculated radiated powers of the near and
far field.

6. RESULTS AND DISCUSSION

The generated data have to be defined and incorporated
into the investigations. The operating points with 6 Agrms
output current are neglected in this discussion, because of the
necessary high input power of the RFG. In combination with
the coil-shaped cabling, the power stage of the RFG cannot
be operated in safe state. Furthermore the RFG indicates that
it cannot find the resonant frequency properly.

Far field

First, the GTEM cell is not a perfect conductor and has
tiny slots into which the electromagnetic waves from the
environment couple. The ambient radiation consists, for ex-
ample, of FM radio (100 MHz) or the mobile phone network
(800 MHz). Due to the measurement setup, the background
noise is additionally increased by power supplies and mea-
surement components, called peripheral noise. The both
radiations are also indicated in the plots and are subtracted
from the actual radiation for the later evaluations. The first
measurements correspond to an operating point with a load
of 3 uH and 0.5 Q) and an output current of 3 Agys. Figure
6 shows the emissions of the three configurations (a), (b) and
(c). These measurements show the electric field strength data
in the far field.

With the generated data, the emissions of the RFG can be
calculated. This is done using the procedure shown in figure
5. The resulting emissions can be seen in figure 7. There are
some missing data points in the curve. This can be explained
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Figure 6. Measurements of the three configurations in the GTEM cell. The output current is 3 Agryms with a load of
3 uH and 0.5 2.

as follows: The ambient radiation can change during the
measurement period, depending on the ambient noise level
at this moment. Also, the load simulator has a tolerance of
about 30 % and its behaviour depends on the current load as
well as the temperature. Therefore, the calculated negative
field strenghts are set to NaN in the linear range. There is
no possibility to represent a negative value in the logarithmic
scale. In addition to that, the RFG has a display which signals
the desired resonant operation. If this matching indicator does
not light up, more radiation can occur because there is no
defined operating point for the RFG.
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Figure 7. Calculation of the electric field strength
emitted by the RFG. The output current is 3 Agys with a
load of 3 uH and 0.5 €2.

From the electric field strength of the RFG follows directly
the radiated power. It is shown in figure 8. The radiated
power is also missing some data points, since the electric
field strength of the RFG forms the basic data. For a better
comparison with the near field measurements, the curve is
smoothed with the Savitzky-Golay method.
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40

radiated power [dBuW]

30 1(|)0 300 10|00
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Figure 8. Calculation of the radiated power of the RFG.
The output current is 3 Agyms with a load of 3 pH and
0.59.

Near field

In the near field, the measurements are done with the mag-
netic and electric field probes. In figure 9 the electric and
magnetic field strengths are shown. The radiated power is
shown as well and calculated with the field strengths. It
should be considered that the near field measurements were
not performed in a shielded room. All the near field plots
show a peak at about 1.84 MHz. It is the resonant frequency
of the output circuit and the switching frequency of the power
stage.

Near and far field comparison

The radiated power is used to compare the near and far field
measurements. These curves are shown in figure 10. In
general the curves follow the same directions with an offset
in the far field radiated power.

For more measurement data, appendix C includes the com-
parison with a load of 3 uH and 1.4 Q). This load is supplied
with an output current of 2 Arms and 3 Agrwms, respectively.
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Figure 10. Calculated radiated power from the near and
far field measurements. The output current is 3 Arys
with a load of 3 uH and 0.5 2.

Both electric far fields as well as the comparison of the
radiated power at 2 Agys are shown. At this operating point,
both radiated powers show no good agreement. The level of
agreement depends on the operating point.

The deviations can be explained as follows:

o Ambient radiation: As explained earlier, the ambient
radiation changes over time as random frequency applications
occur outside. The GTEM cell is not completely sealed, EM
waves enter through tiny slots. The near field measurements
are not performed in a shielded room. The ambient radiation
and also the interference with other peripherals distort the
measurements.

« Antenna factor: The characteristic curve of the antenna
factor is not available in tabular form. Therefore, reading
deviations occur in the lower single-digit dB range.

o Cabling and loops: In GTEM cell configuration (a), the
RFG supply cables are still in the GTEM cell. There is
no way to eliminate them. The emissions from the cabling

are reduced by a ferrite clamp. Furthermore, the wiring in
configurations (b) and (c) is not exactly the same, in one setup
there is half a winding less and the cabling is arranged slightly
differently.

o Isotropic radiation: The calculations assume that the
radiation is isotropic and that all sides of the RFG have the
same emissions. Furthermore, only the top side is measured
with the field probes. The total radiated power is extrapolated
in the algorithm.

« Load simulator tolerance: The load simulator consists
of switching relays to adapt the desired impedance. It has
a tolerance of about 30 % and its behaviour depends on the
current load as well as the temperature.

o Matching frequency: The RFG strives for the resonant
frequency and this point indicates its optimal working range.
If the resonant frequency is not reached, the RFG operates
in a state where it tries to find the resonant frequency with
various adjustments of the output stage. As a result, it
cannot be assumed that the radiated power increases with
the output power of the RFG. Even lower output currents
at the same load can lead to a comparatively higher radiated
power. Observations have shown that the resonant frequency
was sometimes matched and sometimes not, regardless of a
particular operating point or an repeatable procedure.

« Radiation directions: The emissions of the RFG that exit
from the bottom of the RFG are reflected by the ground in the
GTEM cell and contribute to the voltage at the septum. In the
near field, these emissions do not contribute to the measured
voltage and are only included in the calculation when the
RFG surface is used (— Isotropic radiation).

Nevertheless it is a good first approach to combine near and
far field measurements and thus verify simulation results. In
the frequency range between 100 MHz and 500 MHz, the
curves show good agreement. Therefore, it can be assumed
that the near and far field measurements used to verify the
simulation are valid over the total frequency range. It can
be seen that above 500 MHz, both curves increase. In the
frequency range below 100 MHz, the curves diverge drasti-
cally and exhibit inverted characteristics. This is due to the
complex near field characteristics, where the field strengths
are not proportional to the measured distance r, but depend
quadratically or even cubically.



7. CONCLUSION AND OUTLOOK

In this paper, a method was presented that compares near and
far field emissions of an RFG. By applying and advancing
the procedure in the standards, good agreement is achieved at
certain operating points and frequency ranges. The establish-
ment of different configurations in the GTEM cell led to the
possibility of calculating only the far field emissions of the
RFG. Extending the Poynting vector with a suitable radiating
surface led to a comparable radiated power in the near field.
All in all, the results show usable and comparable data. In
case of deviations and unexpected curves, the assumptions
and reasons were described. Further investigation of devia-
tions below 100 MHz will be conducted.

The next steps are to verify the simulation model with the
generated data of the measurements. The simulation model
calculates electromagnetic quantities such as the electric and
magnetic field strengths in the near field, the radiated power
as well as the far field emissions. All quantities are already
measured, calculated and verified. If suitable matches are
found, the RFG simulation model can also be unified with
the existing RIT model. In this way, cable arrangements and
interference effects can be investigated.

APPENDICES

A. CORRELATION ALGORITHM FOR FAR
FIELD CALCULATIONS
The correlation algorithm follows the standard "DIN EN
61000-4-20 (VDE 0847-4-20): 2011-07".
Algorithm equations

The radiated power of the DUT is given to:

_ L K
T 3n e2 - Z

P, LV (13)

The combined voltage of the septum, calculated with the
dipole orientations, is:

V=/V2+ V24 V2 (14)

The determination of the TEM field factor is done either with
a measurement for a known device, equation 15, or with the
geometrical dimensions of the cell in equation 16:

_ Ey(z,y)
= (15)
€y = % . \/Z sum (16)
with
B > cosh(My) . a
sum = Z [sinh(Mh) -cos(Mzx) - sm(M2) Jo(Mg)

m=1,3,5,...
(7

and

M=mZ" (18)

The geometrical factor to obtain the horizontal and vertical
electric field is as follows:
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e 50,
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Ty = 4/8% + (Ru + hg)? (22)

The maximum electric field depending on the distance s is
calculated to:
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Nomenclature and dimensions

Symbol

Identifier
cell width

TEM field factor
electric field
electric field
gap septum and cell wall
horizontal and vertical polarisation
septum height
DUT height groundplane
0™ order Bessel function
wave number

radiated power DUT
input power DUT
distance DUT receiving antenna
distance virtual DUT receiving antenna
receiving antenna height groundplane
distance receiving antenna
combined septum voltage
septum voltage (dipole x=1,2,3)
DUT position
characteristic (wave) impedance
wave impedance

Dimension

VQ/m
V/im
V/im

—_ =
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PERFORMANCE FACTOR (dB)

120

40

20

B. ANTENNA FACTOR
EMCO 7405-902

|
‘\IJIl\l Ll Ll

10 M 100 M
FREQUENCY (Hz)

EMCO 7405-904

1M 10M
FREQUENCY (Hz)



C. ADDITIONAL MEASUREMENT DATA
Electric field strenghts of the RFG with an output load of
3uHand 1.4 Q:
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Radiated power of the RFG with an output load of 3 pH and
1.4Q at 2 Agus:
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3 Einordnung der Veroffentlichungen und deren Ergebnisse

3.2 Zweite Veroffentlichung

Modeling the influence of an electric thruster’s ion beam on its global EMC
Yannik Rover, Rainer Thiiringer, Uwe Probst und Chris Volkmar
©2023. Reprinted, with permission, from Y. Rover, R. Thiiringer, U. Probst and C. Volkmar, “Modeling the influence of an electric thruster’s ion beam on its

global EMC”, Front. Space Technol. 4:1287474 (2023), https://doi.org/10.3389/frspt.2023.1287474; Creative Commons Attribution 4.0 International License:

https://creativecommons.org/licenses /by/4.0/, no changes made.

Autorenbeitrage

Der korrespondierende Autor Yannik Rover ist fiir die Forschung verantwort-
lich. Er erstellte die Simulation, fiihrte die Ionenstrahlmodellierung durch und
untersuchte die Ergebnisse. Chris Volkmar leistete wichtige Unterstiitzung bei
der Modellierung und Auswertung der Verifikation. Rainer Thiiringer, Uwe
Probst und Chris Volkmar unterstiitzten diese Arbeit durch Diskussionen und
Vorschldge fiir neue Ansédtze. Yannik Rover verfasste den Entwurf des Manu-
skripts und alle Autoren kommentierten friithere Versionen des Manuskripts.

Alle Autoren lasen und genehmigten das endgiiltige Manuskript.

Einordnung in das Gesamtvorhaben

Um die Simulationsmodelle des RFG und des RIT-4 weiter zu vervollstandi-
gen, ist der Ionenstrahl in nachfolgender Veroffentlichung simuliert worden.
Die Ergebnisse zeigen die Auswirkungen verschiedener Konfigurationen und
Arbeitspunkte, wie bespielsweise Divergenzwinkel, Gitterspannung oder An-
steuerungssignale der Spule. Der Neutralisator, der eine wesentliche Funktion
fur den Betrieb eines Ionentriebwerks einnimmt, wurde bei dieser Arbeit ver-

nachldssigt. Vorerst soll der Einfluss des Ionenstrahls an sich beleuchtet werden,
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3.2 Zweite Veroffentlichung

auflerdem ist die entstehende Elektronenwolke des Neutralisators diffus und
daher durch ein einfaches Modell erster Ordnung nicht konkret darstellbar.
Eine Moglichkeit der Einbeziehung der Elektronen in den Ionenstrahl besteht
in der Nutzung eines Drude-Modells, die Homogenitit der Elektronen wird
dabei angenommen. Das Resultat spiegelt den Ionenstrahl und dessen effektive

Leitfahigkeit wieder.

In einer nachfolgenden Forschungsarbeit ldsst sich der Neutralisator und die
damit verbundene Elektronenextraktion, zur Neutralisierung des Ionenstrahls,
untersuchen. Dazu sind folgende Arbeitsschritte moglich: Die Elektronenent-
ladung wird durch die Bildung einer Plasmabriicke mit dem Ionenstrahl des
Triebwerks gekoppelt. Die aus dem Neutralisator extrahierten Elektronen flie-
B3en uiber diese Plasmabriicke und neutralisieren so den Ionenstrahl [Holzo].
Dabei muss die Gesamtladung der Elektronen ungefdhr der Summe der Ionen-

ladungen entsprechen, um die Neutralitdt zu gewéhrleisten.

Lan und Kaganovich [Lanzo] zeigen die Entwicklung der Teilchendichte wah-
rend der Neutralisierung des Ionenstrahls. Zunichst dehnt sich der Ionenstrahl
aus und schrumpft im Zuge der Neutralisierung wieder, siehe dafiir Abb. 2
in [Lan2o]. Aufgrund der Potentialverteilung befinden sich die Elektronen zu-
néchst in der Mitte des Ionenstrahls. Der Neutralisierungsvorgang fiillt den
gesamten Ionenstrahl anschliefend zunehmend mit Elektronen. Da dieser tran-
siente Vorgang lediglich einige Mikrosekunden andauert, ist es legitim, direkt
die Modellierung des Endstadiums durchzufithren. Weiterhin wird in den
Ergebnissen deutlich, dass die transversale Position des Neutralisators einen

erheblichen Einfluss auf die Neutralisierung des Ionenstrahls hat.
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3 Einordnung der Veroffentlichungen und deren Ergebnisse

Usui, Hashimoto und Miyake [Usu13] fithren eine Particle-In-Cell Simulation
durch und zeigen ebenfalls die Ionen- und Elektronenverteilung im zeitlichen
und ortlichen Verlauf. Durch Verluste und Interaktionsmechanismen zwischen
Ionenstrahl und Elektronenentladung wird der Ionenstrahl nicht vollstandig

neutralisiert.

Einen weiteren Anhaltspunkt liefern die Messungen an der halb-reflexions-
freien Anlage mit einem RIT-4. Die elektromagnetische Vermessung diverser
Arbeitspunkte dokumentiert die im Rahmen eines studentischen Projektes
durchgefiihrten Arbeiten. Das RIT-4 ist in der Kammer aufgebaut und ange-
schlossen, der RFG versorgt die Spule des Triebwerks tiber eine vier Meter lange
Triaxialleitung von auflen. Die Versorgung des Gittersystems ist ebenfalls von
auflen iiber ein Leitungssystem sichergestellt. Zum Vergleich zwischen Messung

und Simulation wird folgender Arbeitspunkt gewahlt:

® RIT-4 mit einem Massenfluss von 0,3 sccm Xe. Der Gitterstrom betragt
7mA bei einer Gitterspannung von Upgy = 900V sowie Unpy = 0V.
* RFG mit einer Eingangsspannung von 18,55V fiir den Leistungskreis,

ausgefiihrt als Vollbriicke, und einer Betriebsfrequenz von 1,8 MHz.

Die Parametrisierung des Simulationsmodells erfolgt mit den Werten des Ar-
beitspunkts. Der Vergleich bildet einen Frequenzbereich von 65 MHz bis 1 GHz
ab. Die Ergebnisse in Abb. 3.1 zeigen, dass die gemessenen Emissionen (2) im
oben genannten Arbeitspunkt geringer sind als die in der Simulation (4). Die

Differenz liegt je nach Frequenzpunkt im unteren zweistelligen Dezibel-Bereich.
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3.2 Zweite Veroffentlichung
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Abbildung 3.1: Vergleich der Emissionen im Fernfeld zwischen Messung und Simulation im Ar-

beitspunkt mit einem Massenfluss von 0, 3 sccm Xe und einem Gitterstrom von
7mA. Die Gitterspannungen liegen bei 900 V (PHV) und 0V (NHV). Der RFG
Leistungskreis wird mit 18,55V bei einer Frequenz von 1, 8 MHz betrieben. Die
Messentfernung betrdgt 2m. Die schwarze Kennlinie zeigt die Emissionen der
Messung innerhalb der SAC. Weiterhin wird das Ergebnis der Simulation (78 %
Neutralisierungsgrad) in rot wiedergegeben. Der blaue Verlauf zeigt die Simula-
tionswerte in Kombination mit realitdtsnahen Leitungsemissionen (60 dB,,v/m)-
Die Ergebnisse der Simulation ohne Neutralisierung des Ionenstrahls spiegeln

sich in der griinen Kurve wider.
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3 Einordnung der Veroffentlichungen und deren Ergebnisse

Eine Erkldrung liefert die bei normalem Triebwerksbetrieb in der Absorber-
kammer vorhandene Neutralisation des Ionenstrahls. Wird die Neutralisation
in der Simulation berticksichtigt (78 % Neutralisierungsgrad), verringern sich
die simulierten Emissionen ebenfalls deutlich. Die nun resultierende Differenz
zwischen (1) und (2) in Abb. 3.1 wiederum lasst sich auf Storemissionen der
Verkabelung zurtickfiihren. Bei vergleichbarem Betrieb werden Werte von bis zu
80dB,,y /m erreicht [Rovz2z]. Wird der Einfluss der Versorgungsleitungen mit in
die Simulationsergebnisse einbezogen (siehe (3) in Abb. 3.1), entsteht eine gute
Ubereinstimmung zwischen Simulation und Messung. Die Frequenzverldufe
stimmen tiiberein. Die quantitativen Abweichungen werden durch Messunsi-
cherheiten sowie Rauschen erklart. Eine Unsicherheit stellen die Emissionen der
Verkabelung dar, die hier lediglich basierend auf vorherigen Forschungsarbeiten
angenommen, aber nicht gemessen wurden. Weiterhin ldsst der Divergenzwin-
kel des Ionenstrahls Unsicherheiten zu. Dieser wurde bei den Messungen
nicht bestimmt, ist jedoch innerhalb der Simulation ein entscheidender Faktor

[Rovz3].
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Modeling the influence of an
electric thruster's ion beam on its
global EMC

Yannik Rover*, Rainer Thueringer, Uwe Probst and Chris Volkmar

Center of Competence for Nanotechnology and Photonics (NanoP), TH Mittelhessen University of
Applied Sciences, Giessen, Hesse, Germany

This research deals with electromagnetic compatibility (EMC) in the field of
electric propulsion (EP). To complete previous investigations, the emissions of
a fully operating radio-frequency thruster (RIT)—including its extracted ion
beam—were numerically analyzed. The ion beam was simulated and
investigated with various characteristics. The simulations were performed by
means of transient co-simulation. It is clear that the ion beam had a significant
impact on the thruster emissions. Properties such as divergence angle and the
conductivity of the beam, which can be directly attributed to the operating point of
the plasma discharge inside the thruster, play a major role. The next steps will be to
bring together all the knowledge gained about the emissions of the individual
thruster components as well as the peripheral electronics.

KEYWORDS

electric propulsion, electromagnetic compatibility, simulation, far field, ion beam,
radiofrequency ion thruster

1 Introduction

Traditionally, electric thrusters have been primarily used for station-keeping and orbit
attitude control missions. Nowadays, electric thrusters are also used as propulsion systems
for orbit raising and space travel. Increasing commercialization has a great impact on space
flight—especially on electric propulsion systems. Scientific, political, military, and economic
goals present strong reasons for the emerging demand for space flight. The challenges that
still exist are leading to extensive research in areas such as energy efficiency, electromagnetic
compatibility, alternative propellants, and scalability (Holste et al., 2020).

Electromagnetic compatibility (EMC) is “the ability of an equipment or system to
function satisfactorily in its electromagnetic environment without introducing intolerable
electromagnetic  disturbances to anything in that environment” (International
Electrotechnical Commission, 2018). Spacecraft EMC technology is based on traditional
theory but is further complicated by weight, reliability, the space environment, and cost
requirements. Since spacecraft are typically subject to various operating conditions, such as
integration testing, launch, and on-orbit operation, special attention should be paid to the
impact of these conditions on the electromagnetic environment (EME). Therefore, the EMC
characteristics of the spacecraft are related to its EME (Zhang et al., 2021). To meet these
requirements, a holistic understanding of the EMC of a thruster assembly is required. Some
parts of the thruster assembly have been analyzed separately. In past studies, for example, a
radio-frequency generator was investigated for its EMC by simulation and measurement
(Rover and Volkmar, 2022). It became clear that the supply lines and cabling to the thruster
are the decisive influencing factors from an EMC point of view. Furthermore, a semi-
anechoic vacuum chamber was designed and set up at our department and is described in a
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previous publication (Rover et al., 2023). There seem to be no recent
studies or substantial research results related to the electromagnetic
interference (EMI) of an ion beam.

The device tested was a radio-frequency ion thruster, where the
designation RIT-4 indicates the 4-cm diameter of the grid extraction
system. We have analyzed and reported here the influence and EMI
characteristics of the thruster, including its extracted ion beam, in
order to complete the investigation of individual thruster areas. We
also validated the general use of the simulation environment.

The motivation of this research is presented in Section 2. Section
3 describes the environment of the simulation where the thruster
and the ion beam were examined. Additional features and model
characteristics are introduced in Section 4. Section 5 shows the
validity of the simulation environment, and thus the accuracy of the
results, using physical principles and mathematical analyses. Results
and comparisons of different operating points are presented in

Section 6, including best practice. Finally, Section 7 summarizes
the work and its outputs and provides an outlook.

2 Motivation

Ton thrusters, which are an essential part of “NewSpace”
missions, play an important role in spacecraft propulsion and
maneuvering systems. These thrusters and their peripherals must
therefore be safe and reliable. In addition to functionality,
electromagnetic compatibility requirements must be met to
stable
Furthermore, the mutual interference of active high-frequency

ensure operation under all operating conditions.
components—such as the radio-frequency generator typically
used in RF ion thrusters—and satellite components must be
taken into account in terms of immunity and emissions.
Electronics comprise about 60% of the total thruster assembly,
which indicates the importance of studying these supposedly
“peripheral” components and their interaction with the thruster

and other satellite components.

3 Simulation approach

The simulation consisted of a 3D model and an electrical circuit,
called schematic in the simulation process. The 3D model
of the
investigation. The schematic generated and fed the supply signals

represented the physical conditions object under
as well as further electrical elements.

The simulation was performed with SIMULIA CST Studio Suite
software version 2023 SP5 from Dassault Syste mes. A full-wave 3D
electromagnetic simulation was performed in order to increase the
predictability of the radiated emissions of the system during different
operating conditions. In this type of simulation, all Maxwell equations
are solved without any simplifying assumptions. The 3D model
consisted of mechanical components such as the thruster itself as
well as models of the discharge plasma and extracted ion beam. The
neutralizer was an important part of the thruster and its operation. In
this research, it was disregarded because the resulting electron cloud is
diffuse, and, therefore, a simple first-order model is not sufficiently
concrete. Accordingly, only the ion beam was first characterized,

providing sufficient accuracy for the model. During the ground tests
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in our laboratories, the setup was also often operated without a
neutralizer; we thus had a first comparable indicator with the
model. However, any realistic space scenario would dictate the use
of a neutralizer. Therefore, this research should be understood as a first
step toward a holistic EMC simulation approach.

The electronic components and control signals are defined in the
schematic tab. The combination of these two types of modeling
produces a transient co-simulation—an alternative to the standard
simulation. The standard process uses S-parameters to describe the 3D
model for any combination of port excitations. Their calculation
requires either a frequency sweep (frequency-solver) or a simulation
per port (time-solver). In transient co-simulation, on the other hand,
only one simulation of the coupled circuit is performed, where the
excitation is defined in the schematic tab. Fortunately, the 3D model
and the schematic were solved simultaneously, so interactions and
mutual influences between the 3D model and the schematic were taken
into account. In the standard simulation, however, S-parameters are
first derived from the 3D model and are then linked to the schematic
part. Accordingly, the transient co-simulation was used.

In conducted disturbances, the near and far field are important
quantities within EMC. These areas can be addressed with the model
shown. Here, the individual case of the far field and the interaction and
effect of the thruster and extraction beam were explored to complete the
previous research. To obtain the simulated far-field electrical
characteristics, it was necessary to place field monitors and field
probes at the desired distance from the model (source). Their
position depended on the desired frequency range as well as the
desired accuracies. In this project, a frequency range of 0-1 GHz was
considered. Above 30 MHz, the radiated disturbances usually dominate
the conducted disturbances (European cooperation for space
standardization, 2012), so we focused on the radiation’s impact on
the results. As field probes monitored the radiated powers, post-
processing allowed calculation of the electrical field strengths of the
far field. Transient signals defined in the schematic excited the 3D model,
and signal type, amplitude, and frequency could be set.

Post-processing calculations as well as the defining shape and
spatially resolved conductivity of the ion beam were performed
using MATLAB software version R2022a from The MathWorks, Inc.
The basis of the beam conductivity calculation is the distribution
function of the ions; their relevant descriptive parameters depend on
assumptions of grid and plasma properties. According to Figure 1,
the ion beam consisted of volume elements that model the beam
shape and allow spatially resolved individual conductivity settings. If
the parameters changed, the ion beam was recalculated.

The model permitted us to test various operating points of the
thruster and obtain the radiation characteristics of the thruster with
an active ion beam. This enabled preliminary checks to be made on
the EMC behavior of a fully operating thruster at specific operating
points.

4 Modeling
4.1 3D model
The 3D model included the RIT-4, the plasma, and also the ion

beam (Figure 1). The RIT-4 model and the plasma modeling had
been set up in a previous work (Baruth, 2017); the dimensions and

frontiersin.org



Rover et al.

10.3389/frspt.2023.1287474

FIGURE 1
Modeling of RIT-4 and ion beam.
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length of the ion beam, (C) at 2/3 length of the ion beam, (D) at the end of the simulated ion beam.

materials were defined and assigned to its components. In order to
consider the plasma from an electrotechnical point of view, its
dielectric properties were determined. For this purpose, a Drude
plasma was used (Chabert and Braithwaite, 2011). In the simulation
model, a material with the appropriate dielectric properties could be
created and placed in the interior of the ionization vessel to mimic
the behavior of a real plasma to a certain extent— sufficiently
accurate for EMC analyses. The plasma conductivity mainly
depended on these parameters:

« electron plasma frequency wp, (with electron density n.),
« effective impact frequency vy, e
o excitation frequency w.

These parameters can be determined by simulation or
experiment. However, this requires self-consistent models that
are specifically tailored The

to low-temperature

determination was carried out in Baruth (2017).

plasmas.

4.2 lon beam

The ion beam was also represented by materials of different
conductivities. First, the density was calculated based on the spatial
distribution of the ions inside the beam. As can be seen in Figure 2,
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the density number decreases along the ion beam with the square
distance to the extraction grid, as in Eq. I:

1

(1)

The location-dependent densities J (x, y) and J(z) are related to
total density J on the grid. From the center of the beam, the density
decreases outward according to a Gaussian profile. The application
of the Gaussian profile is also subject to boundary conditions: the
far-field condition approximates the representation of the current
density by a plane wave. The standard deviation in the far field of the
ion distribution is determined by Eq. 2:

o= L tan a. (2)
2.4477

Here, 0 is the standard deviation, z the ion beam length, and « the
divergence angle. A value of 2.4477 follows from the calculation of the
chi-square distribution of second degree (Reynolds, 1971). Another
condition is keeping a certain ratio of the beam length to the radius R, of
the extraction grid to ensure far-field beam conditions, as in Eq. 3:

€)

Eqs 4, 5 were used to calculate the current density J and
conductivity «:
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I
I=X=q-n~v, (4)

J-z
K= V- (5)
Here, ] is the current density, I the ion beam current, A the grid
area, k the conductivity, and V the high voltage at the extraction
grids. The current density was calculated for the grid area. Due to the
ion distributions in the z-direction and in the x-y plane (Figure 2),
the current density was adjusted by the distribution functions at the
further positions in the ion beam.

When determining the current, the charge of a single ionized
xenon particle is ¢ = 1le = 1.602 - 10" As and its mass is m =
131.293 u with mass unit u = 1.66054 - 10" kg. It is assumed to be
constant, as well as the velocity v, which depends on the grid voltage

V according to Eq. 6:

(6)

With V = 1kV, the velocity is v = 38.335 km/s.

There are a number of state-of-the-art modeling approaches
with corresponding tools for simulating ion optics. The limitation of
computing power led to the electrons being calculated with the
Boltzmann relation (fluid) and not as particles (PIC approach), and
only one beamlet was simulated (Becker and Herrmannsfeldt, 1992;
Kalvas et al, 2010; Reeh et al., 2017). There are approaches to
simulating the entire extraction system including the beam; very
large computational requirements (computational clusters) are
necessary because there is insufficient information about the
actual beam. The current beam profile depends on the curvature
of the grids and also on the plasma density distribution in the
ionization vessel (Dobkevicius and Feili, 2016; Reeh et al., 2019). The
model is based on empirical values. We thus used a first-order model
that can also commonly be found in the literature (Goebel and Katz,
2008) and that could be validated in empirical experiments (Scholze
et al., 2019).

First, cubes of equal size were generated, each assigned to a
material with individual calculated conductivity. Then, a cone shape
was formed using the divergence angle. The ion beam was created
when the cone shape and cubes overlapped. The better the
discretization, the more accurate the replication. For reasons of
low calculation time and project size, a discretization of five steps per
axis was used. Accordingly, there were up to 125 cubes to model the
ion beam (Figure 1). Using an application programming interface
(API), the ion beam was created directly with MATLAB commands
in the CST environment. The API (Symeonidis, 2018) used was
extended with modified methods and new functionalities, such as
setting project properties, creating shapes, and combining materials
and shapes.

4.3 Electronics and control

The schematic tab represents the electrical components and
control system (Figure 3). The RFG drive signal was a square wave
with a given frequency and maximum value. A capacitance was
connected, which completed the actual resonant circuit. The value of
2.27 nF was chosen because of a known and used RFG; a realistic
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value for a coil inductance of the RIT-4 is 1.2 uH. Using Eq. 7, the
optimum excitation frequency is calculated:

1
sz-ﬂ-\/m'

A cable simulation was also included. The cable was located

7)

between the output circuit of the control and the coil port of the RIT-
4 model. The cable simulation included geometric data of the triaxial
cable used. The length was set to 0.65 m. All other data such as the
material of the conductor or insulation are given according to the
data sheet of the cable type Belden 9,222 Triax.

5 Verification

The goal of verification is to check the simulation results using
analytical equations. To ensure the validity of the simulation, a
known and computable antenna structure is modeled: the Hertzian
dipole. It is used to calculate the electric far field at a given distance r
by applying an analytical equation. First, this equation was derived.
Second, the simulation software CST was used to simulate the dipole
structure. Its results were compared with the analytical solution.

The Hertzian dipole is a fictional construct intended to
simulate two oscillating point charges; the theoretical
equations for electric fields are derived from it. Accordingly,
this construct can represent any electrical far-field situation.
From an electromagnetic point of view, every structure acts
like three orthogonal dipoles (Figure 4). The design, size, and
excitation of each dipole depend on the situation describing the
emissions; they are independent of each other. The ideal Hertzian
dipole is an infinitesimal short current element, which generates
the same radiation as an electrically long wire, such as with [ = 1/
2. At integer multiples of 1/2, the radiation is maximal (Kark,
2016). Thus, it is a theoretical construct that enables validation of
the solver and the simulation; a possible replica is shown in
Figure 5. For structures of length dl, traversed by alternating
current i and frequency f, the electric field strength is calculated
according to Eq. 8, depending on the distance r to the dipole (in

main radiation direction) (Gustrau, 2015):

idl-f

dEmaxsz(g:Z()' .
2-¢co-1

(8)

Here, Zy = 1207 Q is the characteristic impedance in the far field,
and ¢y = 300 - 10°m/s is the speed of light in vacuum. The
composition of the fields will be discussed in order to understand
this relationship. In the near field, field strengths exist depending on
the angle 6 and ¢, as well as the radial component r (spherical
coordinates). In the far field, the radial component is neglected
because there is nearly a plane wave, and therefore, the electric field
depends on 6. This becomes clear in Figure 6. The shape is created as
the field lines exit at one end of the dipole and enter at the other.

The approximation in Eq. 8 assumes the most ideal boundary
conditions, which can only be produced to a limited extent in CST. It
is valid just in the far-field range and for short antenna structures
(Gustrau, 2015), as in Eq. 9:

l<<i— o

10 10 f ©)
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Schematic tab of the simulation with illustrative symbols.

FIGURE 4
Electric dipole: (A) CST verification model, (B) schematic view of the ideal dipole.
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FIGURE 5
Use of a Hertzian dipole structure for electromagnetic
representation of the thruster model's emission (schematic view).

Here, A is the wavelength. The verification environment,
including all settings, is the same as that of the thruster model.
The dipole’s assigned material is a perfect electric conductor, since
Eq. 8 also assumes an optimal structure. The excitation is a current
source with 1 A. The ideal Hertzian dipole structure has a total

Frontiers in Space Technologies 05

FIGURE 6
3D electric far-field emissions of a Hertzian dipole in r =3 m
distance and [ = /2 (resonance). Dipole orientation in the x-direction.

length of [ = 1/2 in order to reach maximum radiation. This length is
possible despite the condition from Eq. 9 because a real dipole can be
concatenated from several ideal Hertzian dipoles. To validate the
verification model, a comparison of the thus far ideal (theoretical)
and a replicated dipole is necessary. To do this, the mechanical
length of the replicated dipole must be adjusted because of the finite
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FIGURE 7

Current coverage of a Hertzian dipole at resonance. Dipole
orientation in the x-direction.

thickness d of the wire as well as the spatial environment. This
correction is achieved with the multiplication factor A, which
depends on the ratio of the wavelength to the cable diameter d
respective to gap g of the dipole (Figure 5). The ratio of wavelength
to diameter in the verification is A/d = 1,000, while for the gap applies
aratio of g=1/200 = 0.05 - A. This results in a multiplication factor of
A = 0.95 according to Fig. 11.18 in Kark (2016). The mechanical
length of the dipole as the verification model is calculated according
to Eq. 10:

lm:A-l:A-&. (10)
2

The distance of the far-field measurements is » = 3 m. The
consideration happens at I < r since the far-field conditions are
fulfilled here. Furthermore, the observation takes place in the
resonance case, where the maximum phase position is analyzed.
To use Eq. 8 for this verification case, a derivation is necessary: in the
resonance case, the current coverage on the ideal dipole is exactly
one sine half-wave (Jackson, 1998) (Figure 7). Thus, the current on
the dipole depends on the ongoing position according to Eq. 11:

(11)

i(x)=1- cos(k-x),

where k is the wave number and can be calculated via 27” This
current behavior inserted at Eq. 8 results in Eq. 12:

Zo-i

B (1) = "

A4
-Ji(x)dx= J cos(k-x)dx. (12)
0

Zo
2-A-r
The supply current i is taken as constant and the current curve as

symmetrical starting from the center point. This yields Eq. 13:

Zo-i
2.7

Epnax (1) = (13)

with r =3 m and i = 1 A following a maximum field strength of
20 V/m. As can be seen, it is frequency-independent since the
equation is valid for the resonance case with [ = A/2. The results
of the verification can be seen in Figure 8A. In a range from
100 MHz to 1 GHz 10, operating points are shown as proof. The
electric far fields are given by calculation and verification. Here, a
good agreement with deviations of less than 0.9% is shown
(Figure 8B). The maximum deviation of 0.9% is taken as the
error limit for the results in the next chapter. The higher the
frequency, the better the match since CST calculates to a distance
of r = 3 m. The consideration [ < r therefore becomes better.
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The remaining deviations can be described as follows: The

derivation assumes perfect verification models and s
implemented in the verification where possible. For example, a
gap exists between both dipole ends, and the wires have a finitely
small radius. Furthermore, the most ideal boundary conditions are
assumed, where, in the verification, limits are reached due to
addition, in the

verification, the source itself is already radiating, which is

computationally intensive processes. In
unavoidable. Due to these explainable limitations and effects, the
verification represents a good match with the calculation. Based on
this good agreement, the verification model, including schematic

and especially the simulation environment, is trusted.

6 Results

The results of the simulation are presented as follows. To
identify possible ion beam configurations and their impact on the
electric far field, several simulations were performed, and one
parameter was changed in each case (Table 1). The RIT is briefly
explained to better understand the simulation parameters.
Generally, the RFG provides energy to the thruster coil; it thus
controls the operating point of the thruster, which makes it a crucial
part of the RIT assembly. A RIT consists of a coil wound around a
vessel, where a plasma is generated. With a grid structure at this
vessel to the outside, the ions will be accelerated and extracted to
generate thrust. There is an electric field between the grids because a
high voltage is connected from the outside. The RFG is operated at
different voltages of the full bridge as well as frequencies, depending
on the operating points. For the ion beam, the parameters’
divergence angle, beam current, and grid voltage are changed.
The last two parameters contribute directly to the conductivity
(Egs. 4, 5). For all simulations, the distance of the far-field
measurement is 3 m.

First, the simulation with and without the ion beam is
investigated. This determines the general importance of the
research. Without a decisive difference, further investigation of
the ion beam would not be important as no significant
degradation on the EMC has occurred.

The emissions in the far field are shown in Figure 9 for
simulation #5 with and without the ion beam at different
frequencies. It is qualitatively evident that the ion beam has a
considerable influence on the overall emission characteristics of
strength and shape, increasing the emission values and the relevant
radiation range. A diagram with concrete electric field strengths is
shown in Figure 10A, where the ion beam provides a significant
increase in electric field strength in the far field. This increase is
explained, on the one hand, by the newly established antenna effect
due to the conductive ion beam. In addition, the ion beam conducts
more effective emissions out of the thruster housing because it is
directly connected to the plasma inside. The emissions in the high-
frequency range are generated by the feed signal of the full bridge of
the RFG. It is a square wave signal, which contains high-frequency
components due to the sharp rising and falling edges.

We now consider the individual changes of the ion beam
properties. Figure 10B shows all five configurations; the legend
numbers refer to those in Table 1. In general, it can be seen that
the progressions of the emission curves are the same: there are
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TABLE 1 Simulation characteristics.

# Control signal lon beam Measurement
1 +5.5'V, 3.05 MHz 10 deg div angle, 10 mA beam current, 1 kV grid voltage 3
2 +12'V, 3.05 MHz 10 deg div angle, 10 mA beam current, 1 kV grid voltage 3
3 +5.5V, 3.05 MHz 3 deg div angle, 10 mA beam current, 1 kV grid voltage 3
4 +5.5V, 1 MHz 10 deg div angle, 10 mA beam current, 1 kV grid voltage 3
5 +5.5 V, 3.05 MHz 10 deg div angle, 50 mA beam current, 2 kV grid voltage 3

isolated spikes at different frequencies, and the level of emissions
varies, which will be discussed in more detail below: A higher voltage
of the RFG output, and thus a higher power input to the thruster coil,
ensures higher emissions. At frequencies above 500 MHz, the
electric field strength is similar. At a voltage of 5.5V, an
amplitude of 1.3 A is achieved; at 12V, it is 2.8 A. A smaller
divergence angle has a positive effect on the emission characteristics
of the thruster. In the lower frequency range, a reduction from 10° to
3° provides an emission optimization of up to 20 dB, which
corresponds to a factor of 10. As the frequency increases, this
gap becomes smaller and is reduced to about 10 dB (factor of 3).
When the frequency of the drive signal is reduced from 3.05 MHz to
1 MHz, the field strength is increased in the lower frequency range
up to 300 MHz. In the further course, the emissions of both
frequencies almost coincide. In simulation #5, the ion beam has a
higher conductivity, which causes the emissions to drop sharply.
The graph is comparable to that from simulation #3. The same
deviations from the reference from simulation #1 are achieved.
To further characterize the results, significant resonance
locations are now discussed. Resonances P1 and P2 (Figure 10A)
are due to the thruster geometry—more specifically, the extraction
grids. Previous research shows that resonances in this high-
frequency range are roughly proportional to the size of the
extraction grid (Baruth, 2017). The simulation confirms this as
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resonance also occurs with and without the ion beam. The
resonance P3 (Figure 10B) is shifted due to the changed
frequency of the drive signal (simulation characteristic #3) but
can still be assigned to the grid geometry.

In summary, more injected power and a larger divergence angle
of the beam mean higher emissions. If the conductivity of the beam
is increased or if the divergence angle is decreased, the emission of
the thruster assembly is reduced. The parameters of the ion beam
provide the characteristics of the radiation. To generate low
radiation, it is necessary to adjust these parameters depending on
the possibilities. Varying the frequency of the excitation signal
makes a difference, but it is not as crucial as changing the direct
parameters of the ion beam.

7 Discussion

The simulation was thus successfully established. The RIT-4
model was supplemented with the ion beam replica and examined.
The ion beam has a high influence on the emission characteristics of
the thruster assembly. Likewise, the properties of the ion beam play a
major role; depending on the design, more or fewer emissions can be
expected and quantitatively predicted with acceptable accuracy.
These studies contribute to the expansion of science because new

frontiersin.org



Rover et al.

10.3389/frspt.2023.1287474

dB(uv/m)

80
436
7.27
29.1
-65.5 |
-120

E
dB(uv/m)

80
43.6
7.27
-29.1 2
-65.5
-120

FIGURE 9
3D electric far field in 3 m distance for simulation #5: (A) without ion beam at f =101 MHz, (B) without ion beam at f =505 MHz, (C) without ion beam
at f =1 GHz, (D) with ion beam at f =101 MHz, (E) with ion beam at f =505 MHz, and (F) with ion beam at f =1 GHz.

X X
dB(uv/m) dB(pv/m)

80 80
436 436
727 7.27
-29.1 -29.1
-65.5 -65.5
-120 -120

Phi
x
X

dB(pv/m) dB(uv/m)
80 80
36 3.6
7.27 7.27
-29.1 ) -20.1
-65.5 -65.5
-120 -120

>
]

] [—— with beam
1|~ = = without beam

P2

-40 - !

4 \ Pl | 'l‘f

\ ! |'fl,1"' M
/\\I‘\,’\ ,\1/11'"' feb

Electric field strength [dBpV/m]
o
1

B0 ~~a_ o~

-100 S —
10 100

Frequency [MHz]

TR |
1000

FIGURE 10

Electric far field in 3 m distance: (A) simulation #1 with and without ion beam; (B) all simulation variants.

B 90-

o3
o
1

~
o
1

D
o
1

Electric field strength [dBuV/m]
8 8 & 8

-
o
1

160 10I00
Frequency [MHZz]

insights are gained into the emission characteristics of the thruster.
Furthermore, by entering the thruster parameters as well as the
operating point, it is possible to discover the emissions of the
thruster and ion beam combination.

The next steps are to embed this knowledge into the overall
system. Elaborations exist on the RFG, the thruster itself, and the
corresponding cabling. The insertion of a neutralizer with electron
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emission is planned for future research. These results will be
combined to lead to a holistic EMC
measurements need to be made with the EMC vacuum chamber
that include comparable setups. If these two procedures match, a
good prediction can be made with the help of the simulation, which
provides information about EMC behavior even before the
development of the thruster assembly. This results in shorter test

system. Further
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times and less post-development. Furthermore, other EMC areas
such as near-field can be analyzed in future research. Moreover, the
possibility of extending the model to other ion thrusters, such as a
Hall effect thruster, and predicting their ion thruster behavior
should be explored.
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Introduction

Nowadays, electric thrusters are important propulsion systems in space. Increasing
commercialization has a major impact on space flight and especially on electric pro-
pulsion. Strong reasons for emerging space travel are scientific, political, military and
economic objectives. The still existing challenges are leading to extensive research in
energy efficiency, electromagnetic compatibility, alternative propellants, and scalability,
to name a few [1]. Electromagnetic compatibility is “the ability of an equipment or sys-
tem to function satisfactorily in its electromagnetic environment without introducing
intolerable electromagnetic disturbances to anything in that environment’, as defined in
[2]. EMC technology for spacecraft is based on traditional theory, but the situation is
further complicated by requirements on weight, reliability, space environment, and cost.
For this reasons, the commonly used ferrite absorbers or an additional shielding may
not be the first choice. Therefore, design methods should focus on bonding, grounding,
routing and cable layout. Since spacecraft are typically subject to various operating con-
ditions, e.g., integration testing, launch, and on-orbit operation, special attention should

. ©The Author(s) 2023. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits
@ Sprlnger use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original
— author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third
party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the mate-
rial. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://

creativecommons.org/licenses/by/4.0/.
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be paid to the effects of these conditions on the electromagnetic environment (EME).
Hence, the EMC characteristics of the spacecraft are associated to its EME [3]. To meet
these requirements, a vacuum EMC test facility is used. In past studies some parts of
the thruster assembly have been studied separately, e.g., a radio-frequency generator was
investigated for its EMC by simulation and measurement. It became clear that the sup-
ply lines and the cabling to the thruster are the decisive influencing factors from an EMC
point of view [4]. Furthermore, a honeycomb was designed in a previous research work.
This is located in the vacuum tank and ensures the absorption of electromagnetic inter-
ference from outside [5]. With these basics, the holistic view of the assembly will now be
carried out with the help of the SAC.

The latest searches show that there are only a few such facilities in the world. Moreo-
ver, the facility considered here is the only one in the university environment. Another
test facility is located in California at the company “The Aerospace Corporation”. The
basic design is the same as the one presented here [6]. The “Research Institute of Applied
Mechanics and Electrodynamics of the Moscow Aviation Institute (RIAME MAI)” also
has an identical facility [7]. Zhang et al. also describe an EMC test facility. There is no
indication of where this facility is located [3]. The design of the facilities presented is
consistent with the design of this facility. The honeycomb chimney is a proprietary
development that is not used elsewhere. However, this setup is crucial because it ensures
trouble-free operation of the vacuum chamber. The honeycomb chimney is gas-permea-
ble but EMC-tight.

The device under test is a pulsed plasma thruster. The PPT was designed by the Insti-
tute of Space Systems (IRS) at the University of Stuttgart for the CubeSat GreenCube
and is called PETRUS 1]. The propulsion module contains a group of four PETRUS
pulsed plasma thrusters with a common 1 joule capacitor bank. As a fully integrated
system, this DUT does not require a complex external power supply system, apart from
a voltage source and two communication cables. The charging voltage of the capacitor
bank is 5 volts [8].

The main goal of the ongoing research is the completion of the vacuum EMC chamber
and the proper operation of the measurement equipment. Furthermore, the matches of
the reverberation chamber and absorber chamber are to be worked out. Possible dif-
ferences are to be explained. The radiation characteristics of the PPT are to be verified,
both chambers are necessary for this purpose.

The motivation of this work is presented in Section Motivation. Section Facility
design describes the structure and components of the test facility. Additional features
are shown in Section Facility features. Section Comparison: Reverberation cham-
ber compares the test facility with another facility using a different physical principle.
Initial measurements are shown in Section Measurement, including various operating
points of the thruster. Finally, in Section Conclusion, a summary of the work and its out-
puts is given, along with an outlook.

Motivation

Ion thrusters, which constitute an essential part of “NewSpace” missions, play a major
role in spacecraft systems for propulsion and maneuvering. Therefore, the thrusters and
their peripherals must be safe and reliable. In addition to functionality, electromagnetic
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compatibility requirements must also be met to always ensure stable operation under
all operating conditions. Furthermore, the mutual interference of active high-frequency
components - such as the radio-frequency generator typically used with RF ion thrust-
ers - and satellite components regarding immunity and emissions must be considered.
In fact, the electronics constitute about 60 % of the total thruster assembly, which shows
the importance of examinations of those allegedly “peripheral” components and their

interaction with the thruster itself and other satellite components.

Facility design

The vacuum EMC test facility consists of two parts. Figure 1 shows a schematic rep-
resentation. The first part, a semi-anechoic chamber, describes a defined environment
for EMC testing. In general, it is a room consisting of a metallic, electrically conductive
housing in which EM fields are decoupled from the outside. In addition, the walls and
ceiling are covered with absorber material to eliminate reflections and thus mimic far
field conditions. There are two panels in the floor to connect the DUT to all necessary
cabling and further supply lines from the outside. There are also two panels in the wall
to supply the anechoic room with gas for the thruster and water for cooling systems.
Another important aperture is the feedthrough to the vacuum vessel. It is made with
a GRP (glass-fibre reinforced plastic) cyclinder with an epoxy resin. The wall thickness
is about 21 mm. On both sides of the wall is still a UV protective layer. A metal flange
connects the GRP cylinder and vacuum tank. The material has the advantage of being
transparent to electromagnetic radiation to a certain extent. The transparency function
as well as the influence of the metal flange are subject to an ongoing investigation. This
characteristic allows to perform radiation and susceptibility measurements. The vacuum
vessel is shown in Fig. 2. It contains a beam dump, a honey comb and several open-
ings for pumps, feedthroughs and sensors. The honey comb was previously researched
and laid out as described in [5]. Simulations resulted in a damping of the radiation with
more than 100 dB using long honey comb chimneys. The pumping system consists of a
backing pump, a turbomolecular pump and a cryopanel which are located adjacent to
the tank. The backing pump is a “Leybold DRYVAC DV 200” with a nominal pumping
speed of 210 m3/h and an ultimate pressure of 0.01 mbar. The turbomolecular pump is
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Fig. 1 Conceptual drawing of the vacuum EMC test facility: Semi-anechoic room (left) and vaccum vessel
(right)
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Fig. 2 Conceptual drawing of vacuum vessel: GRP cylinder, beam dump and honey comb

a “Edwards STP-iXA4506C” with a rated speed of 24200 rpm or 30001/s The thruster
is mounted inside the GRP cylinder. A beam dump is used to absorb particle energy.
Behind it is a honey comb that ensures that the vacuum area of the facility is com-
pletely free of radiation from the outside, caused by vacuum pumps, gauges and other
feedthroughs. Thus, the entire pumping system is located in an EMC-tight but gas-per-
meable second part of the vacuum vessel. A general measurement setup includes a DUT,
an antenna and measurement electronics. The DUT consists of a thruster and its periph-
eral devices, e.g. in case of a RIT: a radio-frequency generator and high voltage power
supplies for the grids. The measurement electronics include the signal generators and
amplifiers for susceptibility tests and analyzers for radiation testing.

The measurement electronics is formed by Rohde & Schwarz systems. The measur-
ing procedure is controlled and evaluated by the software EMC32 version 11.40.00. The
signal generator is a “Rohde & Schwarz SMB 100A” with a frequency range of 100 kHz
to 20 GHz. The hardware control unit is a “Rohde & Schwarz OSP220” model, this is
used to switch various signal paths on or off, depending on the hardware configuration
and test setup. The spectrum analyzer is a “Rohde & Schwarz ESW26” with a frequency
range up to 26.5 GHz. The used antenna is a “Schwarzbeck VULB 9162” with a frequency
range of 25 MHz to 8 GHz.

Facility features

The anechoic room is 5.5 m long and 4.8 m wide. The height ist about 3.2 m. It is designed
for a frequency range from 30 MHz to 40 GHz. Emission and immunity tests comply
with MIL and ECSS standards. The standard distance between the antenna and DUT
is specified as 1 m. The vacuum vessel has a diameter of 2.75 m. The current configura-
tion of the electronic equipment is divided into emission and susceptibility tests. Fur-
thermore, a distinction is made between conducted and radiated investigations. Thus,
there are four testing conditions: conducted emissions (CE), radiated emissions (RE),
conducted susceptibility (CS) and radiated susceptibility (RS). The following Table 1
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Table 1 EMC measurement options and ranges

CE (differential-mode) 30 Hz to 100 MHz

CE (common-mode) 100 kHz to 100 MHz

RE (low frequency) electric and magnetic field
RE (electric field) 30 MHzto 18 GHz

CS (differential-mode) 30 Hz to 100 kHz

CS (common-mode) 50 kHz to 100 MHz

RS (magnetic field) 30 Hz to 100 kHz

RS (electric field) 30 MHzto 18 GHz

Fig. 3 Reverberation chamber at Justus-Liebig-University: (1) mode stirrer, (2) beam dump, (3) thruster, (4)
and (5) measurement antennas

shows the frequency ranges for each measurement option. Currently, the limitation in
frequency is 18 GHz. An upgrade from 18 GHz to 40 GHz is planned.

There are also some limitations, which are issues in an ongoing research, that must be
considered when using thrusters. The size of the thruster under investigation depends
on the divergence angle of the ion beam, due to the nature of the vacuum vessel. Finally,
the ion beam should not hit the walls of the tank, but the beam dump. Initial approaches
indicate that a size of RIT-10 to RIT-15 from the manufacturer ArianeGroup is possible.
For more information about the RIT properties, see [1]. Furthermore, it will be investi-
gated whether CubeSat systems can also be completely measured. Another influence is
the limitation by thermal management, especially for endurance tests. Due to the pump-
ing speed of the pumps, a gas flow of 50 sccm should be possible.

Comparison: Reverberation chamber

Another facility for diagnosing EMC characteristics is a reverberation chamber (see
Fig. 3), which is also operated at Justus-Liebig-University in Giessen. The chamber is
1.6 m in diameter and approximately 2.4 m long. The dedicated pumping system consists
of two backing pumps and a turbomolecular pump and reaches an initial pressure of less
than 10~° mbar, which increases to about 3 - 10~® mbar when g = 0.25 sccm Xe propel-
lant flows into the chamber. The laboratory is air-conditioned to minimize the tempera-
ture effects on the equipment and the feed system. The vacuum chamber has a graphite
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beam dump, which collects the ejected ion plume [9]. The purpose of this concept is
to investigate the applicability of a reverberation vacuum chamber in the field of elec-
tric propulsion. The DUT and other peripherals to be investigated are operated in the
chamber. The RVC is based on the principle of a cavity resonator, where usually only dis-
crete modes propagate, which means that discrete frequencies can be observed at high
field strength, while medium frequencies are strongly attenuated. To obtain a continuous
frequency spectrum, at least one rotating metal stirrer is used, which changes the EM
boundary conditions depending on its angular position. A time-varying mode spectrum
is measured with the introduced measurement equipment and an antenna with a fre-
quency range from 500 MHz to 18 GHz. Measurements in the reverberation chamber are
possible at frequencies above the cut-off-frequency. It is defined by the geometry of the
metallic vessel and is determined experimentally during commissioning of the chamber.
The cut-off frequency can be interpreted in different ways. On the one hand as the first
fundamental mode (theoretically calculable according to Weyl’s formula [10]) or as soon
as enough modes have propagated in the chamber, a kind of stability criterion. The first
fundamental mode was calculated to 378 MHz. For more information about the charac-
teristics and especially the preceding simulation model, see [9]. However, since the beam
dump and other components such as the antenna and thruster reduce the volume of the
chamber, the resonant frequency increases slightly.

The main difference to the semi-anechoic chamber is that very high field strengths can
be generated with a comparatively low feed-in power. Whereas the semi-anechoic cham-
ber is a replica of the free space [11].

Measurement

Initial measurements were conducted with the PPT to test the operation of the devices
and check the electromagnetic characteristics. Furthermore, a cross-check with the
reverberation chamber was performed. As can be seen in Fig. 4, the PPT is located
inside the GRP cylinder, only its electrical connections are routed out of the chamber
to supply the thruster. The thruster system consists of the four PETRUS PPT and a
black box containing a communication and control module. Also included is a charge
and ignition unit. The cabling consists of the power supply lines, two communication

Fig. 4 Measurement setup with PPT inside GRP cylinder and antenna
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cables and a ground cable. The PPT module is grounded to the semi-anechoic cham-
ber. The mounting of the PPT is not grounded. The initial pressure of the SAC is below
10~ mbar, which increases to about 7 - 107° mbar at g = 0.25 sccm Xe propellant flow.
The thruster is operated nominally. The PPT burns its on-board solid propellant, and the
pulsed extractions here occur at 2 Hz. PPT with solid propellant have a negligible effect
on the background pressure of the chamber compared to systems with gas flow such as
an RIT. The temperature was not determined before, during or after the measurement.

Since the PPT is ignited at 2 Hz, this corresponds to a pulse length of 500 ms. Accord-
ingly, the spectrum analyzer is triggered every 500 ms to sample a frequency range. This
ensures that a pulse of the PPT takes place in each frequency range. The measurement
therefore starts at 30 MHz and runs step by step through the frequency range up to 8
GHz, with a dwell time of 500 ms per frequency window, the step size is logarithmic,
otherwise the measurement would be too time-consuming. Before starting operation
and measurement, a steady state of the chamber pressure was waited for.

As shown in Fig. 5, the results include the noise caused by ambient radiation and the
radiation caused by the PPT. For comparison, the results in both the semi-anechoic
chamber and the reverberation chamber are shown. In the reverberation chamber, the
lowest useable frequency is about 300 MHz due to the available antennas. In any case,
the results in the reverberation chamber are only meaningful above 378 MHz, which is
approximately the stable cut-off-frequency of the cavity. The antenna in the semi-ane-
choic chamber has its highest frequency at 8 GHz.

The discrepancy between the SAC and RVC results can be explained as follows: First,
the background radiation between SAC and RVC facilities is different due to different
methods of calculating the field strength. The lower characteristic curve of the RVC
facility means that it is more sensitive compared to the SAC facility. The increased sen-
sitivity can be recognized by the base noise, which is significantly lower in the RVC. This
makes it possible to detect lower field strengths. In the reverberation chamber, the total
power of the DUT is obtained by the antenna, which is increased by the amplification
of cavity resonators. The energy radiated above the cutoff frequency is reflected several
times in the RVC and can be damped to a lesser extent compared to the SAC setup.

In the EMC32 software module for the RVC, the antenna distance is set to 1 m, since
the standards require such a distance. Since no such distance can be maintained in the
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Fig. 5 Measurement results with comparison of reverberation chamber. SAC noise (light blue), PPT in SAC
(blue), RVC noise (light red), PPT in RVC (red)
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chamber, the measurement distances in the RVC are only virtual and therefore calcu-
lated. In the SAC, however, the distance 1.5m was used due to calibration data of the
antenna. The resulting deviation was compensated by the free space attenuation. Its cal-
culation is done with Egs. (1) and (2) [12]:

2
p=(4';”> M

Fgg = 10 - log,(F) )

where r is the distance between antenna and DUT, 4 is the wavelength. To give an exam-
ple for a frequency of approximately 1.1 GHz, the emissions are 74 dBuV/m (SAC) and
100 dBpV/m (RVC). The difference is about 26 dB and the free space attenuation is cal-
culated to 27.25 dB. This calculation is performed over the entire frequency range and is
already considered in Fig. 5. For a good overview, the background noise has been sub-
tracted from the thrusters emissions and can be seen in Fig. 6. Comparing both plots,
the SAC emissions are slightly higher than the RVC’s, which is a good correlation for
these measurements. Since the system is a SAC, there are no absorbers mounted on
the floor. Ground reflections occur, and the conditions of free space are accordingly not
quite met. This creates further interference paths to the receiving antenna, depending on
its position and the wavelength. Furthermore, the GRP cylinder has not yet been con-
clusively investigated; currently, no attenuation or even amplification due to multipath
propagation is assumed. A frequency-dependent detection is required for this. Accord-
ingly, existing deviations will be examined more closely in the next steps.

Conclusion

In summary, the facility has been built and the measurement equipment has been set up.
First measurements on the ambient radiation and a PPT were performed and compared
with the results in the reverberation chamber. Due to the lack of reference values, lit-
tle can be said about the quality of the PPT from an EMC point of view. The radiation
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Fig. 6 SAC measurement results compared to RVC results. The ambient radiation is subtracted from the PPT
data with signal-noise-ratio (SNR) > 110 % (bold lines) and SNR < 110 % (narrow lines). PPT in SAC (blue), PPT
in RVC (red)
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pattern of the PPT is verified, due to the high agreement of the measurements in both
chambers. Due to the mutual comparison of the measured values, both chambers agree
and can be used. The research carried out contributes to the expansion of science inso-
far as new knowledge about the functionality of the chambers has been gained. Most
important is the realization that the reverberation chamber can also be used for EMC
measurements in the field of electric propulsion.

To give an outlook, the next steps are to eliminate the discrepancies between SAC and
RVC and to perform further tests to see if both chambers can be considered equivalent.
The damping/strengthening of the GRP cylinder and also the damping determination of
the honeycomb are part of the future activities. When consistent and traceable results
are available, the following work is planned: Comparison of two RIT and the inclusion of
peripherals. The influence of wiring and its routing are also important for EMC testing
for thruster assemblies. The influence and detection of thermal characteristics is also an
important research topic. Depending on the dependence of the possible sizes and pow-
ers of the thrusters, tests with total systems such as CubeSats are also planned.
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4 Diskussion und Fazit

Diese Forschungsarbeit beschiftigte sich mit EMV-Untersuchungen im Bereich
der elektrischen Antriebstechnik fiir Raumfahrtanwendungen. Der Stand der
Wissenschaft zeigte fehlende Erkenntnisse in dem Bereich der Vorhersagbarkeit
des EMV-Verhaltens eines Systems auf. Die fehlenden Moglichkeiten, Trieb-
werkssysteme ganzheitlich und unter Nennbetrieb elektromagnetisch zu ver-
messen, waren eine weitere Problemstellung. Die durchgefiihrte Forschung und
gewonnenen Erkenntnisse beantworten die Fragestellungen und haben fiir eine
Erweiterung des Wissens und der Moglichkeiten in diesem Forschungsgebiet
gesorgt. Die Beitrdge dieser kumulativen Dissertation beschiftigen sich mit
Simulationsmodellen eines Radiofrequenz-Generators sowie der Nachbildung
des Ionenstrahls an einem Radiofrequenz-lonentriebwerk. Weiterhin sind der
Aufbau und die Inbetriebnahme einer halb-reflexionsfreien Absorberkammer

mit angeschlossenem Vakuumtank in einem Beitrag beschrieben.

Weiterfithrende Arbeiten sollten sich mit der Ausweitung bzw. Zusammen-
fiihrung der Simulationsmodelle beschiftigen. Zum einen ist die Erweiterung

um ein Neutralisatormodell ratsam, um realitdtsnahe Analysen zu erstellen.
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4 Diskussion und Fazit

Weiterhin lassen sich zusétzliche periphere Komponenten elektromagnetisch
simulieren, wie die Hochspannungsnetzteile zum Betrieb des Gitterextrak-
tionssystems. Bei der Zusammenfiihrung aller Simulationskomponenten ist
zum einen auf die Umsetzung der Simulationseinstellungen zu achten, da
die einzelnen Modelle bereits rechenintensiv sind. Eine Moglichkeit wire die
Nutzung eines leistungsstarken Rechencluster bzw. die Zusammenfithrung
der Emissionsspektren der einzelnen Komponenten als externe Stérquelle in
der Simulationsumgebung. Die gegenseitige Beeinflussung ist dadurch jedoch
schwieriger nachzustellen. Eine weitere wichtige Komponente bei der Zusam-
menfithrung der Simulationen ist die Betrachtung des Kabelmanagements,
da die Kabelauswahl sowie -fithrung erfahrungsgemafs einen entscheidenden

Anteil am EMV-Verhalten des Gesamtsystems haben wird.

Zu den ausstehenden Forschungsarbeiten an der Absorberkammer selbst z&hlt
die kontinuierliche Verbesserung der verwendeten Elemente, wie beispielsweise
des Kunststoffzylinders oder des Wabenkamins. Die weitere Forschungsar-
beit an der Absorberkammer umfasst die Vermessung aller Komponenten.
Durch das schrittweise Hinzufiigen bzw. Entfernen einzelner Komponenten ist
ihr direkter Einfluss erkennbar. Weiterhin sind diverse Positionierungen von
Komponenten und der Kabelfithrung zu erkunden. Um ebenfalls auf mogli-
che Missionen im Weltraum zu verweisen, ist der Betrieb mehrerer paralleler
RIT zu erforschen, um die Interaktionen aus physikalischer und technischer
Sicht zu verstehen. Dadurch ist die Ausarbeitung von Designregeln fiir simt-
liche Triebwerkssystem-Zusammensetzungen moglich sowie die Zuarbeit bei

einheitlichen Normen fiir die europédische Raumfahrt, organisiert durch die
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europdische Kooperation fiir Raumfahrtnormung der Europédischen Weltraum-

organisation ESA.

Zuletzt sollte das Ziel die Vereinigung von Messungen und Simulationsmodell
tiir dhnliche Betriebsparameter sein. Dadurch wird eine endgiiltige Verifizie-
rung des Simulationsmodells erreicht und fiir die Vorentwicklung, sowohl fiir

Triebwerke wie auch Elektronik, verwendbar.

61






Literatur

[Bar1y] Baranov, S. V., et al.: ,Determination of Electromagnetic Emission from
Electric Propulsion Thrusters under Ground Conditions”, IEPC-2017-167,
2017 International Electric Propulsion Conference, Atlanta, US (2017),

http:/ /electricrocket.org /IEPC/IEPC_2017_167.pdf

[Bat1y] Baruth, T.: ,, Analysis on the electromagnetic compatibility of radio-
frequency ion thrusters using a RIT4”, University of Giessen, Giessen,

Germany (2017), http://geb.uni-giessen.de/geb /volltexte/2017/12495/

[Beio3] Beiting, E.J., et al.: ,Electromagnetic Emissions to 6o GHz
from a BPT-4000 EDM Hall Thruster”, IEPC-03-129, 2003 Inter-
national Electric Propulsion Conference, Toulouse, France (2003),

http:/ /electricrocket.org /IEPC/0129-0303iepc-full.pdf

[Cha11] Chabert, P., Braithwaite, N.: ,Physics of Radio-Frequency Plasmas”,
University Press, Cambridge (2011), ISBN 978-0-521-76300-4

[Gus15] Gustrau, E, Kellerbauer, H.: , Elektromagnetische Vertraglichkeit”, Han-
ser (2015), ISBN 978-3-446-44301-3

XXiii



Literatur

[Hol2o] Holste, K., et al.: ,Ion thrusters for electric propulsion: Scientific issues
developing a niche technology into a game changer”, Rev. Sci. Instrum. 91,

061101 (2020), https:/ /doi.org/10.1063/5.0010134

[Int18] International Electrotechnical Commission, ,,IEC standard 60050-161-01-
o7: International Electrotechnical Vocabulary: Electromagnetic compatibili-

ty: Basic concepts” (2018)

[Junig] Junker, J. E., Probst, U., Klar, P. J.: ,,Development of a full bridge se-
ries resonant radio-frequency generator for optimized RIT operation”,
IEPC-2019-474, 2019 International Electric Propulsion Conference, Vienna,

Austria (2019), https:/ /electricrocket.org/2019/474.pdf

[Lan2o] Lan, C., Kaganovich, I. D.: ,Neutralization of ion beam by electron
injection: Accumulation of cold electrons”, Phys. Plasmas 27, 043108 (2020),

https:/ /doi.org/10.1063/1.5128521

[Men16] Meniconi, G., et al.: , Electromagnetic Emissions from the Fakel SPT-
100 Thruster Measured at the new Aerospazio EMI Test Facility”, F-31402,

2016 Space Propulsion, Roma, Italy (2016)

[Monoo] Montrose, M. I.: ,Printed Circuit Board Design Techniques for EMC
Compliance: A Handbook for Designers”, Wiley (2000), ISBN 0-7803-5376-5

[Mueg2] Miiller, H., Kukies, R., Bassner, H.: ,EMC Tests on the RITA
Ion Propulsion Assembly for the ARTEMIS Satellite”, AIAA 92-3208,
28th Joint Propulsion Conference and Exhibit, Nashville, US (1992),
https:/ /doi.org/10.2514/6.1992-3208

XXiV



Literatur

[Ott11] Ott, H. W.: ,Electromagnetic Compatibility Engineering”, Wiley (2011),
ISBN 978-0470189306

[Per19] Perez, R. J.: ,Handbook of Aerospace Electromagnetic Compatibility”,
Wiley (2019), ISBN 978-111-89-1051-1

[Rov22] Rover, Y., Volkmar, C.: ,Verification of a radio-frequency gene-
rator model in a full-wave 3D EM simulation”, 2022 IEEE Aero-
space Conference (AERO), Big Sky, MT, USA (2022), pp. 1-10, htt-
ps://doi.org/10.1109/ AERO53065.2022.9843355

[Rov23] Rover, Y., et al.: ,Modeling the influence of an electric thruster’s ion
beam on its global EMC”, Front. Space Technol. 4:1287474 (2023), htt-
ps://doi.org/10.3389/frspt.2023.1287474

[Roy23] Rover, Y., et al.: ,,Semi-anechoic chamber for electromagnetic compa-
tibility tests of electric propulsion thrusters”, J Electr Propuls 2, 3 (2023),

https:/ /doi.org/10.1007/544205-023-00039-W

[Thuig] Thiiringer R., et al.: , Test Facility for EMC-Characterization of Electric
Thrusters in Operation using an evacuated Reverberation Chamber resp.
an Anechoic Chamber with Vacuum Vessel and Honey Comb”, IEPC-2019-
A618, 2019 International Electric Propulsion Conference, Vienna, Austria

(2019), https:/ /electricrocket.org/2019/618.pdf

XXV



Literatur

[Usu13] Usui, H., Hashimoto, A., Miyake, Y.: ,Electron behavior in ion be-
am neutralization in electric propulsion: full particle-in-cell simulati-
on”, J. Phys.: Conf. Ser. 454 012017 (2013), https://doi.org/10.1088/1742-
6596/454/1/012017

[Zha21] Zhang, H., et al: ,Spacecraft Electromagnetic Compatibi-
lities Technologies”, Springer (2021), ISBN 978-981-15-4781-2,
https:/ /doi.org/10.1007/978-981-15-4782-9

XXVi



	Abstract
	Kurzzusammenfassung
	Danksagung
	Veröffentlichungen und Konferenzbeiträge
	Abbildungsverzeichnis
	Symbolverzeichnis
	Abkürzungsverzeichnis
	Einleitung
	Motivation
	Stand der Wissenschaft
	Wissenschaftliche Fragestellung und Zielsetzung

	Überblick der Themengebiete
	Einordnung der Veröffentlichungen und deren Ergebnisse
	Erste Veröffentlichung
	Zweite Veröffentlichung
	Dritte Veröffentlichung

	Diskussion und Fazit
	Literatur

