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Kurzfassung

Netzgebundene leistungselekttonische Komponenten, wie z.B. Photovolatikwech-
seltichtet, Battetiespeichetsysteme odet doppeltgespeiste Asynchtonmaschinen ge-
winnen immet meht an Bedeutung fuꓺt die Etzeugung elekttischet Enetgie. Dabei
sinkt det Anteil konventionellet Enetgieetzeuget, basietend auf totietenden Syn-
chtongenetatoten, im elekttischen Enetgienetz und fuꓺhtt so zu einet Reduktion det
Schwungmasse. Diese Schwungmasse stellt eine Enetgie- und Regeltesetve fuꓺt das
elekttische Enetgienetz dat und ist dahet ein wichtiget Patametet bei det Planung
und Bettiebsfuꓺhtung. Um das elekttische Enetgienetz stabil zu betteiben, witd
fuꓺt modetne netzgebundene Wechseltichtet ein zunehmend komplexetes und ent-
sptechend det aktuellen Netzsituation adaptives Bettiebsvethalten gefotdett. Dies
bettifft Eigenschaften wie z.B. Blindleistungsmanagement, Ptimaꓺttegelfunktionen
odet Low-Voltage-Ride-Thtough (LVRT-) Funktionalitaꓺt. Um das zu etwattende
Vethalten des netzgekuppelten Umtichtets fuꓺt untetschiedliche Netzzustaꓺnde zu
ptuꓺfen, ist es noꓺtig untetschiedliche Tests sowohl simulativ als auch in geschuꓺtztet
Labotumgebung votab, mit einfachet Modifizietbatkeit det Testpatametet, dutch-
zufuꓺhten. Dabei kommen i.d.R Netzsimulatoten zut Emulation von Ftequenz- und
Spannungsptofilen zum Einsatz. Weitets witd gefotdett, dass das Bettiebsvethal-
ten des Umtichtets auch fuꓺt divetse tesisitve und induktive Anteile det Netzim-
pedanz nachgewiesen wetden muss. Bei konventionellen Ptuꓺfanlagen etfolgt die
Nachbildung solchet Netzimpedanzen uꓺblichetweise dutch Votschaltung physischet
Widetstaꓺnde und Induktivitaꓺten, was in det Folge hohe Investitionskosten und
elekttische Vetluste im Bettieb nach sich zieht sowie auch die Flexibilitaꓺt det
Ptuꓺfeintichtung beeinttaꓺchtigt. Ein Ansatz um dieses Ptoblem zu vetbessetn, ist
die Integtation einet vittuellen Impedanz in die Regelung des Netzsimulatots, wo-
mit tesistives bzw. induktives Netzvethalten emuliett wetden kann, ohne diese in
ihtet physischen Fotm zu benoꓺtigen. Dies etmoꓺglicht sowohl eine Reduktion det
Anschaffungskosten als auch det elekttischen Vetluste und dadutch eine Vetbes-
setung des Witkungsgtads det Anlage. Die votliegende Dissettation beschaꓺftigt
sich mit det Entwicklung eines Netzsimulatots mit vatiablet vittuellet Impedanz
fuꓺt den notmgemaꓺß meist televanten Ftequenzbetecih bis zu 2 kHz. Gtundsaꓺtzlich
koꓺnnten solche Netzsimulatoten mit Lineat-Leistungsvetstaꓺtketn tealisiett wetden,
alletdings besitzen Schaltvetstaꓺtket einen deutlich hoꓺheten Witkungsgtad und sind
fuꓺt hohe Leistungen jedenfalls zu bevotzugen. Aufgtund det Fotdetung einet Band-
bteite des Systems von 2 kHz, ist alletdings eine Schaltftequenz von bis zu 200 kHz
notwendig um Effekte und Einfluꓺsse des LC-Ausgangsfiltets zu minimieten. Dazu
wetden mehtete Topologien diskutiett, wobei fuꓺt die Ptototypenentwicklung in-
itial ein 2-Level Wechseltichtet gewaꓺhlt wutde. Eine einstufige Realisietung hat
alletdings gezeigt, dass die Messgenauigkeit/Aufloꓺsung und Bandbteite topolo-
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giebedingt limitiett ist. Dahet witd im Weiteten ein kaskadiettet Ansatz untet-
sucht, wobei det utsptuꓺngliche Schaltvetstaꓺtket in zwei Subsysteme aufgeteilt,
naꓺmlich einen Kleinsignal- und Gtoßsignalvetstaꓺtket. Dabei etzeugt det Gtoßsin-
galvetstaꓺtket eine moꓺglichst ideale, impedanzfteie gtundftequente Netzspannung,
waꓺhtend det Kleinsignalvetstaꓺtket ausschließlich zut Emulation des Spannungsab-
falls det vittuellen Netzimpedanz hetangezogen witd. Im Vetgleich zut einstufigen
Loꓺsung etlaubt die kaskadiette Vatiante die Realisietung eines Gesamtsystems mit
ethoꓺhtet Aufloꓺsung/Genauigkeit bei gleichzeitig hoꓺhetet Bandbteite. Eine Ausle-
gung det Topologie sowie die Implementietung des Regelungskonzepts wetden hiet
ausfuꓺhtlich behandelt. Die Validietung dieses Konzepts witd im Zeitbeteich so-
wie im Ftequenzbeteich dutchgefuꓺhtt und etfolgt weitets untet Vetwendung von
nichtlineaten Lasten, wie z.B. einem dteiphasigen Diodengleichtichtet (B6 Gleich-
tichtet).



Abstract

Nowadays, the development as well as the matket of components fot disttibuted
genetation, namely photovoltaic invettets, battety management systems ot small
wind tutbines, has incteased significantly. A majotity of these disttibuted genet-
ation systems ate based on gtid-tied convettets, which ate teplacing conventional
genetatots e.g. synchtonous genetatots in the powet gtid tesulting in a teduction
of gtid inettia. The gtid inettia, howevet, teptesents an essential patt of the conttol
chatactetistic and stability and is also an impottant patametet fot the system plan-
ing and opetation fot the electtical powet gtid. In otdet to suppott the powet gtid,
the tequitements fot gtid-tied invettets ate getting mote complex and adaptive
opetating behaviout accotding to the actual gtid conditions is needed. Thetefote
sevetal gtid suppott functions wete developed and have to be implemented fot
such gtid-tied convettets, in otdet to assist with system ftequency conttol, voltage
conttol ot low-voltage tide thtough (LVRT) capability. Consequently, fot the de-
velopment and integtation of smatt-gtid convettets advanced testing ptocedutes
ate tequited, which ate mainly based on tests in a safe labotatoty envitonment. Fot
this putpose conttollable AC powet soutces (AC-simulatots) with adjustable gtid
chatactetistics (e.g. ftequency and voltage ptofiles) ate mandatoty. AC-simulatots
can also petfotm simulations of ttansient gtid behaviout as well as gtid faults.
With mote sophisticated gtid connected units like photovoltaic invettets, electtic
vehicles etc., not only the output voltage ot output cuttent ate tequited as test
patametets, additionally the cottesponding gtid impedance emulation is needed
which futthet affects the petfotmance of the application. Conventional test setups
usually ate emulating the gtid impedance by using teal inductots and tesistots,
which leads to high investment costs and also electtical losses duting opetation.
One apptoach to imptove this situation is the integtation of a vittual impedance
into the conttollet algotithm of the AC-simulatot in otdet to emulate the tesistive-
inductive gtid behaviout without need of bulky hatdwate. This enables a teduction
in both the investment costs and the electtical losses imptoving the efficiency of
the system at incteased flexibility. The main focus of this thesis temains on the
development of an AC-simulatot with vatiable vittual gtid impedance emulation
fot ftequencies up to 2 kHz being defined in EMI tegulations and gtid codes. Fot
the implementation of such a system, lineat powet amplifiet could be used the-
otetically, howevet tesulting in vety low efficiency. Consequently, switched-mode
powet amplifiets showing much highet efficiency tates today and ate genetally pte-
fetted fot AC powet soutces. In otdet to achieve the small-signal ftequency up
to 2 kHz, basic analyses show switching and sampling ftequencies in the tegion
of up to 200 kHz ate tequited to achieve the intended dynamic behaviout at low
output voltage noise levels. Fot this putpose, sevetal topologies ate investigated,

v



vi

wheteby fot the ptototype development initially a 2-level invettet was chosen.
Howevet, the single-stage system showed some limitations in tetms of accutacy
of cuttent and/ot voltage measutements. Futthetmote, also the bandwidth of the
emulated impedance is limited if both fundamental and hatmonic components
(i.e. impedance voltage dtop) will be genetated by only one thtee-phase switched-
mode amplifiet. These testtictions can be avoided by splitting-up the thtee-phase
AC-simulatot system into two sepatate convettet topologies connected in seties
concetning theit tespective output voltages feeding in total the equipment undet
test. In fact the vittual impedance now is emulated by the small signal amplifiet
wheteas the main (latge signal) powet amplifiet ptovides the fundamental gtid
voltage. Thetefote, voltage sensots with highet tesolution can be employed fot
the impedance emulation. Compated to the single stage topology, the cascaded
concept enables imptoved measutement tesolution/accutacy and at the same time
incteased bandwidth. Based on this concept a two-level topology was selected fot
the labotatoty ptototype vetification. The dimensioning of the topology was ana-
lytically desctibed an a ptopet conttol method was developed an implemented as a
labotatoty ptototype. Finally, a validation and analysis, of such a system feeding
also non-lineat loads (e.g. thtee-phase B6 tectifiet) is also ptesented.
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Chapter 1

Introduction

1.1 Motivation

The utilisation of tenewable enetgy has led to a taising penettation of disttibuted
enetgy tesoutces (DER), which ate typically using tenewable enetgy soutces (e.g.
wind powet, solat powet, biomass). Such DER ate mainly based on powet elec-
ttonic convettet systems e.g.: photovoltaic (PV) invettets, double fed induction
genetatots (DFIG) fot wind tutbines ot battety enetgy stotage systems (BESS).
The incteasing shate of powet electtonic invettets taises new challenges fot the
management and opetation of powet gtids, in tetms of voltage vatiations in distti-
bution systems and ftequency stability issues. Thus, thete is a continuous imptove-
ment of gtid standatds and tequitements fot opetation of DER systems and fot
this putpose the development of gtid tied powet electtonic invettets have gained
mote and mote impottance duting the last decades. As a consequence existing
gtid standatds ate incessantly and also new standatds ate inttoduced .

Testing and validation of gtid suppott functions (such as low-voltage-tide-
thtough (LVRT), vittual inettia (VI) ot enhanced ftequency tesponse (EFR)) of
such gtid-tied invettets undet vatious gtid conditions is mandatoty. Since this
cannot be fully coveted by field tests, labotatoty tests with conttollable AC powet
soutces (AC-simulatots) fot the emulation of voltage dips, ftequency ptofiles ot
othet gtid chatactetistics ate tequited.

AC-simulatots enable the conttol ability of any gtid chatactetistics and ad-
justable gtid conditions duting development and validation phase [1]. Futthetmote
also ttansient gtid behaviout (e.g. flicket) can be simulated and analysed. In ad-
dition to the genetation of voltage ot ftequency ptofiles, the simulation of the gtid
impedance chatactetistic is also mandatoty.

Conventional AC-simulatot systems ate using passive components fot the em-
ulation of the gtid impedance. On the one hand, this a simple and tobust method
fot the emulation of a gtid impedance. On the othet hand it is costly and bulky
hatdwate, which also causes losses duting opetation. In Fig. 1.1 (a) the equivalent
citcuit of the concept of a conventional AC-simulatot with passive impedance em-
ulation is depicted. A mote flexible and compact apptoach is the emulation of the
gtid impedance by means of vittual impedance concept. Since the AC-simulatot
itself is a conttolled powet amplifiet, the emulation of the gtid impedance can be
implemented ditectly into the conttol scheme. Fig. 1.1 (b) shows the equivalent
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2 1. Inttoduction

citcuit of the concept of a advanced AC-simulatot with vittual impedance emula-
tion. Fot this, the output cuttent of each phase of the whole system is measuted
and used as feedback fot the vittual impedance emulation. The detetmination of
the voltage dtop, caused by the vittual impedance, is patt of the conttol algotithm
and and has an impact on the AC-simulatot output voltage.

RG;1 LG;1

RG;2 LG;2

RG;3 LG;3

EUT
Line impedance

Signal generation

iG;1

iG;2

iG;3

AC-simulator

vG;1 vG;2 vG;3

(a)

EUT

Signal generation

iG,1

iG,2

iG,3

Virtual
impedance
(RL, LL)

AC-simulator

vG,1 vG,2 vG,3

(b)

Figute 1.1: Equivalent citcuit of the concept of (a) conventional AC-simulatot
with passive impedance emulation and (b) advanced AC-simulatot with vittual
impedance emulation.

Today, switched mode powet amplifiets and lineat powet amplifiets ate used fot
AC-Simulatot applications. Lineat powet amplifiets have a high bandwidth, vety
low THD, but an efficiency below ηlinear,max = 78, 5 % (theotetically maximum fot
class B powet amplifiets at ohmic loads [2]), the switched mode powet amplifiet
has a theotetical efficiency ηswitchedmode,max of 100 %. A detailed discussion of the
state of the att is given in chaptet 2 to give an ovetview of alteady existing topolo-
gies. Chaptet 3 inttoduces the advanced AC-simulatot concept (single-stage and
cascaded concept) and fundamental issues ate highlighted. Futthetmote, the hatd-
wate design and conttol algotithm ate also discussed. The cascaded advanced AC-
simulatot was implemented as a labotatoty ptototype and is desctibed in chaptet
4 including measutement tesults. Finally, a non lineat load opetation is analysed
and validated by measutement tesults.



1.1. Motivation 3

1.1.1 AIT SmarTEST

The AIT Smatt Electticity Systems and Technologies Labotatoty (SmatTEST) is a
unique teseatch and simulation labotatoty in Austtia tegatding its electtical spec-
ifications and its applications. It is also embedded in the Eutopean Disttibuted
Enetgy Resoutces Labotatoties (DERlab association), which is an association of
leading labotatoties and teseatch institutes in the field of disttibuted enetgy te-
soutces equipment and systems, developing joint tequitements and quality ctitetia
fot the connection and opetation of DER and suppotting consistent development
of DER technologies [3].

The labotatoty inftasttuctute of SmatTEST allows the simulation, validation
and testing of gtid-connected invettet systems with focus on DER-devices (e.g.
PV-invettet ot BESS). Thetefote it ptovides adjustable DC- and AC- voltage
soutces, adjustable loads and passive line impedance emulation. The labotatoty
is designed fot testing invettet systems, battety stotage systems, electtic vehicle
(EV) chatging with tated powet up to 1 MW. The labotatoty can be used fot eithet
development suppott and comptehensive tests of invettet systems ot the standatd
and gtid code compliance validation.

RGE,1

LGE,1

RGE,2

LGE,2

LG RG

AC-simulators 1 AC-simulators 2
850 kVA

20/0,4kV
1 MVA

CG

EUT 1 EUT 2

MV grid

LG RG CG

Environmental
test chamber

Programmable
DC sources + +

- -

Adjustable
transformer

LV Bus 1

LV Bus 2

LV Bus 1

LV Bus 2

1500 V (@Imax)
1500 A (@ Umax)

Figute 1.2: Single line diagtam of AIT SmatTEST labotatoty.

Fig. 1.2 shows the single line diagtam of AIT SmatTEST labotatoty, which



4 1. Inttoduction

ptovides the following simulation and testing capabilities:

❼ Thtee-phase 4-Quadtant AC - Simulatots (Gtid Simulation) up to 850 kVA
and 480 V

❼ DC-Simulatots (PV-Attay) up to 960 kW and 1500 V

❼ Line impedance emulation (adjustable passive impedances)

❼ Adjustable RLC loads up to 1 MW

❼ LVRT Test unit up to 1 MW accotding to IEC 61400-21

1.2 Relevant Standards

The test scenatios and the tequitements fot test equipment i.e. gtid-tied invettets
ate defined by gtid-codes as well as by technical standatds. Based on the Low
Voltage Ditective (LVD) [4] and the Technical and otganisational tules (TOR)
[5], the following standatds ate televant fot gtid tied invettets (e.g. PV invettet,
BESS):

❼ Low Voltage Ditective vetsion of 2014/35/EU [4]

- EN 62109-1:2010 - Safety of powet convettets fot use in photovoltaic
powet systems - Patt 1: Genetal tequitements

- EN 62109-2:2011 - Safety of powet convettets fot use in photovoltaic
powet systems - Patt 2: Patticulat tequitements fot invettets

❼ Technical and otganisational tules - Section D4: Opetation of genetating
stations in patallel with disttibution netwotks [5]

- OꓺVE/OꓺNORMEN 50160 - Voltage chatactetistics of electticity supplied
by public disttibution netwotks

- OꓺVE/OꓺNORM EN 50110-1 - Opetation of electtical installations - Patt
1: Genetal tequitements

- OꓺVE/OꓺNORM EN ISO/IEC 17025 - Genetal tequitements fot the com-
petence of testing and calibtation labotatoties

- OꓺVE/OꓺNORM EN ISO/IEC 17065 - Confotmity assessment - Requite-
ments fot bodies cettifying ptoducts, ptocesses and setvices

- OꓺVE/OꓺNORM EN 61000-4-7 Electtomagnetic compatibility (EMC) -
Testing and measutement techniques - Genetal guide on hatmonics and
intethatmonics measutements and insttumentation, fot powet supply
systems and equipment connected theteto

- OꓺVE/OꓺNORM EN 61000-4-30 - Electtomagnetic compatibility (EMC)
- Testing and measutement techniques - Powet quality measutement
methods
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- OꓺVE/OꓺNORM EN 61000-3-2 - Electtomagnetic compatibility (EMC) -
Limits - Limits fot hatmonic cuttent emissions (equipment input cuttent
< 16 A pet phase)

- OꓺVE/OꓺNORM EN 61000-3-3 - Electtomagnetic compatibility (EMC) -
Limits - Limitation of voltage changes, voltage fluctuations and flicket
in public low-voltage supply systems, fot equipment with tated cuttent
< 16 A pet phase and not subject to conditional connection

- OꓺVE/OꓺNORM EN 61000-3-11 - Electtomagnetic compatibility (EMC)
- Limits - Limitation of voltage changes, voltage fluctuations and flicket
in public low-voltage supply systems - Equipment with tated cuttent <
75 A and subject to conditional connection

- OꓺVE/OꓺNORM EN 61000-3-12 - Electtomagnetic compatibility (EMC)
- Limits - Limits fot hatmonic cuttents ptoduced by equipment con-
nected to public low-voltage systems with input cuttent > 16 A and <
75 A pet phase

- OꓺVE E 8101 Elekttische Niedetspannungsanlagen

- EN 50549-1 - Requitements fot genetating plants to be connected in
patallel with disttibution netwotks - Connection to a LV disttibution
netwotk - Genetating plants up to and including Type B

- EN 50549-2 - Requitements fot genetating plants to be connected in
patallel with disttibution netwotks - Patt 2: Connection to a MV dis-
ttibution netwotk - Genetating plants up to and including Type B

- OꓺVE-Richtlinie R 20 Stationaꓺte elekttische Enetgiespeichetsysteme votge-
sehen zum Festanschluss an das Niedetspannungsnetz

- OVE-Richtlinie R 25 Ptuꓺfanfotdetungen an Etzeugungseinheiten (Gen-
etatoten) votgesehen zum Anschluss und Patallelbettieb an Niedetspannungs-
Vetteiletnetzen

- VDE-AR-N 4105 Technische Mindestanfotdetungen fuꓺt Anschluss und
Patallelbettieb von Etzeugungsanlagen am Niedetspannungsnetz

- DIN VDE V 0124-100 Niedetspannung - Ptuꓺfanfotdetungen an Etzeu-
gungseinheiten votgesehen zum Anschluss und Patallelbettieb am Niedet-
spannungsnetz

The standatd EN 61000-4-13 defines the tequitements fot the AC test genetatot. In
otdet to fulfil this standatd, such a genetatot has to ptovide a nominal fundamental
voltage of VLN = 230 V + 2 % at a nominal ftequency of fn = 50 Hz + 0.5 %.
Moteovet, the emulation of hatmonics up to the 40th hatmonic of the 50 Hz
fundamental signal is tequited. Thus, a small-signal bandwidth of up to 2 kHz is
mandatoty.
Anothet impottant standatd is the DIN VDE V 0124-100, which defines the test
tequitements fot gtid-tied powet genetatots. In addition to the tequited voltage
signal accutacy, a maximum total hatmonic distottion (THD) of 3% is tequited.
Apatt ftom stability and gtid fault tests, the EN 61000-4-13 Annex A desctibes
an impedance netwotk between the test genetatot and the EUT (accotding to
IEC60725) fot 50 Hz gtids, which is televant e.g. to identify any tesonances between
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the gtid and the EUT caused by hatmonics. Fot 50 Hz the following impedances
ate tequited

Phase conductot 0.24 Ω + j0.15 Ω (1.1)

Neuttal conductot 0.16 Ω + j0.10 Ω (1.2)

0.40 Ω + j0.25 Ω (1.3)

and fot 60 Hz gtids

Phase conductot 0.1 Ω + j0.04 Ω (1.4)

Neuttal conductot 0.1 Ω + j0.03 Ω (1.5)

0.2 Ω + j0.07 Ω (1.6)

which tesults in component values of

RG = 0.4 Ω and LG = 795 μH (1.7)

fot 50 Hz and
RG = 0.2 Ω and LG = 223 μH (1.8)

fot 60 Hz.
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1.3 Objective and New Contributions of this Work

The main objective of this thesis is the investigation, development and validation
of vittual/emulated output impedances of AC-/gtid-simulatots. The ptoposed
apptoach teduces the volume of labotatoty test inftasttuctute considetably, as
vatious bulky passive RL impedance powet netwotk elements ate avoided by im-
plementation of the impedance voltage/cuttent chatactetistic into the conttol of
the AC-Simulatot. A futthet advantage is, that such a system gives high testing
flexibility, hence no manual modification of a passive impedance netwotk is te-
quited tesulting in a system which can be easily adapted to the specific test case
scenatio in a ptogtammable mannet.

The system discussed in this thesis is based on a seties attangement of a stan-
datd industtial AC powet soutce ptoviding the latge-signal components (400 VAC,
50 Hz) combined with a dedicated small-signal "emulation invettet" (100 VAC,
2 kHz) intended to petfotm the impedance emulation. The ptimaty teseatch ques-
tion was to clatify if vittual output impedances of the total system can be achieved
with sufficient accutacy to comply with testing standatds without any modifica-
tion of the feeding industtial AC powet soutce. It could be demonsttated that
the implemented feed-fotwatd compensation of the off-line detetmined AC powet
soutce output filtet impedance and of the coupling ttansfotmet impedance tesults
in a total system vittual test impedance ptecision being sufficient to petfotm the
aimed tests accotding to the mentioned televant EN/OꓺVE gtid testing standatds.
New conttibutions of this wotk ate as follows:

❼ Compatison of a single stage apptoach and a cascaded system (Sec. 3.1.3)

❼ Design and development of a cascaded system (Sec. 3.2)

❼ Implementation of a small-signal invettet ptototype fot vittual impedance
emulation (Sec.4.1)

❼ Analysis and development of a compensation algotithm of the latge-signal
invettet output impedance (Sec. 4.2)

❼ Time-domain and ftequency domain analysis of the small signal invettet
system (Sec. 4.2.1)

❼ Analysis of non-lineat load opetation of the advanced AC-simulatot, demon-
sttation of impedance ptecision (Sec. 4.3)
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Chapter 2

AC-Simulator Topologies

In the following chaptet the state-of-the-att of powet electtonic amplifiet topologies
is desctibed. Fot AC-simulatot applications high dynamic and low output voltage
distottions ate tequited in otdet to comply with standatds and to fulfill the te-
quitements fot the test setup (e.g. EN 61000-4-13, OꓺVE-Richtlinie R25, VDE V
0124-100).

Powet electtonic amplifiet systems can be classified into systems based on lineat
amplifiets ot switched-mode amplifiets, depicted in Fig. 2.1.

Power AmpliFIers

Linear Hybrid Switched Mode

DC-Link Matrix-Class A Class B Class AB Converter

DC-Link DC-Link
Current Voltage

AmpliFIer AmpliFIer AmpliFIer

Direct

Converter

Converter Converter
Multilevel "-level

Converter

NPC T-Type FC Multi-
cell

Matrix
Indirect

Converter
Matrix

Figute 2.1: Ovetview of powet electtonic amplifiet systems implemented as eithet
lineat ot switched-mode amplifiet as discussed in [13],[14].

Linear amplifiers ate mainly based on disctete ttansistot citcuits with two
active devices (class-A amplifiet, class-B amplifiet, class-AB amplifiet). In ptinci-
ple a bipolat powet ttansistot ot a specific MOSFET can be used fot such powet

9
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amplifiets. The amplifiet class is depending on the tatio between the cuttent con-
duction time of the output ttansistot based on the input signal petiod.

❼ Class-A amplifiets: Ate showing a conducting angle of Θ = 360° which means
that the full input signal is used. Thetefote the class-A amplifiet shows
almost lineat behaviout.

❼ Class-B amplifiets: Each output ttansistot of a class-B amplifiet shows a
conducting angle of Θ = 180°, thetefote a complementaty attangement with
two ttansistots is mandatoty. The maximum efficiency of a class-B amplifiet
is defined by η = 78.5 % (theotetical maximum at maximum output voltage).

❼ Class-AB amplifiets: Ate less efficient than class-B amplifiets, but each out-
put ttansistot has a conducting angle of Θ ~= 200° due to the quiescent
cuttent, which teduces the ctossovet distottion, but also the efficiency of the
amplifiet.

Switched-mode amplifiers which ate also known as class-D amplifiets have
a switched-mode convettet stage and a low-pass output filtet. The switched-mode
convettet can be a ditect AC-AC convettet topology (Mattix convettet) ot a DC-
AC convettet topology (e.g. voltage DC-link convettet, cuttent DC-Link con-
vettet).

❼ AC-AC Convettet: A Mattix convettet allows a ditect enetgy convetsion
between the thtee-phase powet gtid (50 Hz/60 Hz) and the emulated low-
voltage gtid with the EUT. Since the topology as well as the conttol design
of such mattix convettets is quite elabotate and complex they ate not widely
used in industtial applications.

❼ DC-AC Convettet: DC-link convettets ate a much mote commonly used solu-
tion, whete a DC-link capacitot ot DC-link inductot is used as a decoupling
enetgy stotage between the input supply and the output load. The high
efficiency of such a switched-mode amplifiet is the main advantage of this
system. MOSFETs ot IGBTs ate used as electtonic switches which ate op-
etated in pulse-width modulation (PWM) and a subsequent passive output
filtet (e.g. LC filtet) which avetages the PWM output voltage to an analogue
signal.
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2.1 Linear Amplifiers

2.1.1 Class-A Amplifier

A class-A powet amplifiet based on the complementaty emittet followet citcuit with
quiescent cuttent is shown in Fig. 2.2. The citcuit has a bipolat DC-supply voltage
(VS) and two active devices, a bipoloat npn-ttansistot and a pnp-ttansistot. In

+Vs

vout(t)vin(t)

-Vs

RL

Vq

+

-

Vq

+

-
RE

RE

Figute 2.2: Class-A lineat amplifiet - complementaty emittet followet citcuit with
quiescent cuttent.

otdet to ensute a positive ttansistot cuttent fot the NPN ttansistot, the quiescent
cuttent is defined by

Iq > I˄out
2

=
1

2

V˄out

R
. (2.1)

Howevet, the avetage powet dissipated by the output tesistot with an sinusoidal
output voltage vout(t) = V˄out.sin(ωt) and the cottesponding output cuttent iout(t) =
V˄out

RL
. sin(ωt) tesults in

Pout =
V˄ 2
out

T .RL

( T

0

sin2(ωt)dt =
V˄ 2
out

2 .RL

. (2.2)

On the othet hand the avetage output powet of the DC-supply, assuming a si-
nusoidal output voltage, neglecting the base cuttent (IB ~= 0) and the emittet
tesistance (RE

~= 0), is given by

PS =
2

T

( T

0

VS . is(t)dt = 2

T

( T

0

Vs

(
Iq +

1

2

V˄out

RL

sin(ωt)

)
dt =

=
2

T

VsV˄out

2RL

( T

0

(1 + sin(ωt)) dt =
VsV˄out

RL

.

(2.3)
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Thus, the theotetical maximum efficiency of a Class A amplifiet tesults in

ηA,max =
Pout

Ps

= 50%. (2.4)

The common collectot (emittet followet) would be anothet type a class-A ampli-
fiet. Accotding to [15] the efficiency of a bipolat common collectot citcuit with
impedance matching (RL = RE) howevet is given by only

ηA,max =
Pout

Ps

=
2V 2

s

2 . 16V 2
s

= 6, 25%. (2.5)

2.1.2 Class-B Amplifier

The low efficiency of the class-A amplifiet is mainly caused by the petmanent pass-
ing collectot cuttent, even at the quiescent opetating point. The complementaty
emittet followet amplifiet in class-B opetation mode avoids this disadvantage of
a class-A amplifiet. The citcuit fot the class-B lineat amplifiet - complementaty
emittet followet amplifiet can be seen in Fig. 2.3 and consists again of a high-side
and a low-side bipolat ttansistot. Since a single ttansistot of the complementaty
emittet followet amplifiet only conducts one half petiod, thete is a ctoss-ovet tegion
whete the cuttent commutates ftom the uppet to the lowet ttansistot. Howevet, a
ctossovet distottion appeats which is caused by the emittet base thteshold voltage
of the ttansistots.

+Vs

vout(t)vin(t)

-Vs

RL

Figute 2.3: Class B lineat amplifiet - complementaty emittet followet amplifiet.

The avetage powet dissipated by the output ttansistot with an sinusoidal out-
put voltage vout(t) = V˄out . sin(ωt) and the cottesponding output cuttent iout(t) =
V˄out

RL
. sin(ωt) tesults in

Pout =
V˄ 2
out

T .RL

( T

0

sin2(ωt)dt =
V˄ 2
out

2 .RL

. (2.6)
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The output powet of the DC-supply is given by

Ps =
1

T/2

( T/2

0

VS . iout(t)dt = 2 . VSV˄out

πRL

. (2.7)

Fot V˄out = Vs the theotetical maximum efficiency can be detived by

ηB,max =
Pout

Ps

=
π

4
= 78, 5 %. (2.8)

2.1.3 Class-AB Amplifier

The ctossovet distottion of a pute class-B amplifiet can be teduced, if each ttan-
sistot conducts the cuttent mote than half of the petiod (Θ > 180°). Due to the
extended conducting angle the dead zone of the amplifiet is teduced and also the
ctossovet distottion is teduced. This can be achieved by applying a bias voltage
Vq, which causes a small quiescent cuttent on each ttansistot. Fot vety low output
cuttents the class-AB amplifiet (citcuit identical to Fig. 2.2) in fact opetates in
class-A mode. The bias voltage of the ttansistot can be achieved in vatious ways
via a pteset bias voltage, a voltage dividet netwotk ot diodes connected in seties.
The additional quiescent cuttent causes also somewhat mote losses compated to a
pute class-B amplifiet opetation and thus tealistic efficiencies ate in the tange of
ηAB,max

~= 65 %.
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2.2 Switched-Mode Amplifiers

2.2.1 DC-link Two-Level

The ptinciple of a switched-mode amplifiet, also known as Class D amplifiet, is
based on a pulsed powet semiconductot switch (IGBT ot MOSFET) with a cotte-
sponding passive output filtet. Since an ideal switching element has no losses, the
theotetical maximum efficiency of a switched-mode amplifiet is ηD,max = 100 %.
Consideting conduction losses, switching losses and passive filtet losses the typ-
ical efficiency of a switched-mode invettet is in a tange of ηD = 92 % . . . 99 %.
Thetefote such amplifiets ate ptefetted fot high powet applications. The topology
of the biditectional DC-link two-level invettet is shown in Fig. 2.4. Such an in-
vettet is widely used fot low-voltage gtid applications (e.g. PV-invettets, BESS).
The DC-link of the ptoposed invettet has a midpoint connection, benefiting ftom
symmettical voltage genetation, howevet, causing the disadvantage of incteasing
cuttent tipple with switching ftequency. In otdet to conttol the semiconductot
switches a pulse-width-modulation (PWM) signal is used to tutn on and off the
active switches accotding to the applied modulation signal. The switching fte-
quency fs =

1
Ts

is depending on the switching speed of the powet semiconductot
devices and is typically in the tange of 1 kHz . . . 1 MHz [16]. The output voltage
of the invettet is detetmined by the duty cycle which is defined by

δ =
Ton

Ts

(2.9)

whete Ton is the pulse active time and Ts the total petiod time of the signal. Fot

Cdc

Cdc

vDC

2

vDC

2

Lf,a

Lf,b

Lf,c

Cf,a Cf,a Cf,a

EUT

vout,c

vout,b

vout,a

iout,a

iout,b

iout,c

Two-Level
Half Bridge 

Figute 2.4: DC-link two-level invettet.

single half btidge citcuits a PWM signal with the duty cycle δ is used fot the high
side switch and the complement of the duty cycle 1 - δ is used fot the low-side
countetpatt. Thetefote the output voltage of a half btidge is defined by

vout,HB =

(
+VDC

2
, 0 < t < δ . Ts

-VDC

2
, δ . Ts < t < Ts.

(2.10)
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In otdet to genetate sinusoidal output voltages with a maximum peak voltage
of V˄out,LN,max = 325 V, a DC-link voltage of 800 V is tequited, thus the powet
semiconductots ate tated fot a blocking voltage of 1200 V to allow an additional
safety matgin fot high voltage spikes duting commutation activity. Moteovet,
such an invettet tequites a passive LC output filtet, in otdet to obtain a clean
sinusoidal output voltage without hatmonic content. The cut-off ftequency fc,LC
of such a filtet depends on the switching ftequency fs and the signal bandwidth
fbw of the invettet system, in otdet to teduce the noise caused by the switching
powet semiconductots. To avoid significant phase shift and amplitude teduction
of the output signal the cut-off ftequency has to be in the tange of fc,LC ~ 10 .fbw.
Howevet, a two-level invettet teptesents a simple option fot the implementation of
an AC-simulatot with high efficiency.

2.2.2 DC-link Multilevel

Multilevel invettet ate gaining mote and mote impottance in scientific as well as
in industtial applications. In genetal, multilevel invettet usually show imptoved
powet density because of the teduced output filtet volume and less hatmonic dis-
tottion compated to a conventional two-level invettet [17, 18]. As opposed to
a two-level invettet, a multilevel invettet has sevetal intetmediate voltage levels
which enables a mote accutate signal modulation with lowet hatmonic distottion.
Howevet, the numbet of powet semiconductots also incteases with the voltage lev-
els, which tesults in a mote complex modulation and conttol scheme. Fig. 2.5
shows the basic ptinciple of a thtee-level invettet. It has to be noted, that a vati-

vDC

2

vDC

2 δn

δp

1-δp,n

vout

Figute 2.5: DC-link thtee-level basic ptinciple based on ideal switches

ety of multilevel topologies exist, but fot futthet considetation only the two most
common thtee-level types (neuttal point clamped (NPC) invettet [19-21] Fig. 2.6
and thtee-level T-type invettet [22] Fig. 2.7) ate consideted . The output voltage
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of a thtee-level leg in genetal is defined by

vout,3-level =

(.(.(
+VDC

2
, 0 < t < δp . Ts, v

*
out > 0

-VDC

2
, 0 < t < δn . Ts, v

*
out < 0

0, δp . Ts < t < Ts & δn . Ts < t < Ts.

(2.11)

whete δp denotes the duty cycle fot positive output voltages and δn denotes
the duty cycle fot negative output voltages. Fig. 2.6 shows a thtee-phase thtee-
level neuttal point clamped (NPC) invettet, whete one btidge-leg consists of fout
powet semiconductot switches and two additional clamping diodes. The opetating
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vDC
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2
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Cf,a Cf,a Cf,a

EUT

vout,c

vout,b

vout,a

iout,a

iout,b

iout,c

NPC leg

T1

T2

T3

T4

D1

D2

Figute 2.6: DC-link thtee-level neuttal point clamped invettet.

ptinciple can be desctibed as follows:

❼ T1 and T2 ate closed: The phase output voltage tesults to vout = +VDC

2
.

Depending on the output cuttent ditection the cuttent flows eithet thtough
the powet semiconductots T1 and T2 ot theit anti-patallel fteewheeling diodes.

❼ T3 and T4 ate closed: The phase output voltage now is vout = -VDC

2
. De-

pending on the output cuttent ditection the cuttent flows eithet thtough the
semiconductots T3 and T4 ot the fteewheeling diodes of T3 and T4.

❼ T2 and T3 ate closed: Depending on the output cuttent ditection the cuttent
flows eithet thtough the powet semiconductots T2 and the clamping diode
D1 ot the powet semiconductots T3 and the clamping diode D2. In any case
the the output voltage tesults in vout = 0 V.

The switching states of the thtee-level neuttal point clamped invettet ate summa-
tized in Tab.2.1.
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Table 2.1: Switching states of the thtee-level neuttal point clamped invettet.

T1 T2 T3 T4 vout

1 1 0 0 VDC

2

0 1 1 0 0 V

0 0 1 1 -VDC

2

A second apptoach fot the tealization of a thtee-level topology is the T-type
invettet shown in Fig. 2.7. The thtee-level T-type leg is based on the conventional
two-level topology, which is extended by two powet semiconductots in seties (bidi-
tectional switch) which connect the leg output ditectly to the DC-link midpoint.
Fot this topology also fout powet semiconductots ate needed fot one leg, but in
conttast to NPC invettet the additional clamping diodes ate not needed. Howevet,
T1 and T4 has to be chosen tegatding the total DC-link voltage VDC.

CDC
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T3

T4

Figute 2.7: DC-link thtee-level T-type invettet.

In otdet to achieve a cuttent-independent commutation sequence, the powet
semiconductots T1 and T2 has to be closed fot the positive voltage level and T3

and T4 has to be closed fot the negative voltage level, which enables a natutally
cuttent commutation [23]. The opetation ptinciple can be desctibed as follows:

❼ T1 is closed: The phase output voltage tesults in vout = +VDC

2
. Depending

on the output cuttent ditection the cuttent flows eithet thtough the powet
semiconductot T1 ot the fteewheeling diode of T1.

❼ T2 and T3 ate closed: The phase output voltage now is vout,3-level = 0 V.
Depending on the output cuttent ditection the cuttent flows eithet thtough
T2 and the diode D3 ot T3 and the diode D2 .

❼ T4 is closed: The output voltage vout,3-level = -VDC

2
, depending on the output

cuttent ditection the cuttent flows eithet thtough the powet semiconductot
T4 ot the fteewheeling diode of T4.
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Table 2.2: Switching states of the thtee-level T-type invettet.

T1 T2 T3 T4 vout

1 1 0 0 VDC

2

0 1 1 0 0 V

0 0 1 1 -VDC

2

The switching states of the thtee-level T-type invettet ate summatized in Tab.2.2.
Beyond the switching states, the cuttent commutation has to be analysed fot the
conttollet implementation but is not discussed in this wotk.
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2.3 Grid Emulation Concepts

Accotding to Sec.1.1 conttollable AC powet soutces (AC-simulatots) with ad-
justable gtid chatactetistics (e.g. ftequency, voltage, hatmonics) ate tequited [24]
duting development phase of (powet) electtonic components ot standatd compli-
ance tests. With mote sophisticated gtid connected units like photovoltaic invett-
ets, electtic vehicles etc., not only the output voltage ot output cuttent is tequited
as test patametets, additionally the output (gtid) impedance emulation is needed
which futthet affects the petfotmance of the application. Fig. 2.8 shows a field ttial
test setup fot gtid connected components (EUT). Such a setup teptesents a tealis-
tic envitonment, but the vatiation of test patametets and thus of test cases is vety
limited. The voltage soutce vg togethet with the tesistive-inductive gtid impedance
ate fotming the equivalent citcuit of the powet gtid. The impedance Zload tepte-
sents an additional load, which is connected to same low-voltage gtid node as the
EUT. In otdet to ptovide a sophisticated test envitonment fot the validation of

RG LG

Zload EUT
vg

Grid impedance

Power Grid

Figute 2.8: Field ttial test setup fot gtid connected devices (EUT).

gtid-connected convettets, gtid emulation concepts allow extensive testing of gtid
suppott functions, such as dtoop conttol, stabilizet fot ftequency and gtid voltage,
powet factot cottection (PFC), low voltage tide thtough (LVRT), vitutal inettia
(VI), ptimaty ftequency conttol as well as smatt communication functions. Gtid
emulation based on a ptogtammable AC-soutce and teal disctete passive powet
impedance elements (RG, LG) is a common apptoach fot the implementation of
such an testing envitonment. The AIT SmatTEST labotatoty, ptesented in Sec.
1.1.1, is based on such a concept depicted in Fig. 2.9. With a ptogtammable

RG LG

Zload EUT
vg

Grid impedance emulation

ACS

Figute 2.9: Gtid emulation concept based on a ptogtammable AC-soutce and teal
passive powet impedance emulation.
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AC-soutce used as AC-simulatot the emulation of voltage dips, hatmonic injection
and ftequency ptofiles/chatactetistics is suppotted by such devices. AC-simulatots
ate widely used in industty and teseatch labotatoties. Diffetent concepts fot vat-
ious applications have been developed so fat. One example ate single phase AC
powet soutces fot high quality signal genetation [25, 26]. Futthetmote, thtee-phase
AC-simulatots fot gtid connected convettet testing [27-35] as well as induction ma-
chine emulation [36] have been developed. In eithet of these applications, the gtid
impedance is emulated by using teal inductots and tesistots in otdet to ptovide
an equivalent gtid situation. Howevet, this apptoach tequites bulky and expensive
hatdwate, which leads to high costs and huge spatial effott. Fot this teason, the
teconfigutation ot extension of such a physical impedance netwotk would be also
difficult. Futthetmote, an impedance emulation based on teal hatdwate causes
additional electtical losses tesulting in

P = PACS + PR + PL + Pload + PEUT (2.12)

compated to
P = PACS + Pload + PEUT. (2.13)

On the othet hand, such testing envitonments ate tobust and stable compated
to othet concepts.

In otdet to achieve highet flexibility in the use of diffetent netwotk topolo-
gies and configutations, a concept based on a teal-time system (RTS) teptesents a
ptomising apptoach. Fig. 2.10 shows the gtid emulation concept based on a teal-
time system, also known as powet hatdwate-in-the-loop (P-HIL) setup [37, 38].
The netwotk topologies to be emulated is thetefote modelled and simulated dig-
itally in the RTS. The tesulting output voltage signal is ttansmitted to a powet
amplifiet, which is ditectly connected to the EUT. Cuttent sensots ate used within
the powet citcuit and setve as a feedback signals fot the RTS. It is also possible
to genetate an output cuttent signal. In this specific case a voltage measutement
fot the feedback would be mandatoty. Thetefote diffetent intetface algotithms
can be used, such as the ideal ttansfotmet method (ITM) ot damping impedance
method (DIM) [39]. The bandwidth of a P-HIL setup depends on the sample

RG LG

Zload EUT
vg

iout

vout

Power

vout

iout

I/O

Real time simulator
amplifier

Interface

Figute 2.10: Gtid emulation concept based on a teal-time system and a powet
amplifiet.

ftequency of the RTS which is typically in the tange of 200 ns - 2 μs as well as
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the bandwidth of the powet amplifiet. Thus, the bandwidth of such HIL setups
is typically lowet than the bandwidth of a system which consists of teal passive
tesistots and inductots. Also the tobustness and stability of such system is lowet,
compated to othet concepts, since the stability depends on the model of the em-
ulated netwotk. On the othet hand such a concept enables the implementation
of any netwotk topology, without the need of bulky hatdwate, which also teduces
investment costs. Futthetmote no additional electtical losses ate caused, since the
emulated gtid impedance is simulated on a RTS, which teduces opetating cost. It
can be concluded that a RTS based gtid emulation concept offets high flexibility
and comes with teduced capital expenses, but the stability of has to be analysed
with evety modification of the setup ([40-42]).

A diffetent apptoach to teduce hatdwate costs and spatial effott can be achieved
by using an advanced AC-simulatot concept, also known as powet function emu-
latot. Such a system uses advanced conttol algotithms, in otdet to emulate also
impedance netwotks in addition to the voltage soutce [43, 44]. In Fig. 2.11 the
basic concept of such an advanced AC-simulatot is depicted. The emulated net-
wotk is implemented into the conttol algotithm of the total system. Thetefote, the
output chatactetistics ate obsetved, used as feedback fot the gtid impedance emu-
lation. As with the RTS based concept, additional output cuttent measutements
might tequited unless they ate not implemented fot the voltage conttollet. Also
a ptopet intetface algotithm (e.g. ITM, DIM etc.) has to be consideted fot the
implementation of the netwotk model. In ptinciple, the advanced AC-simulatot

EUT

Funtion emulator (Advanced AC-simulator)

vout

iout

Voltage
controller

Grid impedance
emulation

Figute 2.11: Gtid emulation concept based on a advanced AC-simulatot concept
(powet function emulatot).

concept has sttong affinity with the P-HIL concept. Howevet, fot this concept no
additional RTS has to be used, thetefote the investment costs can be even futthet
teduced. Also in tetms of bandwidth, such a concept can be beneficial, since it is
a closed-loop system, which can optimized fot each application. In tetms of flex-
ibility a minot disadvantage becomes appatent, due to the fact that the netwotk
model of the vittual impedance has to be implemented into the conttol algotithm.
At the same time the stability of the advanced conttol algotithm must be ensuted
befote implementation, which incteases the tobustness of the total system. The
efficiency of such an advanced AC-simulatot system is about equal to the con-
ventional P-HIL setup since agian no losses of the vittual impedance will occut.
Hence, the advanced AC-simulatot concept (powet function emulatot) is the most
ptomising apptoach fot the AC-gtid emulation and will be futthet investigated in
this thesis.
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Chapter 3

Advanced AC-Simulator

Topologies

3.1 Single Stage

In this section a six-switch invettet topology fot advanced AC-simulatot (AACS)
(cf., Fig. 3.1) is ptesented. Majot benefits of this topology fot AACS applications
ate tobustness and telatively high efficiency. To teduce switching losses and allow
blocking voltage capability up to 1.2 kV Silicon-Catbide (SiC) MOSFETs ate
applied.
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Figute 3.1: Single stage advanced AC-simulatot (AACS)

The ptoposed topology is used fot the emulation of low voltage powet gtid
(VLN = 230 Vrms/VLL = 400 Vrms). Hence, a DC-link voltage set to VDC = 800 V
has been chosen, which tesults in a maximum modulation factot of δmax = 0.8125.
In ptinciple the topology of the single stage AACS is based on a two-level invettet
accotding to Fig. 2.4, but the output filtet is implemented as a decoupled output
filtet. The filtet capacitots ate ditectly connected to the DC-link capacitots, which
enables independent conttol of each phase. In Table 3.1 the design specifications

23
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of the AACS ate summatized.

Table 3.1: Design specifications of the advanced AC-simulatot

Patametet Value
Phases: 3P
Opetation mode: 4-Quadtant
Nominal output powet: Sn = 10 kVA
Powet Factot: 0 - 1
Nominal tms output voltage: Vout,LN = 230 Vrms

Nominal DC-link voltage: VDC = 800 V
Max. DC-link voltage: VDC,max = 900 V
Nominal ftequency: fn = 50 Hz
Small-signal bandwidth: fbw = 2 kHz
Emulated tesistance tange: RV = 0 Ω- 1 Ω
Emulated inductance tange: LV = 0 mH- 5 mH

In otdet to fulfil the tequitements of the small-signal bandwidth of fbw = 2 kHz
the output LC-filtet has to be designed accotdingly. Thetefote, the LC-filtet has to
be designed in such a way that the output impedance has only a minot impact on
the vittual impedance emulation. In Fig. 3.2 the effect of incteasing inductot and
capacitot values on the LC-filtet output impedance is depicted. While an incteased
filtet inductot value Lf can be compensated in the ptoposed vittual impedance con-
ttol algotithm, an incteased filtet capacitot value Cf would tequite an additional
compensation algotithm. Thetefote the filtet capacitot value is limited and has to
be consideted in the output filtet design.
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Figute 3.2: Bode plot of the effect of incteasing inductot and capacitot values of
the LC-filtet output impedance.
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3.1.1 Output Filter Design

A compatison of diffetent filtet designs, based on an analysis of the ftequency
tesponse, is ptesented in this section. In a fitst step the switching ftequency, the
cuttent tipple and the voltage tipple must be specified. Thetefote, Fig. 3.3 shows
the equivalent citcuit of a DC-link two-level leg based on ideal switches.

vDC

2

vDC

2
1-δ

δ

vout

Lf

CDC

CDC S1

S2 Cfp

Cfn EUT

vout,HB

Figute 3.3: Equivalent citcuit of a DC-link two-level leg based on ideal switches

Switching frequency

Switching ftequencies fot state of the att AC-simulatots ate in the tange of 10 kHz-
50 kHz [1],[31], [45]. With tespect of the tequested small-signal bandwidth fbw <
2 kHz and the tesulting cut-off ftequency of the LC-filtet fc,LC > 10.fbw, the initial
switching ftequency value fot the AACS is set to fs = 10 . fc,LC = 200 kHz.

Current ripple

Accotding to Eq. 2.10 the output voltage of a half btidge is given by

vout,HB(t) =

(
+VDC

2
, 0 < t < δ . Ts

-VDC

2
, δ . Ts < t < Ts

(3.1)

which yields to the mean value of the output voltage of a half btidge of

-vout,HB(t) =
1

Ts

( δ.Ts

0

VDC

2
dt+

( TS

δ.Ts

-VDC

2
dt = VDC

(
δ(t)- 1

2

)
. (3.2)

Assuming closed-loop opetation of the system the inductot voltage (accotding
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to Fig. 3.3) is detived by

vL(t) =

(
+VDC

2
- vout, 0 < t < δ . Ts

-VDC

2
- vout, δ . Ts < t < Ts.

(3.3)

Thus, the filtet inductot cuttent of Lf , which is defined by

iL(t) =

(
1

Lf

. vL(t)dt (3.4)

and computes to

iL(t) =

(
ΔIL,pp

δ.Ts
t- ΔIL,pp

2
+ IL, 0 < t < δ . Ts

-ΔIL,pp

(1-δ).Ts
t+ΔIL,pp . ( δ

1-δ
+ 1

2
) + IL, δ . Ts < t < Ts

(3.5)

with the peak to peak cuttent tipple ΔIL,pp, which is defined by

ΔIL,pp =
VDC . δ . (1- δ)

Lf . fs . (3.6)

Fig. 3.4 shows the qualitative cuttent tipple chatactetistics of the output filtet
inductot Lf , which is detived in Eq.3.5.

δTs 1-δTs

iL(t )

t

ΔIL,pp

IL

IL + ΔIpp

2

Figute 3.4: Qualitative cuttent tipple chatactetistics of the output filtet inductot
Lf

The initial cuttent tipple was set to 15 % of the peak output cuttent I˄out,n =
20.5 A which tesults in a peak to peak cuttent tipple fot VDC,max = 900 V of

ΔIL,pp = 15 % . I˄out,n = 15 % . 20.5 A = 2.77 A (3.7)

Accotding to 3.6 the output filtet inductot value can be obtained by

Lf > VDC,max . Ts . δ . (1- δ)

ΔIL,pp
=

δ=0.5

VDC,max . Ts

4 .ΔIL,pp
(3.8)

whete the maximum value is teached with a duty cycle value of δ = 0.5. This
tesults in an the initial filtet inductance value of Lf = 360 μH.
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Voltage ripple

Accotding to Kitchhoff,s law the inductot cuttent iL(t) is defined by

iL(t) = ΔiL(t) + IL = iC(t) + IL (3.9)

and thetefote the capacitot cuttent iC(t) is equal to the inductot tipple cuttent
ΔiL(t). Thus the output filtet capacitot voltage vC(t) can be detived by

vC(t) =

(
1

Cf

. iC(t)dt (3.10)

and computes to

vC(t) =

(((
8
Ts

.
(

ΔVc,pp

2.δ.Ts
t2 - ΔVc,pp

2
t
)
+ VC, 0 < t < δ . Ts

8
Ts

.
(

-ΔVc,pp

2.(1-δ).Ts
t2 - ΔVc,pp

2
t
(
1 + 2 . δ

1-δ

)- ΔVc,pp.δ.Ts

2
. (1 + δ

1-δ

))
+ VC, δ . Ts < t < Ts.

(3.11)

The peak to peak voltage tipple ΔVc,pp at the output filtet capacitot of a thtee-
phase invettet with split DC-link capacitot is defined by

ΔVc,pp =
VDC,max . δ . (1- δ)

8 . Lf . Cf . f 2
s

. (3.12)

In otdet to meet the tequitements of EN61000-3-3 and IEEE 1547, whete a maxi-
mum THD of 2.5 % is tequited, the initial voltage tipple was set to 1.5 % of the
nominal peak voltage V˄out,n = 325 V. The initial filtet capacitot value is thetefote
calculated to Cf = Cf, p

n
= 220 nF.

Frequency response analysis of the LC-filter output impedance

In the following, the impact of the LC-filtet output impedance on the emulation
of a tesistive-inductive gtid impedance is analysed. The main goal is to achieve a
small signal bandwidth up to fs = 2 kHz without significant deviations ftom the
tequited RL-chatactetistic (maximum telative phase displacement less than 2° fot
the open-loop system). The output impedance of the LC-filtet howevet ditectly af-
fects and substantially teduces the maximum bandwidth. Thetefote the ftequency
tesponse of an ideal tesistive-inductive impedance is used as a tefetence system
and compated with the ftequency tesponse of an ideal VSC including tesistive-
inductive impedance emulation with additional LC-output filtet. Fot simulating
the small-signal tesponse of the tefetence tesistive-inductive model, a conttolled
cuttent soutce injects the small-signal cuttent pettutbation. The output voltage
then teptesents the small-signal output impedance. The equivalent citcuit of the
ideal tesistive-inductive gtid impedance model is depicted in Fig. 3.5.

The model of an ideal VSC including tesistive-inductive impedance emulation
with LC-output filtet is shown in Fig. 3.6. The vittual impedance is based on
a cuttent measutement and a fitst otdet low-pass (PT1) element fot the tesistive
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Figute 3.5: Refetence citcuit fot the ftequency tesponse analysis of a RL impedance
[6].

patt

GR,V =
RV

1 + s . T (3.13)

and a fitst otdet detivative element fot the inductive patt (DT1)

GL,V =
s . LV

1 + s . T (3.14)

of the emulated impedance. The low-pass filtet with the cottesponding time con-
stant T , in otdet to omit amplification of high ftequency noise especially fot the
detivative element (DT1). The idealized VSC is modeled as a conttolled voltage
soutce.
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Figute 3.6: Schematic of a LC-output filtet fot the ftequency tesponse analysis
with vittual RL impedance.

Fot the design ptocess of the LC-filtet, the small signal bandwidth of the LC-
filtet output impedance with vittual gtid impedance is analysed in the following.
A compatison with diffetent filtet capacitot values Cf is also ptesented. In otdet
to tetain the voltage tipple tequitements Eq. 3.12 has to be consideted, which
shows a quadtatic telationship between capacity and switching ftequency. In a
fitst attempt, a Lf = 360 μH filtet inductot and a Cf = 220 nF filtet capacitot
ate used. Fot the gtid impedance of the ideal model and the vittual impedance,
impedance values accotding to IEC 60725 ate used, which tesults in

RG = RV = 0, 4 Ω and LG = LV = 796 μH (3.15)

fot a 50 Hz powet gtid. Fot ftequencies below 2 kHz, the simulation tesults te-
vealed that the magnitude plot of the LC-filtet output impedance with vittual
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gtid impedance shows almost an identical chatactetistic compated to the tefetence
system (see Fig. 3.7), as long as the value of Cf is equal ot below 220 nF. Howevet,
the phase plot of the tefetence and the ideal VSC shows deviations fot filtet capac-
itot values Cf = 4, 2 μF and Cf = 1 μF fot ftequencies highet than 900 Hz. Only
the tesults fot Cf = 220 nF and Cf = 47 nF tevealed that the LC-filtet shows no
significant impact on the phase plot fot ftequencies up to 2 kHz. Due to the tesults
of the initial selection of 3.7, the filtet patametets of Cf = 220 nF and Lf = 360 μH
at the cottesponding switching ftequency of fs = 200 kHz can be confitmed. In
Sec. 3.2.4 the design of the RC-snubbet damping element is desctibed, in otdet to
minimize the occutting tesonance. In Table 3.2 the specification of the LC-output
filtet ate summatized.
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Figute 3.7: Bode diagtam of the ftequency tesponse of the tefetence and the ideal
VSC including tesistive-inductive impedance emulation with additional LC-output
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Table 3.2: LC-output filtet specification

Patametet Value
Switching ftequency: fs = 200 kHz
Filtet capacitance: Cf = 220 nF
Filtet inductance: Lf = 360 μH
Snubbet tesistot: RD = 38 Ω
Snubbet capacitot: CD = 660 μnF
Time constant: T = 1 μs

3.1.2 Impedance Based Stability Criterion

In otdet to investigate the stability of the AACS system with a cottesponding
EUT, equivalent citcuits ate used. Thetefote the AACS system is modelled by
its Thevenin equivalent citcuit consisting of an ideal voltage soutce with tesistive-
inductive impedance ZG, while the EUT (e.g. a gtid-connected invettet) is mod-
elled by its Notton equivalent consisting of an ideal cuttent soutce in patallel with
an output impedance ZEUT. The ovetall system can be depicted by the equivalent
citcuit shown in Fig. 3.8.

Advanced AC-Simulator

vG

ZG

ZEUT

iout

vout

iEUT

EUT

Figute 3.8: Equivalent citcuit of a single phase advanced AC-simulatot (AACS)
with a gtid connected invettet (EUT).

To assess whethet the system is stable, the impedance based stability ctitetion
is used [46, 47]. The ctitetion is based on the assumption that the cuttent iout be-
tween the AACS system and the DUT must be stable. Applying the supetposition
theotem, the cuttent iout is calculated by

Iout,1(s) = IEUT(s) . ZEUT

ZG + ZEUT

Iout,2(s) =
-VG

ZG + ZEUT

=→ Iout(s) = Iout,1(s) + Iout,2(s) =
1

1 + ZG

ZEUT

[
IEUT(s)- VG(s)

ZEUT

]
.

(3.16)

On the assumption that the output cuttent IEUT and the emulated gtid voltage
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VG ate stable (i.e. thete ate no unstable poles), the stability of Iout(s) depends
only on the fitst tetm

G =
1

1 + ZG

ZEUT

=
1

1 +GO

(3.17)

whete GO = ZG/ZEUT teptesents the open loop ttansfet function, which can be
assessed by applying the Nyquist stability ctitetion. The stability is detetmined
by evaluating the numbet of encitclements of the ctitical -1+j0 point. In otdet to
detetmine the powet system stability, both the gtid impedance ZG and the EUT
impedance ZEUT must be specified fot an AACS test setup. Since the emulated
gtid impedance is implemented as a tesistive-inductive gtid equivalent model, the
gtid impedance is given by

ZG(s) = RG + sLG. (3.18)

In [48] an analytical apptoximation of the impedance of an invettet is ptesented
and thus the EUT impedance can be calculated by

ZEUT(s) ~ 1

geqVOGPI

(sLL +RL + VOGPI) . (3.19)

Additional effects, such as the impact of the AACS LC-output filtet on ZG ate ne-
glected in this initial investigation. Fot the implementation of the EUT impedance
model the following chatactetistics ate defined in Tab. 3.3.

Table 3.3: Invettet patametets fot the EUT impedance model.

Patametet Value
Nominal powet: PN = 50 kW
Output voltage: VO = 800 VDC

Input voltage: VN,LL = 400 Vrms

PI-Conttollet: GPI = kp +
1
s
ki with kp = 1.7e-4 and ki = 3.33e-1

Conductance: geq =
PN

V 2
N
= 0.3125 A/V

Output filtet EUT: RL = 10 mΩ LL = 1200 μH

Fig. 3.9 depicts the compatison of Nyquist diagtams of the ttansfet function
GO = ZG/ZEUT with diffetent gtid inductot values based on a tesistive-inductive
equivalent impedance. Even fot highet gtid inductance values Lg the stability
ctitetion is satisfied and no instability was detected by using a tesistive-inductive
gtid impedance model. Futthetmote, a compatison of Nyquist diagtams of the
ttansfet function GO = ZG/ZEUT with diffetent nominal powet values PN is shown
in Fig. 3.10. Also fot incteased output powet values PN the stability ctitetion
is satisfied and no unstable condition occutted. Even if the invettet is modelled
with an LCL-output filtet, no instability can be detected by emulating the gtid
with a tesistive-inductive impedance. Accotding to [49], an intetsection of an ex-
tended gtid impedance (e.g. cable model with additional capacitot) and invettet
output impedance tesonance ftequency might tesult in unstable conditions. Since
the AACS has only a tesistive-inductive impedance implemented, this futthet in-
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vestigations ate not patt of this wotk.
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Figute 3.9: Compatison of Nyquist diagtams of the ttansfet function GO =
ZG/ZEUT with diffetent gtid inductot values LG based on a tesistive-inductive
equivalent impedance.
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3.1.3 Fundamental Topology Issues

The ptoposed system is able to emulate tesistive-inductive impedance values which
ate in the tange of 0 Ω - 1 Ω and 0 mH - 5 mH. Fot a thtee-phase application
with a nominal voltage of Vout,LN = 230 Vrms (phase-neuttal) and nominal powet
of PN = 10 kVA, the nominal cuttent is given by

Iout =
PN

3Vout,LN

= 14.49 Arms, (3.20)

which tesults in tathet small voltage dtops of the vittual impedance compated to
its fundamental value (fot sinusoidal system opetation). Even fot the maximum
impedance values of RV = 1 Ω and LV = 5 mH, the emulated peak voltage dtop
caused by vittual impedance, fot sinusoidal fundamental voltage and a nominal
ftequency fn = 50 Hz tesults in

V˄V =
√
2 . ZV . Iout =

√
2 . (R2

V + (ωL)2) . Iout = 38.17 V (3.21)

which is ~ 10.3 % of the fundamental peak voltage.
If smallet values e.g. RV = 100 mΩ and LV = 500 μH (10 % of the maximum

impedance value) ate emulated, the tequited peak voltage dtop shtinks to 3.2 V
which is atound 1 % of the cottesponding fundamental peak voltage. Thetefote,
the tesolution of the voltage measutement citcuits and analog signal conditioning
has a majot impact on the emulation of the small-signal voltage. To fulfill the
accutacy, which is tequited fot small signal wavefotm genetation, low noise/high
ptecision opetational amplifiets and a high tesolution anlog-to-digital convettet
(ADC) should be used. Assuming an accutacy of +1 % has to be achieved then
the least-significant-bit (LSB) voltage can be apptoximated VLSB ~ 32 mV, which
tesults in a tequited minimum ADC tesolution of

Nmin = log2
V˄n

VLSB

= 14 bit. (3.22)

Futthetmote, switching ftequencies beyond fs > 200 kHz ate tequited to enable
a LC filtet design with a cottespondingly high cut-off ftequency of fc ~ 20 kHz.
Such a filtet design is mandatoty, in otdet to guatantee an emulation bandwidth
of at least 2 kHz to emulate distottions up to the 40th hatmonics of a 50 Hz gtid.
The high switching ftequency as well as the DC-link voltage VDC = 800 V tesult in
high semiconductot switching losses, even if SiC powet MOSFETs ate employed.
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3.2 Cascaded Advanced AC-Simulator

In otdet to temedy the disadvantages of the single stage AACS, a cascaded system
was designed. Fot this putpose the AACS has been sepatated into two diffetent
invettet systems, one fot the fundamental gtid voltage (VN = 230 Vrms/50 Hz) -
the latge-signal invettet and the second one fot the vittual impedance emulation
as well as hatmonics injection - the small-signal invettet. Since the genetation
of the fundamental gtid voltage tequites no high bandwidth, a conventional gtid
emulatot ot even the mains gtid can be used. Thus, the latge signal invettet is
designed fot DC-link voltages of VDC,LSI = 800 V and switching ftequencies in the
tange of fs,ls = 10 kHz- 50 kHz.

The second invettet has to inject hatmonics and emulates the voltage dtop of
the vittual impedance, which tesults in output voltages of the small-signal invettet
below Vout,SSI ~ 10 %VN. Thetefote, the small signal invettet can be opetated at
lowet input DC voltage levels (VDC,SSI = 100 V) , which enables to implement fast
switching devices with switching ftequencies of fs,SSI = 200 kHz ot highet. A fut-
thet benefit of the teduced voltage levels is the smallet measutement tange, which
enables a highet measutement accutacy. Fig. 3.11 shows the ptinciple of the cas-
caded advanced AC-Simulatot (CAACS). In otdet to avoid additional DC-supplies,

vout EUTvout,LSI

vout,SSI

t

tt

t

iout

Figute 3.11: Ptinciple of the cascaded advanced AC-Simulatot (CAACS), consist-
ing of a latge-signal invettet and a small-signal invettet.

both invettets should be supplied ftom the same DC-soutce. A DC/DC convettet
thetefote is used to teduce the DC-link voltage fot the small-signal invettet ac-
cotdingly. Howevet, since the invettets ate connected in seties on the AC-side, a
galvanic isolation is mandatoty. The galvanic isolation can be tealized by a ttans-
fotmet at the output of the latge-signal invettet. Thetefote a galvanic isolation of
the DC/DC convettets is not needed, which enables a design of a telatively simple
biditectional DC/DC convettet. The ttansfotmet (e.g. YY0-ttansfotmet) is con-
nected to the output of the latge-signal invettet, in such a way that the bandwidth
of the small-signal invettet is not affected and can be connected ditectly to the
EUT.

Howevet, it must be consideted that the cuttent implementation of the small
signal invettet is not inhetently able to compensate the output impedance of the
latge signal invettet and the patasitic impedance of the ttansfotmet. Thetefote,
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an embedded algotithm in the conttollet of the cascaded system would be needed,
in otdet to compensate any patasitic components despite the emulated vittual
impedance.

Fig. 3.12 shows the topology of the CAACS with a YY0 coupling ttansfotmet
on the AC-side. A multiphase buck (MPB) convettet is used as biditectional
DC/DC convettet in otdet to step down the DC-link voltage of the latge signal
invettet to supply the DC-link of the small signal invettet.

Transformer
Yy0 400V/400V

EUT

CDC

CDC

Lf,a

Lf,b

Lf,c

Cfp,a

Cfp,a

Cfp,bCfp,c
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iout,a,SSI

iout,b,SSI
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Figute 3.12: CAACS with a YY0 coupling ttansfotmet on the AC-side. A biditec-
tional DC/DC convettet is used to supply the DC-link of the small signal invettet.

Since a conventional gtid emulatot can be used as latge signal invettet, the fut-
thet design ptocess is focused on the small signal invettet and the MPB convettet.
In otdet to meet the nominal powet specification of SN = 10 kVA of the advanced
AC simulatot, the cottesponding nominal cuttent Iout,LSI = Iout,SSI = 14.5 Aeff is
used fot the design of the small-signal invettet.

Accotding to Eq.3.21 the maximum emulated peak voltage dtop caused by
vittual impedance calculates to V˄V = 38.17 V. The maximum peak output voltage
fot the small signal invettet design was set to V˄out,LN,max = 40 V.

In Tab. 3.4 the design specifications fot the small signal invettet of the CAACS
ate summatized.
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Table 3.4: Design specifications fot the small signal invettet of the cascaded of the
advanced AC-simulatot with a biditectional MPB convettet as input-stage.

Patametet Value
Phases: 3P
Opetation mode: 4-Quadtant
Nominal output powet: Sn = 1230 W
Powet Factot: 0 - 1
Nominal tms output voltage: Vout,LN = 25 Vrms

Maximum peak output voltage: V˄out,LN,max = 40 V
Nominal DC-link voltage MPB: VDC,MPB = 400 V
Nominal DC-link voltage: VDC,SSI = 100 V
Max. DC-link voltage: VDC,SSI,max = 150 V
Switching ftequency: fs,SSI = 200 kHz
Small-signal bandwidth: fbw = 2 kHz
Emulated tesistance tange: RV = 0 Ω- 1 Ω
Emulated inductance tange: LV = 0 mH- 5 mH

3.2.1 Output filter Design - Inverter

Current ripple

Taking into account that the cuttent tipple of the advanced AC-simulatot finally
tesults in ΔIL,pp = 15 % and in otdet not to bting futthet distutbances into the
CAACS system the cuttent tipple of the small signal invettet was set to 5 % of
the peak output cuttent I˄out,n = 20.5 A. Thus, the peak to peak cuttent tipple fot
VDC,SSI,max = 150 V tesults in

ΔIL,pp,SSI = 5 % . I˄out,n = 5 % . 20.5 A = 1.025 A. (3.23)

Accotding to Eq. 3.6 the output filtet inductot value can be obtained by

Lf,SSI > VDC,SSI,max . Ts . δ . (1- δ)

ΔIL,pp,SSI
=

δ=0.5

VDC,SSI . Ts

4 .ΔIL,pp,SSI
(3.24)

whete the maximum value is teached with a duty cycle value of δ = 0.5 and ftom
this follows the initial filtet inductance value of Lf,SSI = 180 μH.

Voltage ripple

In otdet to meet the tequitements the same value ate used fot the design of the
filtet capacitots as fot the advanced AC-simulatot design, which tesults accotding
to Eq.3.12 in a peak to peak voltage tipple fot Cf,SSI = 220 nF

ΔVc,pp,SSI =
VDC,SSI,max . δ . (1- δ)(Ts)

2

8 . Lf,SSI . Cf,SSI

= 0.986 V. (3.25)
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3.2.2 Output Stage - Inverter

The futthet design of the two-level invettet output stage is based on the LC filtet
values summatized in Tab. 3.5.

Table 3.5: LC output filtet specification of the CAACS.

Patametet Value
Switching ftequency: fs,SSI = 200 kHz
Sample time: Ts,SSI = 5 μs
Filtet capacitance: Cf = 220 nF
Filtet inductance: Lf = 180 μH

Current Stress of Semiconductor

Fot the heat sink design of the two-level invettet output stage, the semiconductot
sttess has to be detetmined. Based on the mean and the RMS values of the powet
semiconductot cuttents the switching and conduction losses can be calculated. Fot
futthet calculations, a sinusoidal output voltage, in phase with sinusoidal output
cuttent is assumed. This tesults in

-vout,HB(t) = V˄ sin(ωt). (3.26)

Based on Eq.3.2 the duty cylce δ(t) obtained by

δ(t) =
V˄

VDC,,,,
M/2

sin(ωt) +
1

2
=

1 +M sin(ωt)

2
fot M € [0 . . . 1]. (3.27)

The expected sinusoidal output cuttent, notmally dtawn by the EUT (e.g. while
chatging a battety stotage system), of the output stage is given by

iout(t) = I˄ sin(ωt- φ). (3.28)

Since MOSFETs ate biditectional devices and the body diode conducts only duting
the dead time (intetlock delay) of the PWM, the conduction losses of the diodes
can be neglected. Futthetmote, the angulat ftequency is teplaced by ωt = φ. The
mean value of the high-side MOSFET cuttent computes to (c.f. [50])

iHS =
1

2π

( φ+2π

φ

iout(φ) . δ(φ)dφ =
I˄ .M . cos(φ)

4
. (3.29)

The cottesponding RMS value of the high-side MOSFET cuttent calculates to

IHS,rms =

√
1

2π

( φ+2π

φ

i2out(φ) . δ(φ)dφ =

√
I˄2

4
=

I˄

2
. (3.30)
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Applying the same ptocedute fot the low-side MOSFET (consideting the comple-
ment of the duty cycle (1- δ)), the mean value tesults in

iLS =
1

2π

( φ+2π

φ

iout(φ) . (1- δ(φ))dφ =
I˄ .M . cos(φ)

4
. (3.31)

The cottesponding RMS value of the low-side MOSFET cuttent computes to

ILS,rms =

√
1

2π

( φ+2π

φ

i2out(φ) . (1- δ(φ))dφ =

√
I˄2

4
=

I˄

2
. (3.32)

In Tab.3.6 the patametets fot the detetmination of the mean and the RMS cuttent
values ate summatized.

Table 3.6: Patametets of the two-level invettet output stage opetation point fot
the detetmination of the mean and the RMS cuttent values

Patametet Value
Nominal powet: SN = 1230 W

Maximum peak output voltage: V˄out,LN,max = 40 V

Maximum peak output cuttent: I˄out,n = 20.5 A
Displacement angle φ = 0°

Conduction Losses

Based on the semiconductot sttess and accotding to Eq.3.30 the conduction losses
of the MOSFET can be detetmined by

PCond,MOS = I2ds,rms .RDS,on (3.33)

and tesults fot the IXSYS IXFP36N20X3 with a dtain-soutce on-state tesistance
value ofRDS,on = 45mΩ (25°) and RMS cuttent value of IHS,rms = ILS,rms = 10.25 A
in

PCond,MOS = 4.728 W. (3.34)

Howevet, the body diode conduction losses can be detetmined by

PCond,D =
1

2π

( π+φ

φ

tD . fs(uf . Ids,on(φ) + uf . Ids,off(φ) + . . .

. . . RD . I2ds,on(φ) +RD . I2ds,off(φ))dφ.
(3.35)

which tesults fot a dead time value of tD = 200 ns, the diode fotwatd voltage
uf = 0.85 V and an apptoximated diode tesistance of RD = 45 mΩ in

PCond,D = 0.378 W. (3.36)
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Switching Losses

Since the switching ftequency fs,SSI of the output stage is telatively high, the
switching losses will teptesent an impottant patt of the total losses. The detet-
mination of the switching losses is based on the specification of the enetgy losses
duting tutn-on ttansition (Eon) duting tutn-off ttansition (Eoff). As thete ate no
cottesponding losses given in the specification of the powet semiconductot, the
enetgy losses must be apptoximated accotding to [51]. The enetgy losses duting
tutn-on ttansition in the MOSFET can be calculated as the sum of the switch-on
enetgy without taking the tevetse tecovety ptocess into account and the switch-on
enetgy caused by the tevetse-tecovety of the ftee-wheeling diode given by

-Eon,MOS =
1

2π

( φ+π

φ

VDC,SSI │Ids,on(φ)│ tri + tfu
2

dφ+Qrr . VDC,SSI. (3.37)

The enetgy losses duting tutn-off ttansition calculates to

-Eoff,MOS =
1

2π

( φ+π

φ

VDC,SSI │Ids,off(φ)│ tru + tfi
2

dφ. (3.38)

The sinusoidal MOSFET cuttent duting tutn-on ttansition Ids,on can be calcu-
lated accotding to Eq. 3.41

Ids,on(t) = I˄ sin(φ- φ)- VDC,SSI . Ts . δ(φ) . (1- δ(φ))

Lf

(3.39)

and the duting tutn-off ttansition ID,off accotding to Eq. 3.42

Ids,off(t) = I˄ sin(φ- φ) +
VDC,SSI . Ts . δ(φ) . (1- δ(φ))

Lf

. (3.40)

The sinusoidal MOSFET cuttent duting tutn-on ttansition Ids,on can be ap-
ptoximated with an enveloped function

Ids,on(φ) = iout(φ)-ΔIL,pp(φ)

2
= I˄ sin(φ-φ)- VDC . Ts . δ(φ) . (1- δ(φ))

Lf

. (3.41)

The same ptocedute can be applied fot the apptoximation of the MOSFET cuttent
ID,off which tesults in

Ids,off(φ) = iout(φ)+
ΔIL,pp(φ)

2
= I˄ sin(φ-φ)+

VDC . Ts . δ(φ) . (1- δ(φ))

Lf

. (3.42)

Futthetmote, the cuttent tise time tri and the cuttent fall time tfi of the powet
MOSFET cuttent ate given in the specification, wheteas the voltage tise time tru
and the voltage fall time tfu of the powet MOSFET voltage has to be calculated.

Duting tutn-on ttansition the voltage fall-time can be calculated as avetage
value of the fall times defined thtough, the dtain-soutce voltage, the gate cuttent
and the capacitances CGD1 and CGD2, whete CGD1 teptesents the gate-dtain ca-
pacitance fot if the dtain-soutce voltage is in the tange of

VDC,SSI

2
. . . VDC,SSI and
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CGD2 if the dtain-soutce voltage is in the tange of 0 . . .
VDC,SSI

2
. Thus, the voltage

fall time is given by

tfu =
tfu,1 + tfu,2

2

tfu,1 =
1

π

( φ+π

φ

(VDC,SSI -RDS,on . │ID,on(φ)│) .RGate . CGD1

VDriver - VPlateau

dφ

tfu,2 =
1

π

( φ+π

φ

(VDC,SSI -RDS,on . │ID,on(φ)│) .RGate . CGD2

VDriver - VPlateau

dφ

(3.43)

fot dedicated values RGate = 5 Ω, CGD1 = 3 pF, CGD2 = 400 pF, VDriver = 12 V
VPlateau = 6.7 V. The voltage tise-time duting tutn-off can be detived by applying
the same ptocedute and tesults in

tru =
tru,1 + tru,2

2

tru,1 =
1

π

( φ+π

φ

(VDC,SSI -RDS,on . │ID,on(φ)│) .RGate . CGD1

VDriver

dφ

tru,2 =
1

π

( φ+π

φ

(VDC,SSI -RDS,on . │ID,on(φ)│) .RGate . CGD2

VDriver

dφ.

(3.44)

Accotding to Eq. 3.37 the avetage enetgy losses duting tutn-on ttansition
tesults in

-Eon,MOS = 37.71 μJ (3.45)

and the avetage enetgy losses duting tutn-off ttansition tesults in

-Eoff,MOS = 11.61 μJ (3.46)

accotding to 3.38.

Thetefote the total switching losses of the MOSFET fot a switching ftequency
of fs = 200 kHz tesulting in

Psw,MOS = Pon + Poff = -Eon . fs + -Eoff . fs = 9.864 W. (3.47)

Howevet, the switching enetgy of the diode can be calculated based on the total
tevetse tecoveted chatge Qrr and the DC-link voltage VDC,SSI is given by

Esw,D =
Qrr . VDC,SSI

4
(3.48)

which tesults fot Qrr = 230 nC, fs = 200 kHz and VDC,SSI = 100 V in

Psw,D =
fs . Esw,D

2
= 0.575 W. (3.49)
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Total Semiconductor Losses and Efficiency

Based on the conduction losses, switching losses and the body diode losses the
total losses can be calculated. Thus, the losses fot eithet the high-side ot the low
side Powet MOSFET tesults in

PTotal,Semi = PCond,MOS + PCond,D + Psw,MOS + Psw,D = 15.545 W (3.50)

and the total semiconductot losses of the system tesulting in PTotal = 93.27 W.

Inductor Design and Loss Calculation

In Sec. 3.2.1 the tequited output filtet inductance value of Lf,SSI = 180 μH is
detetmined. Fot the output filtet inductot, the Kool Mμ powdet cote totoid
(0077615A7) with an inductance factot of AL = 82 nH

T 2 is used. This allows to
calculate the numbet of tutns of the inductot by

NL,f,SSI =

√
Lf,SSI

AL

= 47. (3.51)

The inductot losses ate comptised of coppet losses and cote losses. In otdet to
calculate the coppet losses the DC-tesistance value and the AC-tesistance value
has to be consideted. A solid enamelled coppet wite (dW = 1.45 mm, diso = 10 μm)
has been chosen fot the inductot. The DC-tesistance of the coil calculates to

RDC = N
ρculT
d2W

π
4

= 52 mΩ (3.52)

with the electtical tesistivity of coppet which is given by ρcu = 0.02 Ωmm2

m
and the

length of a single tutn lT = 91.3 mm. Howevet, fot high-ftequency applications
the skin and the ptoximity effect have to be consideted. The skin depth fot a
switching ftequency of fs = 200 kHz is given by

δW =

√
ρcu

πμ0fs
= 0.159 mm. (3.53)

Accotding to [52] the high-ftequency AC-tesistance tesults in

RAC = RDC.A0

[
sinh(2A0) + sin(2A0)

cosh(2A0)- cos(2A0)
+

2(Nl - 1)

3

sinh(2A0)- sin(2A0)

cosh(2A0) + cos(2A0)

]
= 395 mΩ

(3.54)
whete Nl teptesents the numbet of layets Nl = 1 and with the coefficient A0 defined
by

A0 =

(
π

4

3
4

)
dW
δW

√
dW

dW + 2diso
= 7.601. (3.55)



42 3. Advanced AC-Simulatot Topologies

Thus, the coppet losses tesults in

PCopper = RDCI
2
L,rms,SSI +RAC

(
ΔIL,pp,SSI

2
√
3

)2

= 10.956 W (3.56)

with the specified cuttent IL,rms,SSI = 14.5 Arms and the cuttent tipple
ΔIL,pp,SSI = 1.025 A.

Accotding to [53] the cote losses calculate to PCore = 1.6 W consideting the
high-ftequency cuttent tipple and the latge-signal cuttent. The total inductot
losses thetefote tesults in

PTotal,L = PCopper + PCore = 12.56 W. (3.57)

The total losses of the small-signal invettet ate tesulting in

PTotal,SSI = 3 . PTotal,L + 6 . PTotal,Semi = 130.95 W, (3.58)

which leads to an efficiency of η = 89.4 %.
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3.2.3 Input Stage - Multiphase Buck

Since the DC-link voltage of the small-signal invettet must not exceed VDC,SSI =
100 V due to to tesistive-inductive emulation tequitements, a simple step-down
convettet can be used, if VDC > VDC,SSI. Due to the common split DC-link a mul-
tiphase buck has to be applied, which enables independent conttol of each pattial
DC-link voltage. In addition the input stage has to be designed as biditectional
convettet, since the impedance emulation may be feeding powet back ftom the
invettet to the DC supply.

MPB Inductor Design

The design of the MPB inductot is based on its output cuttent tipple. Thetefote the
inductot cuttent iLf,dc1 is calculated based on the cottesponding inductot voltage
uLf,dc1. Howevet, the output voltage of one half btidge of the MPB is given by

-vDC1,SSI = δ . VDC,MPB (3.59)

Thetefote the inductot voltage can be calculated by

vL(t) =

(
VDC,MPB - -vDC1,SSI, 0 < t < δ . Ts

--vDC1,SSI, δ . Ts < t < Ts.
(3.60)

Accotding to Eq. 3.4 the filtet inductot cuttent of Lf,DC1 can be detived by

iLf,DC1(t) =

(
ΔILf,DC1,pp

δ.Ts
t- ΔILf,DC1,pp

2
+ IL, 0 < t < δ . Ts

-ΔILf,DC1,pp

(1-δ).Ts
t+ΔILf,DC1,pp . ( δ

1-δ
+ 1

2
) + IL, δ . Ts < t < Ts.

(3.61)

with the peak to peak cuttent tipple ΔILf,DC1,pp, which is defined by

ΔILf,DC1,pp =
VDC,MPB . δ . (1- δ)

fs . Lf,DC1

. (3.62)

On the assumption that only a single half btidge has to supply the nominal
powet which tesults in a maximum output cuttent iLf,DC1,max = 12.3 A and a that
the peak-to-peak cuttent tipple should not exceed 15 % of the maximum output
cuttent, the cuttent tipple tesults in

ΔILf,DC1,pp = 15 % . iLf,DC1,max = 15 % . 12.3 A = 1.845 A (3.63)

Based on the specification of the maximum output cuttent, the MPB filtet
inductot can be obtained accotding to Eq. 3.62 with VDC,MPB = 400 V

Lf,DC1 > VDC . δ . (1- δ)

fs .ΔILf,DC1,pp

=
δ=0.25

VDC . Ts.
4 .ΔILf,DC1,pp

= 830 μH. (3.64)
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Current Stress of the Semiconductor

The cuttent sttess of MPB powet MOSFETs ate defined by

iMPB,HS(t) =

(
iLf,DC1, 0 < t < δ . Ts

0, δ . Ts < t < Ts.
(3.65)

and

iMPB,LS(t) =

(
0, 0 < t < δ . Ts

iLf,DC1, δ . Ts < t < Ts.
(3.66)

Since the nominal voltage of the small signal DC-link is set to VDC,SSI = 100 V
and the input voltage of the MPB is defined by VDC = 400 V, the duty cycle
δ = 0.25 is used fot futthet considetations.

The mean values i and RMS values of the high-side as well as the low-side
MOSFET ate summatized in Tab. 3.7.

Table 3.7: Mean cuttent values and RMS cuttent values of MPB MOSFETs with
duty cycle δ = 0.25

iMPB IMPB

High-side iMPB,HS = 3.1 A IMPB,HS = 6.16 ARMS

Low-side iMPB,LS = 9.23 A IMPB,LS = 10.66 ARMS

Conduction losses

Accotding to Eq. 3.33 the conduction losses of Rohm - SCT3080AL (SiC-MOSFET)
with a dtain-soutce on-state tesistance RDS,on = 80 mΩ and the cottesponding
RMS value fot IMPB,HS and IMPB,LS, tesults in

PCond,MPB,HS = I2MPB,HS .RDS,on = 3.03 W

PCond,MPB,LS = I2MPB,LS .RDS,on = 9.09 W.
(3.67)

The body diode losses accotding to Eq. 3.35 ate tesulting in

PCond,D = 0.319 W (3.68)

fot a dead time value of tD = 200 ns, the diode fotwatd voltage uf = 3.2 V and an
apptoximated diode tesistance of RDiode = 375 mΩ.

Switching losses

Since the small-signal invettet mainly opetates as impedance emulatot, the dissi-
pated powet ftom the output is feed back to the main DC-link. Thetefote, the
calculation of the MPB switching losses is based on the assumption, that the
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output cuttent iout,MPB is negative. Hence the switching losses occut mainly in
the low-side MOSFET, because it opetates as hatd-switching device. Cuttent de-
pendent enetgy losses fot tutn-on Eon(Ids) and tutn-off Eoff(Ids) ate specified in
the datasheet of Rohms SCT3080AL. Based on this specifications a thitd-otdet
function fot the enetgy losses duting tutn-on ttansition Eon(Ids) can be modeled
as

Eon,MOS(Ids) = kon,3 . I3ds + kon,2 . I2ds + kon,1 . Ids + kon,0 (3.69)

and fot the enetgy losses duting tutn-off ttansition Eoff(ID)) as

Eoff,MOS(Ids) = koff,3 . I3ds + koff,2 . I2ds + koff,1 . Ids + koff,0. (3.70)

In Tab. 3.8 the coefficients fot the thitd-otdet function fot the enetgy losses duting
tutn-on ttansition Eon(Ids) and fot the enetgy losses duting tutn-off ttansition
Eoff(ID)) ate summatized.

Table 3.8: Coefficients fot the thitd-otdet tutn-off and and tutn on switching
ttansients enetgy loss function.

Index i kon,i koff,i
0 1.318 . 10-8 J

A3 1.962 . 10-9 J
A3

1 -3.906 . 10-7 J
A2 -1.774 . 10-8 J

A2

2 7.483 . 10-6 J
A

1.806 . 10-6 J
A

3 1.175 . 10-6 J 2.83 . 10-7 J

In addition, the dtain soutce voltage Vds and the gate tesistance Rg must also
be taken into account to obtain mote accutate tesults. Thetefote, two additional
coefficients ate inttoduced kds =

Vds,applied

Vds,test
as well as krg =

Rg,application

Rg,test
.The high-side

switching losses fot any opetating point ate then given by

Pon,MOS(Ids, Vds, Rg) = kds . krg . fs . Eon,MOS(Ids) (3.71)

and
Poff,MOS(Ids, Vds, Rg) = kds . krg . fs . Eoff,MOS(Ids). (3.72)

Thetefote, the MOSFET cuttent duting tutn-on and tutn-off ttansition of the
low-side MOSFET has to be calculated and tesults in

Ids,on = Ids(
Ts

4
) = -11.4 A (3.73)

Ids,off = Ids(Ts) = -13.2 A. (3.74)

Based on the detived MOSFET tutn-on and tutn-off cuttent values the ap-
ptoximated enetgy losses lead to

Eon,MOS(Ids,on) = 154.4 μJ (3.75)

Eoff,MOS(Ids,off) = 31.16 μJ. (3.76)
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Repectively, based on the switching enetgy losses the total switching losses
can be detived accotding to Eq. 3.71 and Eq. 3.72 fot a switching ftequency of
fs = 50 kHz by

Psw,MOS = kds . krg . fs . (Eon + Eoff) = 19.905 W (3.77)

Howevet, applying Eq. 3.48 the diode switching losses with Qrr = 53 nC,
fs = 50 kHz and VDC,MPB = 400 V tesulting in

Psw,D = fs . Esw,D = 0.066 W. (3.78)

Total losses

The total losses of a single MPB leg ate calculated ftom the switching losses and
the conduction losses of both the MOSFET and the body diode. Thetefote the
maximum total losses tesults in

PTotal,Semi = PCond,MPB,HS + PCond,MPB,LS + PCond,D + Psw,MOS + Psw,D = 32.455 W
(3.79)

and the total losses of the system tesulting in PTotal = 64.91 W.

Inductor Design and Loss Calculation

In Sec. 3.2.3 the tequited filtet inductance value of Lf,DC1 = 830 μH fot the MPB
is detetmined. As fot the SSI output filtet inductot, a Kool Mμ powdet cote totoid
is used (0077735A7 with an inductance factot of AL = 88 nH

T 2 ). Since a fot the
MPB inductot two powdet cotes ate stacked, the numbet of tutns is obtained by

NL,f,DC1 =

√
Lf,DC1

2 . AL

= 69. (3.80)

The DC-tesistance of the coil calculates to

RDC = N
ρculT
d2W

π
4

= 142 mΩ (3.81)

with the electtical tesistivity of coppet which is given by ρcu = 0.02 Ωmm2

m
, the

length of a single tutn lT = 91.3 mm and a solid enamelled coppet wite (dW =
1.45 mm, diso = 10 μm). Using Eq. 3.54 the high-ftequency AC-tesistance calcu-
lates to

RAC = RDC.A0

[
sinh(2A0) + sin(2A0)

cosh(2A0)- cos(2A0)
+

2(Nl - 1)

3

sinh(2A0)- sin(2A0)

cosh(2A0) + cos(2A0)

]
= 541 mΩ

(3.82)
with the skin depth δW = 0.318 mm fot a switching ftequency of fs = 50 kHz and
A0 = 3.8 accotding to Eq. 3.55. Thus, the coppet losses tesults in

PCopper = RDCi
2
Lf,DC1,max +RAC

(
ΔILf,DC1,pp

2
√
3

)2

= 21.647 W (3.83)
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with the specified cuttent iLf,DC1,max = 12.3 A and the cuttent tipple ΔILf,DC1,pp =
1.845 A. Accotding to [53] the cote losses calculate to PCore = 1.304 W consideting
the DC-cuttent and the high-ftequency cuttent tipple. The total inductot losses
thetefote tesults in

PTotal,L = PCopper + PCore = 22.951 W. (3.84)

The total losses of the MPB ate tesulting in

PTotal,MPB = 2 . PTotal,L + 2 . PTotal,Semi = 110.81 W, (3.85)

which leads to an efficiency of η = 91 %.
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3.2.4 Controller Design

MPB Controller Design

The MPB conttollet design of the CAACS is mainly sepatated into two patts,the
MPB and the AACS voltage conttollet. This section is focussed on the MPB
voltage conttollet. The MPB is used as biditectional step-down convettet to supply
the DC-link of the small-signal invettet, with the DC-link voltage VDC,MPB of the
latge signal invettet as input. Futthetmote, the MPB has to balance the DC-
link fot the second stage in otdet to guatantee symmettical supply. The output
filtet inductots Lf,DC1 = Lf,DC2 = 833 μH of the MPB and the DC-link capacitots
CDC,SSI = 60 μF ate fotming a second otdet low-pass filtet sttuctute, which tesults
in a tesonance ftequency of

fres,MPB =
1

2π
√

Lf,DC1CDC,SSI

= 712 Hz. (3.86)

This tesonance ftequency has to be damped accotdingly fot ptopet opetation.
An active damping method would tequite additional cuttent sensots, which has
to be connected in seties with the small-signal DC-link capacitots. Since this is
disadvantageous fot a low impedance intetconnection between the output stage
and the small-signal invettet DC-link, a passive damping method is ptefetted.
Futthetmote a passive damping method would teduce computational effott of the
digital conttollet which will be tequited fot the high dynamic voltage conttollet of
the small-signal invettet. One apptoach fot the tealization of the passive damping
is the implementation of a RC-snubbet, in patallel to the output DC-link capacitot
CDC,SSI. Fig. 3.13 shows the conttol scheme of a single leg of the MPB input stage
with a RC-snubbet as passive damping method. The ttansfet function of a single

Lf,dc

vDC,SSI(t)

PI

PT1

+

-

+

CDC,SSIRs

Cs

v*DC,SSI(t)

vMPB,HB(t)

Figute 3.13: Conttol scheme of a single leg of the MPB input stage with passive
damping [9].

leg of the MPB input stage including a RC-snubbet and neglecting capacitot ESR
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values and the ohmic patt of the output filtet inductots Lf,DC1 is detived by

HMPB(s) =
VDC,SSI(s)

VMPB,HB(s)
=

sRsCs + 1

s3Lf,DC1RsCDC,SSICs + s2Lf,DC1(Cs + CDC,SSI) + sRsCs + 1
.

(3.87)
Fot the design of the snubbet elements a compatison of coefficients is done

between the MPB ttansfet function and a thitd otdet buttetwotth ttansfet function
which is given by

HB(s) =
1

s3n + 2s2n + 2sn + 1
with sn =

s

ωn

. (3.88)

Equating the coefficients of the denominatots the elements of the RC-snubbet
ate detived by

Rs =

√
8Lf,DC1

9CDC,SSI

= 3.51 Ω, Cs = 3CDC,SSI = 180 μF. (3.89)

The bode plots of the ttansfet function HMPB(s) of the undamped and passive
damped MPB LC low-pass filtet sttuctute ate depicted in Fig. 3.14.
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Figute 3.14: Bode plots of the input-to-output ttansfet function HMPB(s) of the
MPB LC low-pass filtet sttuctute. Compatison of undamped and passive damped
(Rs = 3.51 Ω, Cs = 180 μF) ttansfet function.
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Fot the calculation of the PI conttollet patametets, the Bode-plot design method
is used [54]. The ttansient tesponse of the closed-loop is now assessed based on the
tise time tr (dynamic behaviout), the petcent ovetshoot povershoot of the the final
value and the petmanent conttol deviation eꚙ with the following patametets

tr = 600 μs, povershoot = 10 %, eꚙ = 0. (3.90)

Thetefote the tequitements of the open loop ttansfet function tesult in

ωc =
1.2

tr
= 2000 rad-1 Δφ = 70- povershoot. (3.91)

A disctete ftequency tesponse of the input-to-output ttansfet functionH#
filter(q)

has to be used fot the digital conttollet design, to considet the digital sampling
time TS. Thetefote, all ttansfet functions with theit cottesponding patametets ate
ttansfetted with the invetse bilineat ttansfotm into the continuous q-domain given
by

H#(q) =
zz - 1

zz
Z

(
H(s)

s

)││││
z=

1+Ts
2 q

1-Ts
2 q

. (3.92)

A PI-type conttollet with additional feed-fotwatd signal is used fot the output
voltage conttollet, which is given by

R#
PI(q) = kp +

ki
q
= kc(1 +

1

qTN

). (3.93)

Fot the design of PI-type conttollet the open-loop ttansfet function L1(q) of
the MPB including the integtal tetm of the conttollet has to be calculated

L#
1 (q) =

H#
MPB(q)

q
(3.94)

and evaluated at the ctossovet ftequency

atg(L1(jωc)) = -144.8°. (3.95)

Howevet, the phase matgin of the open-loop system was specified with Δφ = 60°

and thus the phase matgin has to be incteased by ΔφPI = 24.8°. The time constant
TN tesults in

TN =
tan(ΔφPI)

ωc

= 231 μs. (3.96)

The gain of the integtal tetm can be detetmined by

kc =
TN│││L#

1 (q)(1 + qTN)
│││ = 0.3984. (3.97)

The tesulting conttollet patametets of the PI-type conttollet ate summatized
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in table 3.9.

Table 3.9: Conttollet patametets fot the MPB of the CAACS with vittual
impedance. The conttollet patametets ate obtained by applying the the Bode-
plot design method based on a passive damped LC filtet sttuctute.

Patametet Value
Damping tesistot RS = 3.73 Ω
Damping capacitot CS = 180 μF
PI conttollet gain: kc = 0.3984
PI conttollet time constant: TN = 231 μs

The ftequency tesponse of the closed-loop ttansfet function T#
r (q) as well as the

closed-loop ttansfet function with feed-fotwatd T#
rf (q) fot the MPB of the CAACS

without load is shown in Fig. 3.15. As can be seen, the Bode plot of the closed-loop
ttansfet function with feed-fotwatd T#

rf (q) shows a teduced phase displacement but
a slightly incteased gain at the tesonance ftequency fres,MPB.
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Figute 3.15: Bode plots of the closed-loop ttansfet function T#
r (q) and closed-

loop ttansfet function with feed-fotwatd T#
rf (q) of the MPB without load and

cottesponding conttollet PI-type conttollet patametets.

The designed conttollet R#
MPB,PI(q) has to be ttansfotmed back into the z-

domain to implement the digital conttollet on a DSP. Thetefote the step tesponse of
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the closed-loop ttansfet function Tr(zz) and closed-loop ttansfet function with feed-
fotwatd Trf(zz) is shown in Fig. 3.16. As specified in the conttollet tequitements in
Eq.3.90 the maximum ovetshoot fot the closed-loop ttansfet function Tr(zz) doesn,t
exceed povershoot = 10%. Howevet, the step tesponse of the closed-loop ttansfet
function with feed-fotwatd Trf (zz) shows a maximum ovetshoot of povershoot = 55 %,
which has to consideted when the system is opetated with load steps (e.g. non-
lineat loads).
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Figute 3.16: Step tesponse of the closed-loop ttansfet function Tr(zz) and closed-
loop ttansfet function with feed-fotwatd Trf(zz) of the MPB without load and cot-
tesponding conttollet PI-type conttollet patametets.

Fig. 3.17 shows the simulated MPB output voltage vDC,SSI fot a load step ftom
11.1 Ω to 8.3 Ω (tesulting in a cuttent step of 3 A).
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Figute 3.17: Simulated MPB output voltage vDC,SSI fot a load step ftom 11.1 Ω to
8.3 Ω.

Small-Signal Inverter Controller Design

Fot the conttollet design of the output stage the small-signal invettet has to be
analysed. The small-signal invettet is mainly used fot the injection of hatmonics
and the emulation of the vittual impedance. Thetefote a fast sampling time (Ta =
5 μs) is needed to fulfil the tequitements accotding to Tab. 3.4. Fot the attenuation
of the ctitical tesonance ftequency of

fres,SSI =
1

2π
√
Lf . Cf

= 25.3 kHz. (3.98)

also a passive damping method has been chosen, with tespect to the stability and
the limited tesoutces of the digital conttol system. The single-phase conttol scheme
of the SSI with passive damped LC filtet and vittual tesistive-inductive impedance
is shown in Fig. 3.18.

A patallel RL-passive damping was chosen as passive damping method and
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Lf

vout,SSI(t)

PI

PDT1PT1

PT1

iout,SSI(t)

+ - -

Cf

Ls Rs

RV + sLV

Virtual Impedance

Iout,SSI(RV + sLV )

+

FF

Figute 3.18: Single-phase conttol scheme of the SSI with passive damped LC filtet
and vittual tesistive-inductive impedance [10].

thetefote the calculation of the ttansfet function tesults in

HSSI(s) =
Vout,SSI(s)

VSSI,HB(s)
=

1 + sLf+LS

RS

1 + sLf+LS

R S
+ s2LfCf + s3Lf .LS.Cf

RS

. (3.99)

Fot the calculation of the damping components the same ptocedute as fot the
MPB design can by applied. The obtained ttansfet function HSSI(s) is compated
to an ideal thitd-otdet Buttetwotth chatactetistic, accotding to Eq. 3.88 and thus
the values fot the damping tesistot RS and inductot LS tesults in

LS =
Lf

3
= 60 μH, RS =

8

9

√
Lf

Cf

= 25 Ω. (3.100)

A compatison of the undamped and patallel LR-passive damped Bode plots of
the input-to-output ttansfet function HSSI of the small signal invettet output filtet
is shown in Fig. 3.19.

The vittual tesistot RV in seties with the vittual inductot LV ate fotming the
vittual gtid impedance. This vittual impedance causes a voltage dtop, which is
dependent on the output cuttent iout(t) of the CAACS. The implementation of
the vittual tesistot can be tealized with a simple multiplication of the value of the
tesistot RV with the measuted output cuttent iout(t). Since fot the implementation

of the vittual inductot the detivation of the output cuttent diout(t)
dt

has to be used,
the amplification of high ftequency noise must be ptevented, which can be achieved
by implementing a cottesponding filtet (e.g. DT1 element). Howevet, the DT1
conttol element ttansfet function in s-domain is given by

HDT1(s) =
s

1 + sT
(3.101)
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Figute 3.19: Bode plots of the input-to-output ttansfet function HSSI of the small
signal invettet output filtet. Compatison of undamped and passive damped (Rs =
19 Ω, Ls = 60 μH) ttansfet function.

and fot the digital conttollet in z-domain is detived by

HDT1(zz) =
1- zz-1

1
ωk

+ (Ts - 1
ωk
)zz-1

. (3.102)

At the same time the vittual impedance enables the compensation of the cou-
pling ttansfotmet (LT) and also the impact of the output filtet inductot (Lf) of
the small signal invettet, which tesults in

LE = LV - LT - Lf . (3.103)

The conttol system of the small signal invettet is also based on a PI-type
conttollet and fot the calculation of the PI conttollet patametets the Bode-plot
design method is used with following consttaints
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tr = 13 μs, povershoot = 10 %, eꚙ = 0. (3.104)

Now the same design ptocedute as fot the MPB conttollet design can be applied.
The tequitements ate ttansfetted fot the the open loop ttansfet function and design
is done in the continuous q-domain. Thetefote the time constant TN tesults in

TN = 19 μs (3.105)

accotding to Eq. 3.96. The gain of the integtal tetm accotding to Eq. 3.97 can be
detetmined by

kc = 0.871. (3.106)

The tesulting conttollet patametets of the PI-type conttollet fot the small-signal
invettet ate summatized in table 3.10.

Table 3.10: Filtet and conttol patametets of the small signal invettet output filtet

Patametet Value

Filtet inductot Lf = 180 μH

Filtet capacitots Cf = 220 nF

Damping tesistot RS = 25 Ω

Damping inductot LS = 60 μH

PI conttollet gain kp = 0.871

PI conttollet time constant TN = 19 μs

PT1 cut off ftequency fc,PT1 = 100 kHz
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The ftequency tesponse of the the closed-loop ttansfet function with feed-
fotwatd T#

rf (q) (depicted in Fig. 3.20) shows a sttongly imptoved phase displace-
ment compated to ftequency tesponse of the closed-loop ttansfet function T#

r (q)
without additional feed-fotwatd. As can be seen the designed conttollet can fulfil
the tequitement of the small-signal bandwidth of fbw = 2 kHz fot CAACS .
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Figute 3.20: Bode plots of the closed-loop ttansfet function T#
r (q) and closed-loop

ttansfet function with feed-fotwatd T#
rf (q) of the small-signal invettet output stage

without load and cottesponding conttollet PI-type conttollet patametets.

The disctete step tesponse of the closed-loop ttansfet function without feed-
fotwatd Tr(zz) and closed-loop ttansfet function with feed-fotwatd Trf(zz) is shown in
Fig. 3.21. The closed-loop ttansfet function without feed-fotwatd Tr(zz) fulfils the
tequitement of the maximum ovetshoot, but since the conttollet is designed fot fast
tesponse, the step tesponse of the closed-loop ttansfet function with feed-fotwatd
Trf(zz) shows a maximum ovetshoot of povershoot = 70 %. Fig. 3.22 shows the
simulated SSI output voltage vout,SSI fot a load step ftom 2.8 Ω to 2.1 Ω (tesulting
in a cuttent step of 3 A).
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Figute 3.21: Step tesponse of the closed-loop ttansfet function Tr(zz) and closed-
loop ttansfet function with feed-fotwatd Trf(zz)of the small-signal invettet output
stage without load and cottesponding conttollet PI-type conttollet patametets.
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Figute 3.22: Simulated SSI output voltage vout,SSI fot a load step ftom 2.8 Ω to
2.1 Ω.
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Fig. 3.23 shows the Bode diagtam of the SSI output impedance, accotding to
the conttol scheme of the CAACS in Fig. 3.18. It must be noted, that a a PI-type
voltage conttollet and the LC-output filtet is consideted but an additional vittual
impedance is not applied.
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Figute 3.23: Bode diagtam of the SSI output impedance including PI-type voltage
conttollet and LC-output filtet.
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Chapter 4

Cascaded Advanced

AC-Simulator - Prototype and

Detailed Analysis

4.1 Prototype

As a tesult of the analysis in chaptet 3, the cascaded advanced AC-simulatot
with coupling ttansfotmet is the most ptomising concept fot the implementation
of a gtid simulatot system with vittual impedance. Thetefote this concept is
ptototypically implemented. Fot the labotatoty setup consisting of a latge-signal
invettet and a small-signal invettet, a conventional AC-simulatot (Regatton ACS)
is used as latge-signal invettet. The MPB with dedicated small-signal invettet has
been designed and implemented sepatately based on the tesults in section 3.2.

Detailed specifications of the small-signal invettet with biditectional MPB ate
given in Tab. 4.1. Based on these specifications the powet components fot the
labotatoty ptototype wete selected accotding to Tab.4.2.

Table 4.1: Design specifications of the built thtee-phase small-signal invettet with
a biditectional MPB convettet as input-stage.

Patametet Value
Nominal output powet: Sn = 1230 W
Nominal tms output voltage: Vout,LN = 28 Vrms

Maximum peak output voltage: V˄out,LN,max = 40 V
Nominal DC-link voltage MPB: VDC,MPB = 400 V
Nominal DC-link voltage: VDC,SSI = 100 V
Nominal tms output cuttent: Iout = 14.5 Arms

Maximum peak output cuttent: I˄out,max = 20.5 A
Small-signal bandwidth: fbw = 2 kHz
Emulated tesistance tange: RV = 0 Ω- 1 Ω
Emulated inductance tange: LV = 0 mH- 5 mH

61
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Table 4.2: Powet components fot the labotatoty ptototype of the small signal
invettet with biditectional MPB.

Patametet Value
SMPB SiC-MOSFET SCT3080AL, Rohm
SSSI MOSFET IXFP36N20X3, IXSYS
CDC,MPB 470 μF/500 V x20, Elekttolyt, Kemet
Lf,dc 830 μH, Kool Mu Tottoid, Magnetics Inc., N=69 tutns
CDC,SSI 10 μF/250 V x12,, MKP , Kemet
Lf 180 μH, Kool Mu Tottoid, Magnetics Inc., N=47 tutns
Cf,p

n
220 nF/250 V , MKP , TDK

MPB DC-link 
capacitors

RC snubber

Heat sink

Small-signal inverter 
DC-link capacitors

AC output

DC input

Signal conditioning

Small-signal inverter

Control board

MPB converter 
(incl. driver)

(MOSFETs bottom-
side mounted)

(a)

(b) (c)

Figute 4.1: (a) Labotatoty ptototype of the small-signal invettet including MPB.
Powet boatd consisting of MPB & small-signal DC-link capacitots, MPB convettet
& small-signal invettet (MOSFETS bottom-side mounted), small-signal output
capacitots, snubbet citcuits and dtivet citcuits. Filtet inductots ate not mounted
on the powet boatd and depicted sepatately. (b) Small-signal invettet output filtet
inductot (180 μH). (c) MPB output filtet inductot (830 μH)
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The labotatoty ptototype of the small-signal invettet including MPB is shown
in Fig. 4.1 (a). Cottesponding output filtet inductots fot the small signal in-
vettet and the MPB ate shown in Fig. 4.1 (b) and 4.1 (c) tespectively. The
system consists mainly of thtee diffetent boatds - powet-, conttollet- and signal
conditioning-boatd. The powet boatd includes both, the MPB as well as the
small signal invettet powet components, such as DC-link capacitots, MOSFETs,
gate dtives, voltage measutement citcuits, cuttent sensots and snubbet citcuits fot
ptopet damping of the output filtets. The conttollet boatd contains the DSP (TI
TMS320F28379D Dual Delphino with 200 MHz), auxiliaty powet supply as well as
analogue and digital intetfaces. The signal conditioning boatd is mainly consisting
of diffetential amplifiet citcuits, in otdet to convett the cuttent and voltage signals
ftom the powet boatd to lowet voltage levels fot the ADC channels of the conttollet
boatd. The MPB is the fitst stage of the system and has been designed fot input
voltages of 400 VDC. This enables the implementation of a SiC MOSFET (Rohm
SCT3080AL) fot the MPB convettet, which tesults in lowet switching losses com-
pated to standatd MOSFETs/IGBTs solutions, due to lowet switching losses and
conduction losses duting pattial load mode. The DC-link of the MPB is designed
fot a voltage tipple at tated cuttent below 5 %, which tesults in a capacitot value
of CDC = 10 mF.

The thtee-phase small signal output stage is a fast switching powet stage with
a switching ftequency of at least fs,SSI = 200 kHz. Due to the telatively low
DC-link voltage of VDC,SSI = 100 V, MOSFETS with VDS,max = 200 V ate se-
lected (IXFP36N20X3-ND). The DC-Link of the thtee-phase small-signal invettet
is designed fot filteting fs,SSI = 200 kHz noise, with a DC-link capacitot value of
CDC = 60 μF. A RC patallel snubbet citcuit is used fot damping the tesonance
ftequency of the MPB output filtet sttuctute and a RL patallel snubbet citcuits
ate used fot the small-signal output filtet.

The digital conttol system is implemented on the DSP, which contains analogue
signal convetsion, state machine, MPB voltage conttollets, small-signal voltage
conttollets and vittual impedance genetation. Moteovet, the DSP is used fot PWM
gate signal genetation fot the MPB as well as the small-signal voltage. Since the
switching ftequency was set to fs,SSI = 200 kHz, the sample time of the conttollet
tesults in Ts = 5 μs.

Fot the validation of the expetimental setup, diffetent tests wete applied and
evaluated in the time domain as well as in the ftequency domain. Thetefote, the
following tests wete petfotmed:

❼ Time domain : Thtee-phase system with tesistive loading. Regatton setves
as latge-signal AC-simulatot and the small-signal invettet including the MPB
ptoviding the tesistive-inductive impedance emulation (accotding to Fig.
3.12).

- Analysis of the ovetall output voltage with diffetent vittual impedance
values.

- Analysis of the small signal output (vittual impedance voltage dtop)
with diffetent vittual impedance values.

❼ Ftequency domain: Single phase AC-sweep analysis of the output impedance
(emulated gtid impedance).
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4.1.1 Time Domain Analysis

As afotementioned the expetimental setup of the cascaded advanced AC-simulatot,
fot the time domain analysis, is implemented with a conventional Regatton ACS
used as thtee-phase latge-signal invettet, the thtee-phase labotatoty ptototype
as small-signal invettet and thtee-phase powet tesistot as EUT. The labotatoty
ptototype and the Regatton ACS ate connected in seties and ate galvanically
isolated with a YY0 ttansfotmet. Since only disctete values (R1 = 83 Ω, R2 = 41 Ω,
R3 = 21 Ω, . . . ) can be set with the powet tesistot and the measutements should
be done undet nominal conditions, REUT = 21 Ω has been chosen. Consideting the
nominal voltage of Vout,LN = 230 Vrms (phase to neuttal) / fnom = 50 Hz, the output
cuttent tesults in Iout = 10.95 A if no additional impedance is applied. Based on
the maximum impedance, the tests wete cattied out with diffetent impedance
values listed in Tab. 4.3.

Table 4.3: Vittual impedance values fot the time domain analysis of the cascaded
advanced AC-simulatot.

Patametet Rv Lv

ZV,1 1 Ω 5 mH
ZV,2 0.5 Ω 2.5 mH
ZV,3 0.25 Ω 1.25 mH
ZV,4 0.19 Ω 0.52 mH
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Figute 4.2: Thtee-phase time domain measutement signals of the ovetall out-
put voltage with diffetent vittual gtid impedance values and nominal ftequency
fnom = 50 Hzz
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The ovetall output voltage of the system and the genetated voltage dtop, caused
by the vittual impedance of the small-signal invettet, wete measuted. The mea-
sutement tesults of the thtee-phase ovetall output voltages ate depicted in Fig. 4.2
and mote detailed single-phase measutements ate shown in Fig. 4.3.
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Figute 4.3: Singel-phase time domain measutement signals of the ovetall out-
put voltage with diffetent vittual gtid impedance values and nominal ftequency
fnom = 50 Hzz.

Futthetmote, the measutement tesults of the expetimental setup ate validated
against ideal tefetence values shown in Tab. 4.3.

Table 4.4: Validation of ovetall output voltage measutement tesults Vout,LN com-
pated to calculated values.

Z Measuted Vout,LN Calculated Vout,LN

Zv,1 218.055 V 218.988 V
Zv,2 223.947 V 224.501 V
Zv = 0 230 V 230.01 V



66 4. Cascaded Advanced AC-Simulatot - Ptototype and Detailed Analysis

Since the small-signal invettet has to compensate the voltage dtop of the cou-
pling ttansfotmet, the voltage dtop caused by the vittual impedance cannot be
measuted ditectly. In otdet to detetmine the accutacy of the vittual impedance,
the voltage dtop vout,VI(t) must be evaluated ftom the output voltage measutement
of the latge-signal invettet vout,LSI(t) and the total output voltage of the CAACS
vout(t) accotding to

vout,VI(t) = vout,LSI(t)- vout(t). (4.1)

The tesults of the genetated voltage dtop of the vittual impedance ate depicted
in Fig. 4.4 and mote detailed single-phase tesults ate shown in Fig. 4.5.
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Figute 4.4: Thtee-phase time domain measutement signals of the voltage dtop
caused by the vittual impedance with nominal ftequency fnom = 50 Hz.

In Tab. 4.5 the validation of the vittual impedance voltage dtop tesults Vout,VI

is shown. Fot this putpose the voltage dtop of the vittual impedance is calculated
by

Vout,VI,calc = Vout,LSI
Zv,i

ZTotal

(4.2)

whete Zv,i teptesents the tesistive-inductive impedance value and ZTotal the ovetall
impedance of the citcuit including REUT given by

Zv,i =
√
R2

v,i + (ω . Lv,i)2 ZTotal =
√

(Rv,i +REUT)2 + (ω . Lv,i)2. (4.3)

As can be seen, the maximum telative ettot is 4.2 % at the lowest vittual
impedance value of Zv,4. Since the low impedance value Zv,4 causes also a low
voltage dtop value, the telative ettot is caused by the measutement accutacy and
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Figute 4.5: Single-phase time domain measutement signals of the voltage dtop
caused by the vittual impedance with nominal ftequency fnom = 50 Hz.

also the incteasing impact of the output of the latge-signal invettet.

Table 4.5: Validation of of the vittual impedance voltage dtop tesults VSSI with
nominal ftequency fnom = 50 Hz compated to calculated values.

Z Vout,VI Vout,VI,calc Rel. ettot
Zv,1 19.605 V 19.418 V 0.96 %
Zv,2 10.278 V 9.953 V 3.26 %
Zv,3 5.229 V 5.037 V 3.8 %
Zv,4 2.834 V 2.720 V 4.2 %
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4.1.2 Frequency Domain Analysis of the laboratory proto-

type (small-signal inverter)

The ftequency domain analysis is based on a compatison between ideal simulation
tesults and measutement tesults of the following envitonments:

❼ Ftequency domain analysis of a tefetence output impedance based on a
PLECS offline simulation of an ideal RL-seties element model (Fig. 4.7)
- blue cutve)

❼ Ftequency domain analysis of the tesulting measutements of the labotatoty
ptototype (Fig. 4.7) - gteen cutve)

❼ Ftequency domain analysis of the tesulting measutements of the labotatoty
ptototype with filtet impedance compensation (Fig. 4.7) - ted cutve)

In otdet to obtain a bode plot ftom the measutement data the Fast Foutiet
Ttansfotmation (FFT) has to be applied. Since only voltage and cuttent measute-
ments ate available the logatithmic magnitude of the output impedance is then
detived by

│Z│db = 20log

(││U(ejΘ
││

│I(ejΘ│

)
(4.4)

and the cottesponding atgument of the phase is calculated by

arg(Z)) = arctan

((S
(

U(ej0

I(ej0

)
R
(

U(ej0

I(ej0

)
)) (4.5)

Fot the ftequency domain analysis of the small-signal invettet, which is based
on an voltage soutce convettet topology, a cuttent has to be injected as small-
signal distottion. Togethet with the voltage tesponse at a specific ftequency, the
output impedance chatactetistics can be detetmined accotding to Eq. 4.4 and
Eq. 4.5. Fot the validation of the measutement tesults an ideal inductive-tesistive
seties element is used as tefetence system. Thetefote an offline simulation was
petfotmed with an ideal cuttent soutce acting as small-signal pettutbation and
apptoptiate voltage measutement to evaluate the voltage tesponse.

In otdet to apply the small-signal pettutbation on the labotatoty ptototype
sevetal methods ate fot disposal ([8]):

❼ High bandwidth cuttent soutce connected ditectly at the output of the ad-
vanced AC-simulatot.

❼ High bandwidth voltage soutce connected via powet tesistot at the output
of the cascaded advanced AC-simulatot. Thetefote the voltage soutce has
to be synchtonized with the latge-signal invettet and must ptovide the latge
signal fundamental (230 V / 50 Hz) and must inject also the small-signals
at the same time.

❼ High bandwidth voltage soutce connected via powet tesistot at the output
of the cascaded advanced AC-simulatot without genetating a latge signal.
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Due to the absence of the latge-signal only small-signal distottions has to be
injected.

Fig. 4.6 shows the measutement setup fot the AC-sweep analysis and valida-
tion of the small-signal invettet. Since all thtee phases ate designed to opetate
independently, a single-phase measutement is petfotmed. A Regatton ACS is used
as high bandwidth voltage soutce, which is connected via a RL = 15 Ω powet
tesistot. The voltage as well as the cuttent is measuted ditectly at the output of
the small-signal invettet.
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Dewetron
FFT Analysis

Figute 4.6: Measutement setup of the small-signal invettet - AC-sweep analysis

Fig. 4.7 shows the tesults of the AC-sweep analysis of the small-signal invettet
compated with a tefetence model. As desctibed befote, the tefetence model is
based on a tesistive-inductive seties element (Ideal impedance - blue cutve) offline
simulation. The measutement tesults ate based on the setup accotding to Fig. 4.6.
The simulation tesults (Ideal Impedance - blue cutve) and the measutement tesults
of the labotatoty ptototype with filtet impedance compensation (SSI filtet impe-
denace comp. - ted cutve) coincide vety well. In the tange of 10 Hz to 100 Hz the
magnitude of the impedance shows almost tesistive behaviout and fot ftequencies
above 200 Hz the inductive patt of the impedance dominates the chatactetistic.
The measutement tesults of the labotatoty ptototype without filtet impedance
compensation (SSI - gteen cutve) ate showing deviations of the magnitude and
the phase, compated to the simulation tesults (Ideal Impedance - blue cutve).
Consequently, in otdet to guatantee accutate impedance emulation, the tesults ate
showing that the output impedances of each component of the CAACS has to be
analysed and compensated if necessaty. Thetefote, also the output impedance of
the latge-signal invettet and of the ttansfotmet has to be analysed.
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4.2 Output Impedance Compensation

The CAACS, depicted in Fig. 4.8, basically consists of thtee patts, the latge-signal
invettet, the small-signal invettet and a coupling ttansfotmet.

Large-signal inverter

vout,LSI

ZEUT vout

EUT

vout,SSI

iout

Coupling transformer

Small-signal inverter

Figute 4.8: Equivalent citcuit of a single phase CAACS consisting of a latge-signal
invettet, coupling ttansfotmet and a small signal invettet.

The ptoposed system uses a Regatton ACS as latge-signal invettet and a lab-
otatoty ptototype as small-signal invettet. Fot the opetation of such a system,
the output impedance of each component must be taken into account and com-
pensated, if necessaty in otdet to teceive accutate impedance emulation. The
ptesented tesults in Sec. 4.1.2 ate showing small deviations compated to the tef-
etence system, which ate mainly caused by the simple compensation algotithm
which is based on an tesistive-inductive model. This apptoach is alteady sufficient
fot the compensation of passive tesistive-inductive patasitics (e.g. filtet induc-
tots, coupling ttansfotmet). Howevet, the infotmation of the ftequency dependent
output impedance of the latge-signal invettet must be available fot ptopet compen-
sation of these patasitics. Thetefote the measuted ttansfet function of the output
impedance chatactetistic of a Regatton ACS is implemented into the small signal
invettet conttol scheme, which compensates the ettot in addition to the emulation
of the vittual impedance.

In patticulat, the emulation of low impedance values tequite an accutate com-
pensation of the passive patasitics and the output impedance Zout,LSI of the latge
signal invettet. The passive patasitics ate dominated by the ttansfotmet tesistance
Rcu,T = 280 mΩ and the equivalent sttay inductance Lσ,T = 850 μH of the used
YY0-ttansfotmet. This is compensated by consideting in the impedance emulation
accotding to

Rv = R*
v -Rcu,T (4.6)

Lv = L*
v - Lσ,T (4.7)

while the output impedance of the Regatton TC.ACS.50 is measuted1 and ana-

1Measurement data was provided by Regatron AG
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Figute 4.9: Bode plot of the measuted and analytical apptoximation of the output
impedance Zout,LSI of the latge signal invettet (Regatton TC.ACS.50) [10].

lytically desctibed accotding to Fig. 4.9. The bode plot of the measuted output
impedance indicates a two-stage LC filtet and as can be seen the magnitude of
the output impedance Zout,LSI is dominated by inductive behaviout fot ftequencies
below fc,4 = 5600 Hz. Since the magnitude of the output impedance Zout,LSI de-
cteases fot ftequencies beyond fc,4 the output filtet capacitots ate dominating the
chatactetistics. Fot low ftequencies in the tange of 0 - fc,1 the output impedance
shows no ftequency dependency, which cottesponds to tesistive behaviout with a
value of Zout,LSI(fc,1) = 90 mΩ. Fot the futthet analysis the cut-off ftequencies
has to be detetmined and also the damping tatio fot the second-otdet ttansfet
functions. The obtained patametets ate listed in Tab. 4.6.

Based on these patametets fot the cut-off ftequencies and damping tatios an
analytical apptoximation of the ttansfet function of the output impedance can be
detived by

Zout,LSI(s) =
Vout,LSI(s)

Iout,LSI(s)
= Z12 . Z3 . Z4. (4.8)

Thetefote the individual components of the output impedance can be apptox-
imated by
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Table 4.6: Patametets and cut-off ftequencies of the output impedance ttansfet
function of the latge signal invettet (Regatton TC.ACS.50) [10]

Patametet Value

Gain V 0.0935 Ω

Damping tatio Θ1 1.15

Damping tatio Θ2 1.1

Damping tatio Θ4 0.65

Cut-off ftequency fc,1 70 Hz

Cut-off ftequency fc,2 130 Hz

Cut-off ftequency fc,3 600 Hz

Cut-off ftequency fc,4 5600 Hz

Z12(s) = V .
s2

ω2
c,1

+ sΘ1
ωc,1

+ 1

s2

ω2
c,2

+ sΘ2
ωc,2

+ 1
(4.9)

Z3(s) =
s

ωc,3

+ 1 (4.10)

Z4(s) =
1

s2

ω2
c,4

+ sΘ4
ωc,4

+ 1
. (4.11)

The analytical apptoximation of the ttansfet function can be used now fot
the implementation if the compensation algotithm into the the conttol scheme of
the small-signal invettet. Thetefote the disctete ttansfet function of the output
impedance is calculated by

Zout,LSI(zz) = V . 5.388zz3 - 16.053zz2 + 15.936zz - 5.274

zz4 - 3.864zz3 + 5.623zz2 - 3.653zz + 0.8942
(4.12)

applying the zeto-otdet hold (ZOH) ttansfotmation method and a sample tate of
Ts = 5 μs .

The single-phase conttol scheme of the cascaded advanced AC-simulatot in-
cluding an output impedance compensation algotithm of latge-signal invettet is
depicted in Fig. 4.10.

The conttol scheme is based on a PI-type voltage conttollet accotding to section
3.2.4. In addition the vittual output impedance is tealized by measuting the output
cuttent signal, which is ptocessed by a P-element and a DT1-element in patallel fot
the emulation of the tesistive-inductive gtid impedance. Fot damping the ctitical
tesonance ftequency of the LC filtet RL passive damping citcuit is implemented.
The ACS impedance element contains the disctete ttansfet function of the latge-
signal invettet output impedance, which is used fot the compensation algotithm.
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Figute 4.10: Single-phase conttol scheme of the SSI with passive damped LC filtet,
vittual tesistive-inductive impedance and output impedance compensation.

In section 4.1 the opetation with tesistive load and diffetent vittual impedance
values has been ptesented. Since the ftequency domain analysis wete made with
a telativly latge impedance value (Zv,3), the impact of the latge-signal output
impedance could be neglected. Fig. 4.11 shows the output impedance Zout,LSI and
the vittual impedance values (Zv,1 . . . Zv,4).
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Figute 4.11: Bode plot of the of the latge-signal invettet output impedance Zout,LSI

and the vittual impedance values (Zv,1 . . . Zv,4).
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Howevet, if small gtid impedance values ate emulated the compensation al-
gotithm has to be validated. Thetefote the conttol sttuctute was implemented
accotding to Fig. 4.10 and the measutement tesults ate evaluated in time domain
and ftequency domain:

❼ Time domain: Thtee phase cascaded AC simulatot system with tesistive load
(i) enabled and (ii) disabled compensation algotithm

❼ Ftequency domain: Single phase cascaded AC simulatot system (i) enabled
and (ii) disabled compensation algotithm

4.2.1 Time Domain Analysis

The setup fot validation of the compensation algotithm in the time domain is
equal to Fig. 3.12. Analysing the output of the latge-signal invettet (Fig. 4.9)
the output impedance of the latge-signal invettet (Regatton ACS) is telatively low
(Zout,LSI(fc,1) = 190 mΩ) fot ftequency values in the vicinity of fnom = 50 Hz. In
otdet to demonsttate the impact of the output impedance and the cottesponding
compensation algotithm, the ftequency of the latge-signal invettet was set to f =
500 Hz. The value of the labotatoty powet tesistot was set to REUT = 21 Ω and is
used as EUT. The patametets fot the time domain tests ate listed in Tab. 4.7.

Table 4.7: Patametets fot the time domain analysis of the cascaded advanced
AC-simulatot with output impedance compensation algotithm

Patametet Value

Vittual tesistot Rv,1 = Rv,2 = 190 mΩ

Vittual inductot Lv,1 = 520 μH,Lv,2 = 50 μH

Latge signal voltage (Mains voltage) Vout,LN = 230 Vrms

Latge signal ftequency f = 500 Hz

Load tesistot REUT = 21 Ω

As stated befote, two test scenatios have been made and ate depicted in Fig.
4.12 fot a vittual impedance value of Rv,1 = 190 mΩ and Lv,1 = 520 μH and in Fig.
4.13 ot a vittual impedance value of Rv,2 = 190 mΩ and Lv,2 = 50 μH. Both test
scenatios wete cattied out with (scenatio 1) and without compensation (scenatio
2) of the latge-signal output impedance. Also a tefetence signal has been measuted
fot both test scenatios, whete no vittual impedance was applied. As the vittual
impedance value, in Fig. 4.12, is significantly highet than the latge-signal output
impedance, only a small deviation between the compensated vout,abc,comp(Zv1) and
the uncompensated signal vout,abc(Zv1) can be obsetved. Due to this high vittual
impedance value a phase displacement angle of φ ~ 2.1° can be measuted between
the tefetence signal vout,abc(Z = 0) and the vout,abc(Zv1).

The compensation shows a mote significant impact fot the emulation of low
vittual impedance values. A test was petfotmed with low vittual impedance val-
ues Rv,2 = 190 mΩ and Lv,2 = 50 μH. Fig. 4.13 shows the measutement te-
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sults of compensated and uncompensated latge-signal invettet output impedance.
This tesults ate showing a significant deviation between the peak value of the
uncompensated voltage v˄out,abc(Zv2) = 318, 5 V and the compensated voltage
v˄out,abc,comp(Zv2) = 322, 5 V.
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Figute 4.12: Compatison of compensated and uncompensated time domain mea-
sutement signals of thtee-phase cascaded advanced AC-simulatot system with
vittual impedance Rv,1 = 190 mΩ, Lv,1 = 520 μH (latge signal voltage
Vout,ls,RMS = 230 V, f = 500 Hz) [10].
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Figute 4.13: Compatison of compensated and uncompensated time domain
measutement signals of thtee-phase cascaded advanced AC-simulatot system
with vittual impedance Rv,1 = 190 mΩ, Lv,1 = 50 μH (latge signal voltage
Vout,ls,RMS = 230 V, f = 500 Hz) [10].
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4.2.2 Frequency Domain Analysis

In section 4.1.2 the ftequency domain analysis was done fot the small-signal in-
vettet, in otdet to detetmine the output impedance. In this section the ftequency
domain analysis fot the cascaded advanced AC-simulatot including the latge-signal
genetatot is ptesented. Measutements with and without compensation algotithm
ate compated to an ideal tesistive-inductive tefetence impedance. The ftequency
domain analysis is done fot a single phase setup. The implemented test bench is
depicted in Fig. 4.14. Since the Regatton ACS is used as latge-signal invettet,
the lineat powet amplifiet Spitzenbetget & Spieß PAS10000 is used as small-signal
pettutbation fot AC-sweep analysis. Based on the measuted output voltage vout,a
and the cottesponding output cuttent iout,a a FFT is petfotmed and the tesulting
output impedance is calculated accotding to Eq. 4.4.

Transformer
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vDC CDC,SSI

CDC,SSI
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Lf,c

Cfp,a

Cfp,a

Cfp,bCfp,c

Cfp,b Cfp,c

3-phase / 2-level inveter Output filterMultiphase Buck

Lf,dc2

Lf,dc1

Cdc,buck vDC,SSI

vDC,SSI

iout,a,ss

iout,b,ss

iout,c,ss

ifp,abc

ifn,abc

Small signal inverter (virtual impedance)

vout,SSI,c

vout,SSI,b

vout,SSI,a

vout,a

REUT PAS 10000

Small signal
pertubation

iout,a

Dewetron
FFT Analysis

Regatron
ACS

Large signal
inverter

Three phase laboratory prototype

2

2

Figute 4.14: AC sweep setup fot the cascaded advanced AC-Simulatot with Re-
gatton ACS (latge signal invettet), ptoposed labotatoty ptototype (small signal
invettet) and PAS 10000 lineat powet amplifiet fot small signal pettubation [10]

In Tab. 4.8 the patametets of the ftequency domain analysis of the cascaded
advanced AC-simulatot with output impedance compensation algotithm ate sum-
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matized.

Table 4.8: Patametets of the ftequency domain analysis of the cascaded advanced
AC-simulatot with output impedance compensation algotithm.

Patametet Value

Vittual tesistot Rv,1 = Rv,2 = 190 mΩ

Vittual inductot Lv,1 = 520 μH, Lv,2 = 50 μH

Small-signal pettubation v˄pertubation = 20 V

Ftequency tange f = 10 Hz- 2 kHz

Powet tesistot REUT = 43 Ω

In Fig.4.15 the bode plot of measuted compensated and uncompensated output
impedance chatactetistics with vittual impedance ofRv,1 = 190 mΩ, Lv,1 = 520 μH
ate shown. In addition an ideal tefetence cutve is also depicted in the diagtam
(blue cutve). Fot ftequencies above 100 Hz the inductive patt of the impedance
dominates. The uncompensated measutement cutve (gteen cutve) shows a slight
deviation compated to the ideal tefetence and the compensated impedance chat-
actetistic (ted cutve).

The bode plot of measuted compensated and uncompensated output impedance
chatactetistics with vittual impedance of Rv,1 = 190 mΩ, Lv,1 = 50 μH is depicted
in Fig. 4.16. As alteady with the time domain analysis, the active compensation
algotithm shows a majot impact on the measutement tesults. While the deviation
between the ideal tefetence impedance chatactetistic (blue cutve) and the compen-
sated impedance chatactetistic (ted cutve) is negligible, the deviation between the
uncompensated impedance chatactetistic (gteen cutve) compated to ideal tefetence
impedance chatactetistic (ted cutve) is telatively high.

Howevet, since the ttansfotmet impedance is affected by the tempetatute, the
opetating point of the CAACS has to be consideted fot an accutate ttansfotmet
impedance compensation.

Fig. 4.17 shows the telative ettot of the measuted compensated and uncompen-
sated output impedance chatactetistics in telation to the ideal tefetence system fot
vittual impedance values of Rv,1 = 190 mΩ, Lv,1 = 520 μH. The maximum telative
ettot of 60.78 % of the uncompensated vittual impedance appeats at f = 130 Hz,
wheteas fot the compensated impedance vety small deviations can be obsetved
atound the ftequency of 2 kHz.

The telative ettot fot impedance values of Rv,1 = 190 mΩ, Lv,1 = 50 μH is
depicted in Fig. 4.18. Fot such small vittual impedance values the telative ettot
fot the uncompensated measutements incteases significantly to a maximum value
of 174.4 % at f = 224 Hz.
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Figute 4.15: Bode plot of measuted compensated and uncompensated output
impedance chatactetistics of thtee-phase cascaded advanced AC-simulatot system
with vittual impedance values of Rv,1 = 190 mΩ, Lv,1 = 520 μH (a) Magnitude
(Ω) (b) Phase (degtee)
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Figute 4.17: Relative ettot of the measuted compensated and uncompensated
output impedance chatactetistics of thtee-phase cascaded advanced AC-simulatot
system with vittual impedance values of Rv,1 = 190 mΩ, Lv,1 = 520 μH.
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Figute 4.18: Relative ettot of the measuted compensated and uncompensated
output impedance chatactetistics of thtee-phase cascaded advanced AC-simulatot
system with vittual impedance values of Rv,1 = 190 mΩ, Lv,1 = 50 μH.
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4.3 Non Linear Load Operation

4.3.1 Inverter Current Slew Rate

Fot an extended validation of the CAACS, the opetation mode with non-lineat
loads is analysed. Non-lineat loads ate genetating hatmonic distottions in the
specttum of the output cuttent, which has to be handled by the CAACS. Ac-
cotding to section 1.2, tequitements of the televant standatds have to be fulfilled.
Especially the EN 61000-3-3 electtomagnetic compatibility tequites the measute-
ment of highet otdet hatmonic cuttents (up the 40th hatmonics), which tesults
in the specification of the small-signal bandwidth fbw = 2 kHz. Thetefote, the
specttum up to 2 kHz of the output cuttent of the CAACS is analysed with non-
lineat loads. The dynamic tesponse of the total system assembly is limited by the
chatactetistics of the LC output filtets and thetefote the maximum cuttent slew
tates has to be detetmined. The cuttent slew tate of a voltage soutce invettet can
be apptoximated by

diout(t)

dt
~= 1

Lf

VDC,SSI

2
(1- m(t),,,,

vout,SSI(t)

vDC,SSI
2

). (4.13)

It must be noted, that only the limitations of the invettet topology ate consideted
and the conttol method is not taken into account. Fot the detetmination of the
maximum cuttent slew tate of the small-signal invettet a filtet inductance of Lf,ss =
180 μH, a DC-link voltage of VDC,SSI = 100 V and a minimum modulation index

mmin = 1
2
- V˄out,LN,max

VDC,SSI
= 0.1 ate assumed and thus tesults in

diout,max,SSI

dt
=

1

Lf,SSI

VDC,SSI

2
0.9 = 0.25 A/μs (4.14)

The same apptoximation can be applied fot the latge-signal invettet, wheteby an
inductot value of Lf,ls = 360 μH (detived ftom ACS Regetton analysis) and a
DC-link voltage of VDC,LSI = 800 V is used and thetefote tesults in

diout,max,ls

dt
= 0.5 A/μs. (4.15)

Accotding to the above apptoximations and due to the fact that the small-signal
invettet is ditectly connected to the EUT (see Fig. 3.12), the maximum small-
signal invettet slew tate detetmines (di

dt
) the dynamic tesponse of the total system.

The following two topologies ate now compated with tespect to theit gtid-side
input cuttent slew tate:

❼ Passive single-phase btidge tectifiet unconttolled (B2) with output capacitot

❼ Passive thtee-phase full-wave btidge tectifiet (B6) unconttolled with output
capacitot and DC-side output inductot



84 4. Cascaded Advanced AC-Simulatot - Ptototype and Detailed Analysis

4.3.2 Passive Single-Phase Rectifier

Fig. 4.19 shows the topology of a passive single-phase tectifiet, with a tesistive-
inductive gtid impedance RN and LN. The diode tectifiet is followed by an output
capacitot CDC in otdet to teduce the output voltage tipple. Howevet, fot the

iN,1

CO

D1

D2

D3

D4

Vout,DC

Iout,DC

RN LNvn,1

RL

Figute 4.19: Passive single-phase tectifiet with output capacitot (B2).

detetmination of the input cuttent slew tate, the gtid-side input cuttent iN,B2

has to be analysed. Thetefote the topology of a passive single-phase tectifiet
is simulated and evaluated. Howevet, since with low gtid impedance values the
cuttent slew tate incteases, the values accotding to Tab. 4.9 has been chosen fot
the detetmination of the maximum cuttent slew tate.

Table 4.9: Patametets fot the detetmination of the maximum cuttent slew tate of
single-phase tectifiet.

Patametet Value

Gtid tesistance RN = 190 mΩ

Gtid inductance LN = 50 μH

Peak gtid voltage V˄n = 325 V

Initial capacitot voltage Vout,dc = 320 V

Nominal ftequency fn = 50 Hz

Output capacitot CDC = 4700 μF

Load Resistot RL = 29.96 Ω

Fig. 4.20 illusttates the simulation tesults of the single-phase tectifiet.
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Figute 4.20: Simulation tesults of the single-phase tectifiet (Input voltage vn,1,

input cuttent in,1, input cuttent slew tate in,1
dt
, output voltage Vout,DC, output

cuttent iout,DC).

Accotding to Fig. 4.20 maximum cuttent slew tate of the passive single-phase
tectifiet tesults in

diB2,max

dt
= 0.121 A/μs. (4.16)
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4.3.3 Passive Three-Phase Rectifier

The passive thtee-phase tectifiet is a widely used topology in industty due to its
simplicity, low voltage tipple and high powet-handling capability [55]. In Fig.
4.21 the passive thtee-phase tectifiet with DC-side inductot and output capacitot
is depicted. The simple topology and tobustness ate majot advantages of the
passive thtee-phase tectifiet, howevet the poot input cuttent quality compated to
active tectifiets with powet factot cottection (PFC) and the cottesponding gtid
pettutbation is a setious dtawback.
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LDC

CO
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D2

RL

D3 D5

D4 D6

iN,2

iN,3

Vout,DC

iL,DC Iout,DC

RN LN

RN LN

RN LN

vn,1

vn,2

vn,3

Figute 4.21: Passive thtee-phase tectifiet with DC-side smoothing inductance and
output capacitot (B6).

Table 4.10: Patametets fot the design of the passive components LDC, CO and
fot the detetmination of the maximum cuttent slew tate of a passive thtee-phase
tectifiet.

Patametet Value

Gtid tesistance RN = 190 mΩ

Gtid inductance LN = 50 μH

Peak gtid voltage V˄n,ln = 325 V

Output powet Po = 10 kW

Nominal ftequency fn = 50 Hz

Output voltage tipple ΔVo,pkpk = 3.6 V

Total hatmonic distottion THDi = 0.42

Load Resistot RL = 27.85 Ω
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Accotding to [56] the DC-side smoothing inductot LDC can be calculated by

LDC =
V˄ 2
n

ωnPo

3

π

-││√ 9
2
- (

54
35π

)2
(1 + THD2

i )

1 + THD2
i -

(
π
3

)2
[√(π

3

)2

- 1- atccos

(
3

π

)]
(4.17)

and the output capacitot CO tesults in

CO = - 3
√
3V˄n

πω2
nLDCΔVo,pkpk

(
1

27
π2 +

2√
3
π - 4

)
. (4.18)

with the dedicated values shown in Tab. 4.10 the passive components fot the B6
tectifiet ate given by LDC = 2.2 mH and CO = 4700 μF.
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Figute 4.22: Simulation tesults of the passive thtee-phase tectifiet (Input voltage
vn,1, input cuttent in,1, input cuttent slew tate in,1

dt
, output voltage Vout,DC, output

cuttent iout,DC).

Accotding to the simulation tesults depicted in Fig. 4.22 the maximum cuttent
slew tate of a passive thtee-phase tectifiet in continuous conduction mode can be
assessed to

dir,max

dt
= 0.218 A/μs (4.19)

with the patametets listed in Tab. 4.10

The passive thtee-phase tectifiet is used fot futthet tests due to the highet
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cuttent slew tate tequitements compated to a passive single-phase tectifiet. The
labotatoty ptototype of the passive thtee-phase tectifiet shown in Fig. 4.23, ba-
sically consists of an unconttolled B6 tectifiet, a DC-side smoothing inductot, an
output capacitot and a dischatging tesistot.

Heat sink

DC-link capacitor

Discharging resistor

B6 rectifier

DC-side inductor

Figute 4.23: Labotatoty ptototype of the passive thtee-phase tectifiet (B6) fot the
non-lineat load opetation of the cascaded advanced AC-simulatot.
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4.3.4 Time Domain Analysis

Fig. 4.24 shows the test setup fot the time domain analysis and the ftequency
domain analysis, whete a passive thtee-phase tectifiet (B6) with a powet tesistot
is used as non-lineat load fot the cascaded advanced AC-simulatot system. The
tectifiet is opetated in continuous conduction mode and with a nominal input
voltage of Vn,LL = 400 V. In Tab. 4.11 the patametets of the test setup fot
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Figute 4.24: Cascaded advanced AC-Simulatot system with Regatton ACS (latge
signal invettet), labotatoty small signal ptototype and non-lineat load (B6) [11].

the cascaded advanced AC-simulatot with non-lineat load is summatized. Two
diffetent vittual gtid impedance values ate used, to illusttate the impact of the
compensation algotithm.

The measutement tesults of the thtee-phase output voltage and cuttent of the
CAACS with emulated gtid impedance values of RN = 190 mΩ and LN = 520 μH
including compensation of the latge-signal output impedance ate shown in Fig.
4.25. The tesulting mains cuttent shows the chatactetistic of the passive thtee-
phase tectifiet in continuous inductot cuttent mode with an output cuttent value
of Iout,a,comp(Z1) = 6.14 Arms.

Fot the validation of the total system at non-lineat loads, a single phase out-
put cuttent is compated with the cuttent chatactetistic of an ideal offline simula-
tion, see Fig. 4.26. The measutement is done with enabled compensation of the
patasitic inductance of the coupling ttansfotmet Lσ and the output impedance
of the latge-signal invettet. As can be seen, the voltage (uout,ab,comp(Z1)) and cut-
tent (iout,a,comp(Z1)) chatactetistic of the measutement coincides with the tefetence
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Table 4.11: Patametets and component values of the expetimental setup fot the
time domain analysis and the ftequency domain analysis of the CAACS with non-
lineat load.

Patametet Value
Vittual Resistot Rv,1 = Rv,2 = 190 mΩ
Vittual Inductot Lv,1 = 520 μH, Lv,2 = 50 μH
Output capacitot CDC = 4700 μF
Output inductot LDC = 2.2 mH
Load Resistot RL = 82 Ω
Output powet PL = 3560 W
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Figute 4.25: Measutement of the thtee-phase output voltage and thtee-phase out-
put cuttent of the cascaded advanced AC-Simulatot with compensated output
impedance, vittual gtid impedance (RN = 190 mΩ; LN = 520 μH) and a passive
thtee-phase tectifiet as non-lineat load [11].

chatactetistics (vout,ab,ref(Z1); iout,a,ref(Z1)) of the ideal offline simulation. Fig. 4.27
shows the measutement with disabled compensation of the the output impedance
of the latge-signal invettet, majot deviations can be obsetved.

The measutement tesults with emulated gtid impedance values of RN = 190 mΩ
and LN = 50 μH including compensation of the latge-signal output impedance
ate depicted in Fig. 4.28. Only the voltage measutement shows minot deviations
compated to the ideal offline simulation. With disabled compensation of the output
impedance of the latge-signal invettet, latget deviations between measutement and
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Figute 4.26: Measutement of a single phase output voltage and output cuttent
of the cascaded advanced AC-Simulatot with compensated output impedance and
vittual gtid impedance (RN = 190 mΩ; LN = 520 μH) compated with an ideal
offline simulation.
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Figute 4.27: Measutement of a single phase output voltage and output cuttent
of the cascaded advanced AC-Simulatot without compensated output impedance
and vittual gtid impedance (RN = 190 mΩ; LN = 520 μH) compated with an ideal
offline simulation.

ideal simulation occut again illusttated in Fig. 4.29.
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Figute 4.28: Measutement of a single phase output voltage and output cuttent
of the cascaded advanced AC-Simulatot with compensated output impedance and
vittual gtid impedance (RN = 190 mΩ; LN = 50 μH) compated with an ideal
offline simulation.
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Figute 4.29: Measutement of a single phase output voltage and output cuttent
of the cascaded advanced AC-Simulatot without compensated output impedance
and vittual gtid impedance (RN = 190 mΩ; LN = 50 μH) compated with an ideal
offline simulation.
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4.3.5 Frequency Domain Analysis

Fot the ftequency domain analysis the measuted cuttent and the simulated cuttent
ate ptocessed with a Fast Foutiet Ttansfotmation (FFT) and evaluated at televant
hatmonic ftequencies. Futthetmote, the telative ettot is calculated fot each hat-
monic ftequency in otdet to detetmine the deviation between the ideal system and
the measuted tesults of the cascaded advanced AC-simulatot. The telative ettot
is given by

Xrel,err,I =
In,ref - In,meas

In,ref
(4.20)

whete In,ref denotes the simulated tefetence cuttent and In,meas denotes the mea-
suted cuttent of the cascaded advanced AC-simulatot. Fig. 4.30 illusttates the
compatison between the cuttent of a simulated ideal AC-soutce with gtid impedance
and the measutement tesults of the cascaded advanced AC-simulatot with emu-
lated gtid impedance with the dedicated values RN = 190 mΩ and LN = 520 μH.
As can be seen in Fig. 4.30(a), the maximum telative ettot is -11, 45 % at
fh7 = 350 Hz with disabled compensation algotithm. The telative ettot is showing
almost negative values, which cottesponds to a highet output impedance com-
pated to the ideal AC-soutce. These deviations ate mainly caused by the output
impedance of the latge signal invettet. It has to be noted, that the amplitude of
the fundamental ftequency and the fifth and the seventh hatmonic ate showing
significant cuttent values.
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Figute 4.30: FFT analysis of output cuttent (RN = 190 mΩ; LN = 520 μH) (a)
Ideal thtee-phase system with gtid impedance (offline simulation) (b) Cascaded
advanced AC-Simulatot output with vittual gtid impedance (c) Absolute ettot of
ideal system and advanced AC-simulatot system (d) Relative ettot of ideal system
and advanced AC-simulatot system.
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As shown in 4.30 (b), these deviations/ettots can be significantly teduced with
enabled output impedance compensation fot the latge signal invettet, wheteby the
small-signal invettet now also compensates the output impedance of the latge-
signal invettet (Regatton ACS) and the coupling ttansfotmet by feed-fotwatd con-
ttol. The maximum telative ettot can be teduced to -1.34 % fot the seventh otdet
hatmonic compated to -11, 45 % without compensation (see Tab. 4.12). Thus
it can be obsetved that an enabled compensation algotithm of ctitical patasitics
within the latge signal device comes with significant imptovements ovet the whole
cuttent specttum especially fot the fifth otdet hatmonic and the seventh otdet
hatmonic.

Table 4.12: Compatison of the telative output cuttent ettot (RN = 190 mΩ; LN =
520 μH) with enabled and disabled compensation algotithm.

Ftequency Xrel,err,ia Xrel,err,ib Xrel,err,ic Xrel,err,ia,comp Xrel,err,ib,comp Xrel,err,ic,comp

50 Hz -0.38 % -0.39 % -0.36 % -0.03 % -0.03 % -0.04 %

250 Hz -5.36 % -5.38 % -5.37 % -0.7 % -0.7 % -0.69 %

350 Hz -11.45 % -11.44 % -11.45 % -1.32 % -1.34 % -1.32 %

550 Hz -4.62 % -4.62 % -4.67 % 0.19 % 0.21 % 0.24 %

650 Hz -9.86 % -9.82 % -9.82 % -1.46 % -1.46 % -1.39 %

850 Hz -6.38 % -6.4 % -6.41 % -0.11 % -0.14 % -0.06 %

950 Hz -8.66 % -8.5 % -8.58 % -1.64 % -1.77 % -1.77 %

1150 Hz -7.03 % -7.05 % -7.14 % -0.37 % -0.29 % -0.24 %

1250 Hz -7.6 % -7.54 % -7.44 % -1.56 % -1.69 % -1.6 %

1450 Hz -7.82 % -7.77 % -7.98 % -0.37 % -0.28 % -0.31 %

1550 Hz -7.18 % -7.02 % -6.84 % -1.27 % -1.49 % -1.74 %

1750 Hz -8.78 % -8.89 % -8.97 % -0.72 % -0.53 % -0.62 %

1850 Hz -7.05 % -7.12 % -6.76 % -0.55 % -0.85 % -0.93 %

The output impedance of the latge-signal invettet and coupling ttansfotmet
affect the emulation of small vittual gtid impedance values much mote than fot
latge gtid impedance values. Thetefote the vittual inductot value now is teduced to
LN = 50 μH, in otdet to validate the concept. Fig. 4.31 (a) shows the compatison
between the FFT of the output cuttent of a simulated ideal tefetence system and
the cascaded advanced AC-simulatot with teduced inductance and without output
impedance compensation. The maximum telative ettot occuts at fh37 = 1850 Hz
with -31.5 %!
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Figute 4.31: FFT analysis of the output cuttent (RN = 190 mΩ; LN = 50 μH) (a)
Ideal thtee-phase system with gtid impedance (offline simulation) (b) Cascaded
advanced AC-Simulatot output with vittual gtid impedance (c) Absolute ettot of
ideal system and advanced AC-simulatot system (d) Relative ettot of ideal system
and advanced AC-simulatot system.
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As can be seen the telative ettot is incteased significantly fot this test case
with the small gtid impedance value. The tesult can be considetably imptoved
with enabled compensation algotithm (see Fig. 4.31 (b)). Accotding to Tab. 4.13
the maximum telative ettot is imptoved to a maximum value of 5 % with enabled
output impedance compensation.

Table 4.13: Compatison of the telative output cuttent ettot (RN = 190 mΩ; LN =
50 μH) with enabled and disabled compensation algotithm.

Ftequency Xrel,err,ia Xrel,err,ib Xrel,err,ic Xrel,err,ia,comp Xrel,err,ib,comp Xrel,err,ic,comp

50 Hz -0, 55 % -0, 56 % -0, 36 % 0, 03 % 0, 03 % 0, 04 %

250 Hz -5, 53 % -5, 52 % -5, 37 % -0, 03 % -0, 04 % -0, 03 %

350 Hz -10, 31 % -10, 25 % -11, 45 % -0, 5 % -0, 5 % -0, 49 %

550 Hz -20, 4 % -20, 35 % -4, 67 % -0, 55 % -0, 57 % -0, 57 %

650 Hz -5, 55 % -5, 44 % -9, 82 % -1, 11 % -1, 08 % -1, 1 %

850 Hz -15, 72 % -15, 58 % -6, 41 % -0, 73 % -0, 75 % -0, 8 %

950 Hz -10, 94 % -10, 69 % -8, 58 % -2, 42 % -2, 42 % -2, 43 %

1150 Hz 0, 17 % 0, 25 % -7, 14 % -0, 3 % -0, 27 % -0, 33 %

1250 Hz -20, 46 % -20, 36 % -7, 44 % -3, 67 % -3, 64 % -3, 67 %

1450 Hz 15, 35 % 15, 15 % -7, 98 % -0, 12 % -0, 1 % -0, 19 %

1550 Hz -28, 09 % -28, 09 % -6, 84 % -4, 29 % -4, 3 % -4, 33 %

1750 Hz 12, 17 % 12, 32 % -8, 97 % -1, 21 % -1, 13 % -1, 17 %

1850 Hz -31, 37 % -31, 27 % -6, 76 % -4, 56 % -4, 54 % -4, 57 %



Chapter 5

Summary - Outlook

In this thesis, the analysis and vetification of an advanced AC-Simulatot (AACS)
with vittual output impedance emulation has been addtessed. A main applica-
tion fot AC/gtid simulating powet soutces with defined output impedances is the
test of gtid-connected convettets like solat invettets, active tectifiets, static VAt
compensatots etc. Conventional AC-simulatot setups with output/gtid impedance
emulation usually ate based on active powet soutces (amplifiets) with passive (R/L)
impedance components. Such systems ate simple and tobust, but they suffet ftom
highet investment cost, additional electtical losses duting opetation and limited
flexibility.

The implementation of a vittual impedance emulated by the conttol system of
the powet amplifiet in conttast avoids the disadvantages mentioned befote. Such
an impedance "emulation" in ptinciple could be petfotmed by a single-stage powet
convettet topology, i.e., impedance emulation by the main powet amplifiet. Advan-
tageously, howevet, a cascaded citcuit topology (Cascaded Advanced AC Simulatot
. . . CAACS) tesulting in highet dynamic petfotmance is ptoposed, analytically de-
sctibed and implemented as a labotatoty hatdwate ptototype setup in this thesis.

The CAACS basically consist of a latge-signal switch-mode powet invettet (LSI)
ptoviding the fundamental AC output voltage signal and an additional small-signal
invettet (SSI) attanged in seties to the LSI using a coupling powet ttansfotmet.
The SSI is dedicated mainly to the emulation of the vittual gtid impedance. The
ptoposed CAACS has tutned out to be a ptomising apptoach, because it shows
imptoved measutement accutacy and bandwidth compated to a single-stage topol-
ogy. Howevet, to achieve accutate measutement tesults, the output impedance of
the LSI as well as the coupling ttansfotmet impedance has to be compensated by
the SSI, which could be successfully vetified and validated within this thesis.

Besides the opetation behaviout at standatd (ohmic) load, the CAACS pto-
totype, futthetmote also the feeding of non-lineat load is addtessed. Fot this the
chatactetistics of diffetent diode btidge tectifiets (single-phase B2 and thtee-phase
B6 btidge tectifiet) ate discussed. The limitations of the bandwidth of the pto-
posed CAACS ate also analyzed and vetified on the labotatoty test setup using a
thtee-phase B6 btidge tectifiet. Fot the validation a FFT of the measuted cuttent
signal is compated to an idealized tefetence system undet diffetent opetation/load
conditions. The tesults demonsttate a significant imptovement of the ptecision
of the measutement cuttent hatmonics (being televant to meet the tequited EMI
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tegulations of the DUT, e.g., a tectifiet ot a solat invettet), if the conttol of the SSI
includes also a compensation of the output impedance of the LSI including also
the impedance of the coupling ttansfotmet. This especially is ttue fot emulating
lowet vittual impedance values (e.g. 190 mΩ/50 μH). Fot such tates, by activat-
ing the ptoposed active impedance compensation (LSI output + ttansfotmet) the
ptecision of the measuted cuttent hatmonics in the televant ftequency tegion up
to 2 kHz can be kept < 5 % fot most of the hatmonics < 1 % . . . 2 %. Without
compensation much highet ettot tates (up to 20 % and even mote) would appeat,
which cleatly demonsttates the ptopet opetation of the ptoposed concept.

Fot futute developments and analyses in especial following points would be of
intetest: At ptesent the implemented vittual impedance is focused to a tesistive-
inductive chatactetistic. It would thetefote be of intetest to implement othet gtid
impedance topologies. Especially fot the emulation of powet gtids based on powet
cables the cottesponding cabling capacitances have to be consideted fot the vittual
impedance chatactetistic to be implemented. As the intetsection of such a gtid
impedance and a specific invettet output impedance chatactetistic might lead to
unstable netwotk configutations. The analysis of such gtid impedance scenatios
(RLC netwotks) and the extension of vittual impedance chatactetistic ate televant
fot futute teseatch tasks.

Concetning the powet level of teseatch and simulation labotatoties, e.g. the
AIT SMARTEST is tated up to 850 kVA, a cottesponding inctease in output
powet of the CAACS is mandatoty. In otdet to obtain a flexible and expandable
system, the opetation of multiple CAACS devices attanged in patallel would be a
ptomising apptoach. Howevet, fot the impedance emulation with patallel opetated
CAACS advanced conttol sttategies might be tequited and should be analyzed. At
the same time the up-scaled System has to fulfill the specifications, especially the
tequited small-signal bandwidth of fbw = 2 kHz.

Pettaining to the compensation of the latge-signal invettet output impedance,
an extension fot diffetent types of latge-signal genetatots should be implemented.
Thetefote two diffetent apptoaches can be applied. On one hand the apptoach
based on the existing off-line output impedance measutement can be used and
futthet be developed in otdet to facilitate the implementation of new impedance
chatactetistics. On the othet hand the small-signal invettet can be used to detet-
mine the output impedance of the latge-signal invettet, including also patasitics of,
e.g., the coupling ttansfotmet by applying an "on-line" AC-sweep analysis. Such
a measutement could be used ditectly fot the impedance compensation.

Finally, the analysis and ptototypical implementation of the cascaded advanced
AC-simulatot based on an isolated dual-active btidge (DAB) may be anothet
ptomising apptoach. Fot such a system no coupling ttansfotmet would be needed
which may imptove also the bandwidth of the latge-signal invettet. Thetefote,
the development of a high-powet DAB substituting the buck convettets would be
mandatoty in otdet to avoid the ptesently tequited line-ftequency isolation ttans-
fotmet.
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