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Abstract

Sommario

La distribuzione in media tensione continua (MediMultage Direct Current,
MVDC) rappresenta una tecnologia promettente [s&stémi elettrici navali del futuro.
A tal riguardo, negli ultimi anni, universita e ¢erdi ricerca hanno proposto soluzioni
tecniche tali da raggiungere gli obiettivi propelld tecnologia MVDC: fra gli altri,
risparmio di carburante, riduzione del peso/ingambdellimpianto elettrico,
riconfigurabilitd a fronte di guasti e miglioramerdella power quality. D’altra parte, la
pit grande sfida da affrontare riguarda la regolaidella tensione che deve risultare in
grado di garantire il requisito fondamentale dedtabilita. Relativamente a questo
aspetto, una possibile instabilitd si manifestgpliasenza di convertitori di carico a
banda elevata, modellizzabili come carichi a paerzstante (Constant Power Loads,
CPLs). Tali carichi non-lineari vengono visti datema come resistenze incrementali
negative, le quali rappresentano la causa delibikta della tensione a fronte di un
disturbo (per esempio connessione di carico, disessione di un sistema di
genenerazione).

La tesi e stata realizzata presso il Laboratoriml @onnected and Marine Electric
Power Generation and Control (EPGC Lab.), preddniVersita degli Studi di Trieste.
Lo scopo €& quello di sviluppare strategie per ihtoallo della tensione in grado di
risolvere la questione CPL, considerando un pdssitohpianto elettrico integrato
(multi-convertitore) in MVDC, convenientemente petigito a partire dalla distribuzione
reale MVAC di una nave da crociera. Nel sistemaoyibinstabilita di tensione puo
essere affrontata secondo diversi approcci, sfrdttaoluzioni impiantistiche (aggiunta
di filtraggio dedicato, aggiunta di energy storagepure soluzioni controllistiche. Il
secondo approccio € quello seguito nella preseese gli attuatori di tensione
(convertitori DC/DC) vengono usati in questo casy pompensare linstabilita di
tensione. Quindi, da una parte (lato carico) i estitori sono responsabili del problema
dei carichi non-lineari, dallaltro (lato generdjorpossono essere utilizzati per
contribuire alla sua soluzione, garantendo un cotapeento stabile. L’approccio
stabilizzante previsto prevede I'utilizzo di diversecniche di controllo, analizzate nella
tesi dal punto di vista teorico. A partire dallartea semplice State Feedback (SF), altre
due tecniche sono state studiate per il caso winsa multi-converter, ovvero I'Active
Damping (AD) e il Linearization via State Feedb@lc&F).



L’AD & un metodo di controllo per incrementare siorialmente la resistenza dei
filtri, in modo tale da smorzare le oscillazionitdnsione: uno dei principali vantaggi &
guello relativo alla semplice ingegnerizzazione cantrollori digitali, mentre lo
svantaggio riguarda la limitata azione stabilizearRertanto, strategie basate sull’AD
devono considerarsi valide per stabilizzare sisteoni critici. D’altra parte, LSF e una
tecnica molto valida per ottenere una buona ceaamielie delle non-linearita dei CPL,
per mezzo dellazione di convertitori DC/DC in goadli applicare un’opportuna
funzione di controllo non-lineare. A fronte di unatevole capacita nello stabilizzare
sistemi critici, grande attenzione va posta netima della funzione di controllo:
conoscenza inaccurata dei parametri o errori nedlfack ai controllori possono
invalidare I'approccio LSF, causando una parziaecellazione, quindi un sistema
risultante non-lineare. Le simulazioni finali hanlmoscopo di testare le tecniche AD e
LSF, implementate in strategie di controllo localglobale: la prima strategia ha lo
scopo di risolvere l'instabilita direttamente suPIlC mentre la seconda assicura la
stabilita del bus.

Summary

The Medium Voltage Direct Current (MVDC) distribomi represents a promising
technology for future shipboard power systems.uohsa topic, during the last years,
universities and reserch centers have proposeditathsolutions to achieve the
important targets of MVDC technology, for instarfael saving, reducing power system
weight/space, reconfigurability in case of fauldanhanced power quality. Conversely,
the main challenge to face regards voltage contalich has to be capable for
guaranteeing the paramount requirement of stabitityegards to this aspect, a possible
instability may arise due to the presence of highelwidth controlled load converters,
modeled as Constant Power Loads (CPLs). Such neafliloads are seen from the
system as negative incremental resistances wheltharcause of voltage instability in
presence of a perturbation (e.g. load connectienegating system disconnection).

The thesis has been realized in the Laboratory il Gonnected and Marine
Electric Power Generation and Control (EPGC Ladt.xthe University of Trieste. The
aim is to develop voltage control strategies tovesdhe CPL issue in a realistic multi-
converter MVDC Integrated Power System, which isvemiently designed considering
a real cruise line MVAC distribution. In such a t&ym, voltage instability may be
engage by different approaches, exploiting plahitems (addition of dedicated filters,
addition of energy storage devices) or control tsahs. The latter is followed in this
thesis: in this case voltage actuators (DC/DC pawewerters) are used to compensate
for the voltage instability: therefore, on one hafmhd side) power converters are
responsible for the non-linear loads’ issue buttr@nother (generators side), they may
be utilized to contribute in its solution, thus erisg a stable behavior. The stabilizing
approach foresees the employment of different obrichniques, whose theory is
focused in the thesis. Starting from the simplit&Feedback (SF), two techniques are



mostly studied in the multi-converter arrangemeatthe Active Damping (AD) and the
Linearization via State Feedback (LSF).

The AD is a control method to transiently incre#tse filter resistances in order to
damp the voltage oscillations: one of the main psothe simple implementation on
digital controllers, whereas the drawback regartis limited stabilizing action.
Therefore, strategies based on Active Damping @argetused to stabilize non-critical
systems. Conversely, LSF is a well-performing témina to obtain a notable
cancellation of the non-linearities related to CPhyg exploiting the DC/DC converters
to apply a proper non-linear control function. Awgi the notable capability in
stabilizing critical systems, great attention id®paid in control function’s estimation:
inaccurate system parameters or errors in contréledbacks may invalidate the LSF
approach, determining a partial loop-cancellattberefore a non-linear resulting power
system. Final simulations are aimed in testing Ald &SF, implemented in global and
local control strategies: the former strategy has purpose to solve the instability
directly on CPLs, whereas the second one ensuedsuth stability.






Acknowledgements

Alla fine di un percorso durato tre anni, mi seimieanzitutto in dovere di ringraziare
il mio tutor, Professor Giorgio Sulliggiper la bellissima occasione di crescita e per la
fiducia riposta nelle mie capacita. Il secondo mazgamento va al mio co-tutor,
Professor Giovanni Giadrossper me € stato un grande onore poter lavorasual
fianco in questi anni.

Un pensiero speciale va alla nfieaniglia, a quelli che mi hanno sempre seguito e a
guelli che orgogliosi mi guardano da lassu. Un igraz cuore va ai miegenitori per
l'infinito sostegno in questa avventura e ai mimtdlli Davide e Robertger gli
importanti consigli che da veri fratelloni mi avetmpre dato.

Un enorme ringraziamento a&hng per il modo in cui mi guardi e per linfinita
pazienza che hai sempre dimostrato. Ti voglio thete!

Particolare riconoscenza va datazia Giorgiq che ha sempre dimostrato grande
interesse per la mia carriera universitaria.

Infine veniamo agli amici e ai colleghi di labordtg troppo numerosi per essere
elencati. Vi ringrazio tutti di cuore, per le sergbassate assieme, per i concerti
(mitraglia!), per le feste e per I'importante s@ste nei momenti duri.

Trieste, 31 gennaio 2014



VI



Contents

LISE Of FIQUIES ... Xl
LISt OFf TADIES ...ceiiiiiiiie s XV
€1 (0135 T Y XVII
INEFOTUCTION .t e e e e XIX
1. Medium Voltage DC Integrated Power System IPS ............ccccoeeiiiiinine 1
1.1 INErOAUCTION ...cciiiiiiiie ettt e e 1
2 A | B 1= o g (o] o 1
1.2.1 PropulSIiON SYSIEM ......cuuvviiiiiiiiiiiisrsmemmemsneessss s s s s s e s s s e e e e s e e eeeas
1.2.2 Integrated Power System IPS............ooiiooe e
1.2.3 Technological tranSfer ...........coooiiiieeer e

1.3 Evolution towards MVDC power systems

1.3.1 NGIPS rOQIMEAP .. .evvveieeiiieeeeiiiiiiite s immeme e e e e
1.3.2 First step: Medium Voltage AC distribution (MVAC)...................... 6
1.3.3 Second step: High Frequency AC distribution (HFAC)................. 7
1.3.4 Third step: Medium Voltage DC distribution (MVDC).................... 8
1.4 MVDC power systems fundamentals ............cccceeeeiiieiiiiiiiieiiiceeeeeee
1.4.1 Advantages and challenges.............oo oo,

1.4.2 Functional diagram
1.4.3 Radial distribution
1.4.4 Zonal distribution

1.5 MVDC power Systems reqUIr€MENtS ..........cccecummrrerrrereeeeeaasiinnreeeeeeens 13

1.5.1 Rated VORAQES....ccoooi ittt 31

1.5.2 Voltage tolerance

1.5.3 EffiCIENCY .cccii i 14

1.5.4 QuUAlitY Of SEIVICE .....uuuuiuiiieiiiiieiiiiiieeeme e e eeeeeeeeeeeeeeeeeeeeeeeeeeeeeeennees 15

Vi



1.5.5 Quality Of POWET......ccoiiiiiiiiiee e 15

1.5.6 PoOWer Management ......... oo eiiiiiiiieeeeeeee et 16
1.5.7 Stability ....ccoooeiiiii e 17
1.6 MVDC recommended studies and analyses..... oo 18
1.6.1 Time domain System analySiS...........uuuuuucaceeainiiiieeeeeeeeeeeeeeee e 18
1.6.2 Stability studies ..., 19.
1.6.3 Steps to design a stable MVDC SyStem......cccceeeeeeiiiiiiiiiieeeeeeeeenn. 19
1.7 CONCIUSIONS ...ttt e 20

Constant Power Load issue: problem definition andtability analysis....21

2.1 INErOAUCTION ...t 21
2.2 CPL Stability ISSUE......cciiiiiiiiiiieeeiee e ettt eeeeeeeeeeeeeeeeeeeeeeeeeeeeeennennnes 21
2.2.1 CAUSE ..oeiiieeiiieicttee ettt 21
2.2.2 Load CharaCteriStiC .........ccoiirriiiiiiiieiee st 22
2.2.3 Case Of StUAY .ccoeiiiiieii e 23.
2.2.4 Equivalent Circuit model ............uvvviiiimieeeiiiiiiieeeeeeeeeeeeeeeeeee e 23
2.2.5 EQuIlibrium poiNtS ... 24
2.3 Small-signal stability ...........ccovviiiiiiiceee i, 28
2.3.1 Linearization Method.............cooiiiiiiimmmmmn e 28
2.3.2 Stability @nalySiS..........uuuriiiiiiiiiiiiiiirenre e 9.2
2.3.3 Equilibrium points stability ..o 31
2.4 Large-signal stability...........cccumiiiiiiiiii e 32
2.4.1 LyapunoV MethOod...........uuiiiiiiiiiiiicriree e 32
2.5 CONCIUSIONS ...ttt e e e e neneeas 33
Voltage control solutions to face the CPL instabity .................ccovvvvveeenee. 35
I 20 R 11 (0o [ Tox 1o o IR PP PP PSP PPPPPPRRN 35
3.2 Approaches to achieve voltage stability .....ceeee.veveeviviiiiiiiii. 35
3.3 Control system reqUIreMENTS........coeeiiiiiaeeee e 36
3.3 1 StADIlIY ceeeeeeeeeeeeee e e e e e e 36
3.3.2 Steady state PerformancCe................. v s ivnrreeeee e 36
3.3.3 DynamicC PerfOrMAaNCE ........cccceiiiiiiiiiiieee e et e e 37
3.3.4 RODUSINESS......ooiiiiiiiiii i temm e 317.
3.4 Single converter system modeling...........oceeeeeeiiiiiiiiiiiiieee e 37
3.4.1 Per unit NOTALION ........vviiiiiiiiiie e e et 8.3
3.4.2 Averaged MOel .........oooiiiiiiiiii e 38

VIl



4,

5.

3.4.3 Detailed MOUEI ......coviieeiie e e ettt e e 40

3.4.4 Model Cross-validation...............uuevveeiommmm e 42
3.5 Case Of StUAY......coeiiiiiiiie e s 44
3.6 CoNntrol tEChNIQUES ......cevvveeieieiiieeieeieeeeveee e nned 46

3.6.1 State Feedback .............oveiiiiiiii 47

3.6.2 Active Damping ...t 50

3.6.3 Linearization via State Feedback ...........ccceeeeiiiiiiiiiiiie 52

3.6.4 Pros @nd CONS .......ccooiiiiiiiiiiiiiiie i eeeeme et 4.5
3.7 Controlled single converter: time-domain StUdy..ce..........coeevvvrieereeeenn. 55

3.7.1 Numerical SIMUIALIONS .........cocvviiiiiit e 55

3.7.2 SIMUIALION TESUILS ...ooiiiiiiiiiiie s 56
3.8  Saturation of interface CONVEIEN ...........cemrcceiiiiiie i 63

3.8.1 WOTISE CASE SCENAIO. .......vviieiiiiiieeiiiiiee e 63

3.8.2 Saturated SYStem ........oooiiiiii e 65

3.8.3 Region Of attraCtioN............uuuuviuuieeesmmm e e eeeeeeeeeeeeaeeeeeeeeeeereeeeeeeeeees 67

3.8.4 Analysisin the v-i state plane ............ecceeeiiiiiii 67

3.8.5 Numerical SIMUIALIONS .........cocvviiiiiit e 68

3.8.6  SIMUIALIONS FESUILS ..o 69
3.9 CONCIUSIONS ...ttt et enre e 70

Multi-converter MVDC POWer SYSEEM ......ccooiiiiieeeeeieeeeeeeeeeeeeeeeeeeeeeee e 71
4.1 INETOTUCTION ....eeiiiieiee ittt e e e e e smnne s 71
4.2  Case Of StUAY.......oooiiiiiiiii e 71

4.2.1 Basic multi-converter pOwer SYStEM.........ceeeeeeeeeeeieeeeeeeieeeeeeeee. 72

4.2.2  INterface CONVEIEIS. .......cooiiiiiieiiiieereme s 73

4.2.3 Selected multi-converter pOWer SYStem .......ccccevvveveeeereniiiinrennnn. 74
4.3  Multi-CONVErter reSiStiVe CASE ........ccciiiiireriieiiiiiie e 57

4.3.1 Naval PaCKagES .....cccvviiiiiiiiii et e 75

4.3.2 Voltage control deSigN ...........ueuieiiiicemmeeiiii e 76

4.3.3 System MOUeIING.........uuvriiiiiieiiiiieeeeee e 77

4.3.4 SIMUIALION TESUILS ....ooviiiiiiiiiiiiit e e 77
4.4 Voltage control strategies in a multi-converter powystem.................... 81
4.5 CONCIUSIONS.....coiiiiiiei e e 81

Global AD and local LSF strategies to solve CPLs stability .................. 83
5.1 INrOTUCTION ....ceiiiiiie it e s emnne s 83



5.2  Shipboard MVDC powWer SYSteM.......cccooeiiiiimmmmme e 83

5.3 FIlers desSign ..cooooi oo 84
5.3.1 SYNthESIS....cooooiiiiiiiee 84
5.3.2 CPL stability analysis...........cccceeei i e 85
5.3.3  DBSIGN . cetiiiieeiei ittt e e 85
5.4 System modeling and control design.........ccceceevvviiiivieiiiiiiiins 86
5.4.1 Global AD cONtrol Strategy .......eeeeeeeeeemmmmmreeeeeeeeeeee e 86
5.4.2 Local LSF control Strat€gy .......cccceeieeiimemmmneeeeeeeeeeeeeeeeeeeeeeeeeee e 89
5.5 Numerical SIMUIALIONS..........ccoiiiiiiiit e 90
5.6 SIMUIALION FESUILS .......oviiiiiiiiiiic e e 95
5.7  CONCIUSIONS ...ttt e e e nneeeas 95
6. Global LSF control strategy to solve CPLs instabitiy.............................. 97
6.1 INErOAUCTION ... 97
6.2  DeSign ProCEAUIE........cooiiiiiei e e aeeas 97
6.3  Shipboard MVDC POWEI SYSIEM..........c.vvermmmmmmn e eeeeeeeeaeeeaaaaeaaaiaaaeeeseenns 98
6.4 MVDC equivalent Circuit MOdelS........cccooiiiiiieieeeeeee e 100
6.4.1 Simplified MOEl.........uuumniiiieiie s eeeee e 100
6.4.2 Second-order MOAEl ............oooiiiiiiiiicecn e 101
6.5 Global LSF voltage control strategy........cccceeeeeeiiiiiiieiiiee e 102
6.6 FIlters deSignN .......ooeeiiiiiiiiiiiiiie e et 103
6.6.1 SYNENESIS.....coiiiiiiiiiiiie e 103
6.6.2 CPL stability analysis............ccooeiiiiiice e 104
B.6.3  DSIGN i 104
6.7 LSF sensitiVity analySiS........ccceeeeeeee e eeeeveeeeeeerssenvsessrnssrnnnnnnnnnen 105
6.8  Model implementation ..........cccccooiii s 710
6.9  SIMUIALION FESUILS .......eviiiiiiiiiii e e 107
6.9.1 Case Of STUAY ... 710
6.9.2 RESUIS ...ooiiiiiiiiiiii e 109
6.10  CONCIUSIONS .....oviiiiiiieiiiiiiie et eeeree et 115
7 CONCIUSIONS ...t e e e 117
211 0] [oTe =1 o] o)V 2R USSR 119
P APEIS .. et e e 125



List of Figures

Figure 1.1 Naval propulSion SYStEMS [3]. ... .uummmeerreerrrrrrermmmmmrmrnnnnennnninnnnnnnennn. 2
Figure 1.2 NGIPS technology development roadmap [16..........ccoveeviiiiiiieiiiinnnnes 6
Figure 1.3 Functional block diagram of MVDC powgstem [13]............ccccvvvveeeeen. 9
Figure 1.4 Functional block diagram of MVDC radiltribution [13]................... 11
Figure 1.5 MVDC radial distribution [13]......ccceiiiiiiiiiiiieeeiiiieeeee e 11
Figure 1.6 MVDC zonal distribution [13]. ....coeeeeeeiiie e, 12
Figure 1.7 MVDC voltage tolerances worst case @ap&[13]. ............cceeevvveeeeeen. 14
Figure 2.1 Constant Power Load stability iSSUE.............ccvvvvvvieviiiiiiiiiiiiiiinninne 22
Figure 2.2 Constant Power Load non-linear charstiter.................ooooeeeeeeeeeeeen. 22
Figure 2.3 Reference SCheme. ........cccciieeeeieeeiieieeeeeeeeeee e 23
Figure 2.4 DC-link equivalent CIFCUIL. .......ccceeiiiiiiiiieiiiieiiieieeeeeeeeeeee e 24
Figure 2.5 Equilibrium points graphical determipati...................ccooeeeiieeieeeeen. 25
Figure 2.6 EQUIlIDIrIUM POINTS. ........ueiiiiiiiiiiiiiiiiiiii e 27
Figure 2.7 DC-link small-signal equivalent CirCuit...............ccccovvvevieeeinnninnnee. 28
Figure 2.8 Small-signal equivalent circuit explaomt.....................cccooevvvvvvveennee. 92
Figure 2.9 Stability conditions analysis by impulegponse. ..........cccccvvvvvvvvvivnninnns 30
Figure 3.1 Single CONVEIEr CASE. ........iicccceeeeeeeeeeeeeeeeeeieee v enneeeeees 37
Figure 3.2 Averaged model (p.U. NOtAtioN). . cceeeceeiieviieeiieeeeeeeeeeeeeeeeeeeve e 39
Figure 3.3 Simulink scheme of the averaged madel............................... 39
Figure 3.4 Simulink scheme of the detailed model..............cccoooiiiiiiin, 14
Figure 3.5 Results comparison: voltage tranSient...........cccoovviiiiiiieeeeeenineae 43
Figure 3.6 Results comparison: current tranSient...........ccoovvviciiiriieeeeeenneennes 43
Figure 3.7 Active Damping virtual reSIStanCe............occuviviriieeeeiiiiieeeee e 51
Figure 3.8 Voltage transient(to)=1.1. ........couururrrrrrimiiiiiiniiineineeesmmmmms e ee e e e e e eeeas 57
Figure 3.9 Current transieMfty)=1.1. .........ovvrrrririmiriiiiiiniiinemmmmms e 57
Figure 3.10 Voltage input transieRte)=1.1............coovvrriiiiiiiiiiiieiieeeeeeseeeemeeeeens 58
Figure 3.11 Voltage transiemty)=0.9. ..........cceei i, 58
Figure 3.12 Current transiem(tg)=0.9. ...t 59

Xl



Figure 3.13 Voltage input transiemp)=0.9. ............ouuuiiiiimiimmeiiiimmeme e 59

Figure 3.14 Voltage transientfly)=0.68. ... 60
Figure 3.15 Current transiem(ty)=0.68. ..........ooriiriiiiiiiiiiieieeeeee e 60
Figure 3.16 Voltage input transien(fp)=0.68. .............oeririiiiiiiiiiiiieieieees e 61
Figure 3.17 Voltage transiemtty)=0.6. ... 61
Figure 3.18 Current transieMto)=0.6. .......cooviviiiiiiiiiiiieiiieeiie i eeeeereeenea 62
Figure 3.19 Voltage input transieRg)=0.6. .............oevvriimmrimmiiiiiiiiimmmmme e 62
Figure 3.20 Voltage transients: LSF controls CORBOA. ................cevvvvvvvvvveennnnnnnnn. 64
Figure 3.21 Current transients: LSF controls COMIPAL ................cccvvveeveeeeernninnnnns 64
Figure 3.22 Voltage input transients: LSF conto@mparison. ...........cccccoeeuvvvnneee. 65
Figure 3.23 Analysis in the v-i state plane. . ...ooeeeeeiiiiiiiiiiiiiieeeeee 68
Figure 3.24 Trajectories in the v-i state plang................cccee, 69
Figure 4.1 Cruise liner MVAC distribution [56]...........cuvvveeeimiiimeiiiiiiciieeeenen 1
Figure 4.2 Basic multi-converter MVDC power System..............ccccevvveeeeennnennnn. 72
Figure 4.3 Proposed multi-converter MVDC pOWEr 8JEL............cevvvvvvvrvriiennnennnns 74
Figure 4.4 Proven Naval Packages: NP1 (left) and (ight). ................ccccccvvvnnnns 75
Figure 4.5 New Naval Package. ..........ccccceeeeee e, 76
Figure 4.6 Simulink scheme of the new Naval Package.............ccccccvvvvvvivnnnnnnn. 77
Figure 4.7 DC output voltage tranSient. ... eeeeeeeeeeeieeeeeeeiiieiiieiieeeneennnienneee 78
Figure 4.8 Buck converter duty CYCle. .......cccooiiiiiiiiiiiii e 79
Figure 4.9 Generator voltage tranSient. ....cccccceveeveiiiiimiii e 79
Figure 4.10 Load Current tranSIENt. ........cccccceeeiiiiiiiireiiee e ee e 80
Figure 4.11 Load pOWET traNSIENL. .........mmmmmmceeeieeiieeee e e aa e 80
Figure 5.1 DC generating SYStaIM. ..........uuuuuruuuieiiiiiieieeeessee s s ssrnennneennnennnnnnns 84
Figure 5.2 Simulink scheme (global AD, local LSE)...........ccovvvviiiiiiievviiiiiiniinnnnnn, 87
Figure 5.3 Centralized regulator (global AD)..ccceeooooeiieiiiee, 87
Figure 5.4 Power sharing bloCK............oo e 87
Figure 5.5 BUS VOItage reguIator. ... eeeeeiiasiiiiiiieeee e e e 88
Figure 5.6 Power Signal Stabilizing bIOCK. ..........ccooviiiiiiiiieeeee 88
Figure 5.7 Active Damping virtual reSiStanCe............coveeeeiiiiiiiiiiiiiieee s 88
Figure 5.8 Active Damping resistances (global AD)..............coovviiiiiiiiieiiiinieennnns 89
Figure 5.9 Bus voltage transient: 10Ss of AD CONLIO........c.cevvvvvviiveiiiiiiiiriinnnnnnd 91
Figure 5.10 Load voltage transient: loss of AD colnt............cccccoeeeeiiiiniinnnnnnnn. 19
Figure 5.11 Generators currents transient: logedbEontrol...............ccccvvvvvvvvninnn. 92
Figure 5.12 Total load current transient: loss Bf @oNntrol. .............cccccvvvvvvvvinninnnn. 92
Figure 5.13 Bus voltage transient: loss of LSFmnt..................cooovvvvvvevveeenn, 93
Figure 5.14 Load voltage transient: 10Ss of LSFIGEIN.............oooviiiiiiiiieieinnnns 39
Figure 5.15 Generators currents transient: 10456 control. ............ccccccvvevennnnnnes 94

Xl



Figure 5.16 Total load current transient: loss SFLcontrol. ... 94

Figure 6.1 Voltage control design ProCedure..........ccccevviiiiimiiiieeieee e 98
Figure 6.2 Circuit model of the multi-converter Z power system................... 99
Figure 6.3 Simplified circuit model of the multi+oeerter MVDC power system. 101
Figure 6.4 Block scheme of the multi-convert MVD@Gtem (global LSF). ......... 108
Figure 6.5 Bus voltage transiefitdn, fy on, averaged model result)................ 110
Figure 6.6 Generators currents transigrar(, f; on, averaged model result).......... 110
Figure 6.7 CPL current transiefit@n,fy on, averaged model result)................... 111
Figure 6.8 Bus voltage transieftdff, f; on, averaged model result). ................ 111
Figure 6.9 Sensitivity analysi§ On,fq Off). ... 112
Figure 6.10 Sensitivity analysi§ on,f, off, over-linearization). ...................cew. 112
Figure 6.11 Root-locus by varyir@q*lceq (fron,fg off). oo 113
Figure 6.12 Root-locus by varyir@q*lceq (fi on,fy off, over-linearization). ......... 113
Figure 6.13 Bus voltage transiefitdn,f; on) [67]........cccoeeriiiiii e, 114
Figure 6.14 Generators currents transi@mr(| f4 on) [67]. ......coovvvvvvivviiiviiiiieennee, 114
Figure 6.15 CPL current transiefitqn,fy on) [67]. .......ooooevieiiiiiiii e, 115

Xl



XV



List of Tables

Table 1.1 Power architectures for NGIPS requireroatggories [16]. ..........ccc.vveeee. 6
Table 1.2 Recommended MVDC voltage classes [13].........cccccvvveeieeeeriininnne. 13
Table 3.1 Per unit NOTAtiON. .........uueiiiieeeeiee e 38
Table 3.2 Gain values and energy index for differextural frequency. ................. 49
Table 3.3 Control techniques: pros and CONS.......c...euvviiiiiiiiiiiiiiiiiiiiniiineennnanaes 54
Table 4.1 Closed-loop time CONSLANLS. ......ccccceevvvvviiiiiiiiiiiiiiie e 76
Table 5.1 Filters design (global AD, local LSFE)eu.cccooveeiiiiiiiiieie, 86
Table 5.2 Time evolution of load powers (global Abgal LSF)...............ccooeee. 90
Table 6.1 Filters design (global LSF). ..., 105

XV



XVI



Glossary

[or

AC Alternating Current
AD Active Damping
AES All Electric Ship
AVM Average Value Model
AVR Automatic Voltage Regulator
COTS | Commercial-Off-The-Shelf
CPL Constant Power Load
DC Direct Current
EPGC Electric Power Generation and Control
FESR Fondo Europeo di Sviluppo Regionale
HF High Frequency
HFAC | High Frequency Alternating Current
ICR Interface Converter Regulator
IPS Integrated Power System
LSF Linearization via State Feedback
MV Medium Voltage
MVAC | Medium Voltage Alternating Current
MVDC | Medium Voltage Direct Current
NAVSEA | Naval Sea Systems Command
NGIPS | Next Generation Integrated Power Syster
NP Naval Package
ONR Office of Naval Research
PBSC Passivity-Based Stability Criterion
PEBB Power Electronics Building Block
Pl Proportional Integral
PID Proportional Integral Derivative
PMSG | Permanent Magnet Synchronous Genera
PSS Power Signal Stabilizing
PWM Pulse-Width Modulation
QoS Quality of Service
R&D Research and Development
SF State Feedback
SG Speed Governor
S&T Science and Technology
WFSG | Wound-Field Synchronous Generator
ZEDS Zonal Electrical Distribution System

XVII



XVIII



Introduction

Objectives

The thesis studies control solutions to solve tiRe @istability in multi-converter
Medium Voltage Direct Current (MVDC) power systeBuch a technology appears as a
good opportunity to improve the Integrated Powest&y (IPS) functionalities, offering
important advantages for military and civilian vass Conversely, the main drawback
regards voltage instability, which may be solvedsgper control approaches. Two
different control techniques are mostly analyzedthia work (Active Damping and
Linearization via State Feedback). Their applicatidlows to realize global and local
control strategies, in order to guarantee the gelstability both on the load side and on
the bus.

Outline of the thesis

The work developed during the PhD has been realizgtie Laboratory of Grid
Connected and Marine Electric Power Generation @odtrol (EPGC Lab.), at the
University of Trieste. It is included into an impamnt research project, which is based on
a tight integration between the knowledge of a tompany (Fincantieri, the fifth
shipyard all-over the world) and the reaserch digeerof two italian universities
(Universita degli Studi di Trieste, PolitecnicoMilano). The project is called MVDC
Large Ship and it is co-funded by Regione Friulin€eia Giulia, thanks to European
funds FESR. The project target regards the studyndhtegrated Power System based
on Medium Voltage Direct Current distribution, irder to focus the main pros of such
a technology. The activity of Large Ship projectynize divided in seven different
topics, singularly analyzed by a skilled team imlesrto provide a very extensive
research. The topics are defined as follows: PNtogers, Generating Systems, Voltage
Control, Energy Storage, Power Distribution, Po&tctronics and Dependability. In
particular, some results proposed in this thesscansequence of the work fulfilled for
the Voltage Control’s topic.
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The first Chapter of the thesis will underline tlobaracteristics of MVDC
technology, by starting from a brief introductioboat All Electric Ships (AESs) and
Integrated Power Systems (IPSs). Therefore, thé& IEfandard recommendations and
the development roadmap (NGIPS), hypothesized ley WiS. Naval Sea Systems
Command, will provide a first overview on MVDC pomsystems.

Besides the several positive aspects that areréshin MVDC distribution (e.g. fuel
saving, reducing power system weight/space, enlkdapoeer quality), serious attention
is to be paid in a critical point, i.e. the voltagstability due to the presence of Constant
Power Loads (CPLs). By starting from the origintbé problem, this topic will be
treated in Chapter 2, where analytical developmaevitis provide valuable tools to
conclude about the small or large-signal stability.

The third Chapter will discuss the voltage actuasmproach and the control
techniques to improve the voltage stability of agk converter power system. The
control analysis will consider basic techniqueshesState Feedback (SF) or the Active
Damping (AD), and the well-performing Linearizatioria State Feedback (LSF)
technique. In particular, the notable dynamics reffieby this more accurate approach
(LSF) will be carefully studied, togheter with pitds negative aspects (saturation of
interface converter). This Chapter is very intengsbecause it offers the control basis
for the multi-converter implementation proposedhie following.

By starting from an actual MVAC shipboard powerteys, a possible power system
scheme for an MVDC distribution will be proposeddhapter 4. The topology of such a
power system will depend on interface convertetsgyse typologies will be compared
in order to evaluate the most feasible solution.dByeloping a first linear test, voltage
dynamics results will confirm the choice of buckigerters as voltage actuators in the
on-board MVDC power system. Indeed, remarkable agalt dynamics represent a
mandatory requirement to face the CPL voltage bilittga (Chapters 5 and 6).

The chosen MVDC distribution (Chapter 4) will catesi two types of controllable
voltage actuators to interface the bus: genera@DC buck converters and load
DC/DC buck converters. In order to exploit the teses of each converter typology,
Chapter 5 will propose an integrated voltage conbased on two strategies, global AD
and local LSF. Each strategy will be aimed in @ag a different target, controlling the
voltage on the bus (generating converters commabgeglobal AD) or on impacting
loads (load converters governed by local LSF). raggmulations will be useful to
analyze the action of implemented voltage conthaghlighting critical interactions
between strategies.

The last Chapter will present a voltage controligleprocedure. To solve the CPL
issue, the control design will be based on the ajla$F strategy, modeling the CPLs
set as an equivalent non-linear load. The detemromaf a suitable control function
will follow a system model simplification able tepresent the entire multi-converter
MVDC power system as an equivalent non-linddro2der model. By applying the LSF
technique, the power system will become lineatthsotraditional linear systems theory
may be utilized to impose the desired dynamics.
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1. Medium Voltage DC Integrated
Power SystemIPS

1.1 Introduction

The first Chapter would focus on All Electric Shigasd on the development of future
shipboard power systems. Starting from a basictieaabout actual AESs and
achievable technological transfer, a promising MedVoltage Direct Current (MVDC)
distribution will be presented, together with a aded description of advantages,
challenges to face and requirements. After the eptesion of feasible distribution
schemes, a complete discussion about stability, ikeye in MVDC power system
design, will be offered.

1.2 All Electric Ships

Almost 25 years ago, the development of power aits has made it possible to
endow large passenger cruise liners with electpecapulsion systems, thus achieving
the concept of All Electric Ships (AESs) [1,2]. Thealization of such a new ship
paradigm has been driven by the increasing powmiadd in modern large ships, along
with a growing pressure on energy conservation @mdronmental protection. In this
context, Italian Shipyards have played a consideratde in such innovation process,
both in terms of accepting this challenge and ims$eof proposing innovative solutions.
Important contributions in the power system intégra and in the architectural
definition have been the significant result of maekable work, fulfilled by a generation
of engineers, both from the naval and the elestators.

As a result, 100% of modern cruise ships are etetlyy propelled and equipped with
an Integrated Power System (IPS). The IPS is ceaddb feed propulsion system and
ship service loads, providing a common flexiblectrieal platform to guarantee system
efficiency, fuel savings and an enhanced qualitgavfZice. Therefore for the realization
of an efficient AES, the design of a well-perfor@itPS is of paramount importance.
For this reason, the following Subsections will aése main AES subsystems
(electrical propulsion and IPS) in order to hightighe characteristics and to force the
imagination towards a possible technological transf



1.2.1 Propulsion system

The conversion of th@ueen Elizabeth (1986 and 1987) represents the initial p
of the modern electric shipga[3]. To refit this shipby means of AES paradig, the
original steam power plant has been substitute a dieselelectric propulsion syste
featuring dual machine§he electrical propulsion of an AES is thereforalized by
dovetailing each propeller shao a large power (125 MW) electric motor, usually
synchronous motor (dual thred&ase stator winding and wound rott

Gearbox

(b)

Figurel.1 Naval propulsion systems [3].

The primary motivation for using electal propulsion systems has been fuel sav
in ships that must operate over a wide speed ramigereas the presence of electr
applications for which power quality requirements guite high has been the sec
driver. AES concept is successful whehe ship is expected to act with seve
operational scenarios over a wide speed 1.

For instance icebreakers, drilling ships, cruisepshiand warships spend
considerable quantity of time at relatively low ege, but they also operate at h
speed (large power demand) for short periods of tiln these cases, tlexpected fue
economy may be obtaind¢ldanks to a substantial change in topology ofelectric shig
propulsion (Figure 1.1). In éhFigure, label G is used fdhe electric generator, F
representghe power converter and M the electric mc

A classical mechanical drive(a), operating in this scenario, reqsireither ar
expensive and problematic h-power, variable-speed transmissionoperation of the
prime mover far from its most ecient operating speed.his negative situation
mitigated by the ectrical propulsion arrangement, while the newestlectrical drive
(c) is able to completely solie In effect, in this case the electrical driaaangemel



acts as a continuously variable transmission, thexeéhe prime mover can operate at its
most efficient speed regardless of the ship’s spketbpology (c), motors are fed by
means of power converters, which are controlledsupply variable voltage and
frequency. Three families of converters have be@stiyn used in combination with
synchronous motors to realize electrical propulsiayclo-converters, synchro-
converters (or synchro load-commutated inverted) RWM voltage-source converters.

In order to complete the description of the elealripropulsion it is necessary to
mention the main advantages. A list of the reafonsvhich naval architects prefer
electric propulsion [4] may include:

1) Better dynamics performance than diesel engines.

2) Optimization of the vessel weight distribution, pgsitioning diesel generators
in a rational way.

3) Rapid start-up of electric motors.

4) Fuel saving, keeping on duty a number of dieselegors loaded at their
minimum specific consumption.

5) Augmented overall vessel comfort, being lower thwations of electric motors
compared to diesel ones.

6) Practical absence of limits on the electric motmwer.

7) On-board space optimization, by using high powersdg aeronautic turbines.

8) Elimination of rudders and related mechanics, gy employment of outboard
rotating pods.

1.2.2 Integrated Power System IPS

In an AES, electrical generators working in pafadied dedicated control systems
(e.g. frequency/active power control, voltage/re@cpower control) are to be integrated
in order to constitute the shipboard power statibhe latter can be considered the
cornerstone of the entire ship because it supgtiesMedium Voltage AC distribution
system, assuring power availability and qualityhte IPS. Due to the complexity of the
power station and to the presence of highly impgctoads [5,6], guaranteeing high
standards of power quality may represent a hakd tas

Considering that no “infinite bus” exists on-boaad AES, the IPS design has to
seriously take into account particular conditiosach as generator trip), which may
cause strong transient variations in active andtirgapower, power unbalancing, thus
critical issues in power quality. Therefore IPS tcohsystems is to be designed [7] to
rapidly distinguish between normal and casualtpdients, dynamically reconfiguring
power distribution under failure conditions to mebanging load priorities. It must be
capable of supporting the reconfiguration of thevgo electronics functionality and
network topology. Future ship power systems witjuiee improved methods to achieve
the objectives of flexible/reconfigurable poweridety, robust fault management and
improved power quality for loads: IPS will have lie capable in guaranteeing these
aims.

Talking about control systems, traditionally spegdernors regulate generators in
frequency/active power, whereas AVRs are respamsidil voltage/reactive power
control. The former setting is competence of thenprmover manufacturer, while the



latter regards electric design of the power statitbnis remarkable to notice the
importance of the second control, which imposerttaén busbar voltage determining
the quality of IPS functioning. In an all electrcuise liner, voltage/reactive power
control is achieved by endowing each AC generatith \an AVR. This regulator
realizes the machine’s voltage control by acting exgitation, while the secondary
busbar voltage regulation is performed by a cole@rolamed Master AVR. Paralleled
operating generators are designed to control thee daus by their AVRs. The integral
action of these regulators [5] may cause uncomaiéactive power oscillation between
generators, leading to actuators saturation amgeteoltage instability of busbar. AVRs
are therefore to be regulated in droop mode, inicird) an equivalent virtual reactance
between machine voltage and busbar voltage, inraeddecouple the integral actions.
Moreover, the droop mode is capable in realizirgjemdy-state reactive power sharing
between generators operating in parallel.

1.2.3 Technological transfer

In the last years, electric propulsion concept tessilted interesting for two new
types of ships (pleasure crafts and naval vessplipting out real possibility of
technological transfer [1]. For instance, the desgan all electric luxury mega-yacht
may arise from the need of added value in termsvedfy specific technical
characteristics, whereas in AES naval vessel IR8wsl architectural flexibility,
improved survivability and stealth, enhancing & war fighting capability.

The technical characteristics of an innovative mgaeht (a craft longer than 45 m)
must enable for navigation in both tropical andshatlimates. Such an operative profile
obliges to fit up equipments that need to workcgdfitly in very different conditions,
consequently with very dissimilar power requirerserA second requirement may
regard the employment of new technologies to reaizvironmental aims, for instance
reducing of gas emissions, water/oil pollution,seoiln order to conveniently meet such
different needs, installing electrical propulsioancbe considered a rational solution,
eventually adopting electric podded drives to exbarthe characteristics of
maneuverability and dynamic positioning [8,9]. Ore tother hand, the considerable
power of hotel and auxiliary justifies the adoptiohan IPS, which has to be able to
assure fuel saving and adequate power quality.nAalleelectric cruise line, the control
of electro-mechanical quantities (voltage, frequ@mtays again a key role.

Major navies in the world have adopted the elecpiopulsion and the AES
architecture in new projects and constructiongtidlty, adopted systems have been
Medium Voltage Alternating Current (MVAC) IPSs. Thdias been derived from
commercial vessels and applied to military shisndnstrating that a reduction of the
number of marine engineering personnel has beesilpes In the very last years
instead, the first combatant units in MVAC are lgeiiesigned, realized or delivered (for
example UK Type 45, Italian-French FREMM and US DR@)O0). In particular, the
research in such topics [10,11,12] is demonstratmgffectiveness in enhancing new
solution: for instance, one of the most promisiegelopments in the field of combatant
vessels could be the Medium Voltage Direct Cur(Bfi¥DC) Integrated Power System
(IPS), which will be discussed in the following Sebtions.



1.3 Evolution towards MVDC power systems

Future projects in the field of All Electric Shipsuld be based on Medium Voltage
DC (MVDC) Power Systems [13,14,15]. In the lastrgedhis topic has been deeply
investigated in the academia, being the MVDC distibn an enabling technology for
large ships (cruise liners or military vessels)eTddvantages given by the new DC
distribution are discussed in Subsection 1.4.1,évawrin this context some aspects (the
reduction of power system weight/size, the decreh$eel consumption, the efficiency
enhancement and the enabling of new functiondlitesm be highlighted as the most
promising attractiveness for civil and military gjard.

1.3.1 NGIPS roadmap

Although the important discoveries of investigaianay be also spent in the civil
framework, civil initiatives are still rare and litad to sporadic projects, for instance the
MVDC Large Ship project (co-funded by Regione Rrienezia Giulia thanks to
European funds FESR). Research system is fundaltyeiataded by the military sector
(e.g. by the ONR Office of Naval research), whiam invest in long term ideas. This is
the reason why in 2007 the U.S. Naval Sea Systemmmn@nd (NAVSEA) has
proposed a Next Generation Integrated Power Sys{®&@®GIPS) Technology
Development Roadmap [16]. This document establishes U.S. Navy's goal of
incorporating a Medium Voltage DC (MVDC) Integratedwer System (IPS) in future
surface combatants and submarines.

The Navy has been rapidly migrating toward shipigles with electric propulsion
and weapon and support systems demanding sub#iantiare electrical power. To
address these power demands, ship designs are insgggated power systems that
provide electric power either to propulsion or otledectrical loads from a common
source. Between 1992 and 2007, the U.S. Navy iadedignificantly in the
development of the Integrated Power System (IPSjichwintegrates the electrical
power generation and ship propulsion systems.

The primary aim of the design of an IPS is surviligband continuity (reliability) of
the electrical power supply. Survivability relateghe ability of the power system, even
when damaged, to support the ship’s ability to oot fulfilling its missions to the
degree planned for a particular threat. Qualitgarivice (QoS) [17] serves as a metric of
the continuity (reliability) of the electrical powsupply by measuring the adequacy of
distributed systems support for the normal, undadagperation of its loads.

High power density and enhanced quality of servagresent two main goals for a
naval shipboard power system: although remarkaiestment has made it possible to
improve the technology for reaching the succesased on DDG 1000, a great deal of
effort has to be paid to realize the final leapugimg these aims. In this context, MVDC
distribution (Section 1.4) may be a good opporiutat improve the Integrated Power
System (IPS) functionalities, but the evolution émds MVDC has to start from power
architecture which employs mature technology, sastthe MVAC distribution. For
such a reason, the following Subsections discugssaible roadmap (Figure 1.2) for
maturing different architectures (e.g. HFAC diattibn) and providing the
technological progress to realize future MVDC IPSs.



Enhanced Quality of Service
Requirements

Standard Quality of Service
Requirements

High Power
Density
Requirements

Power Generation:
Goal:
Medium Voltage DC (MVDC)
Interim:
High Frequency AC (HFAC)

Enhanced QOS features
incorporated into Zonal
Electrical Distribution

Power Generation:
Goal:
Medium Voltage DC (MVDC)
Interim:
High Frequency AC (HFAC)

Standard QOS features incorporated
into Zonal Electrical
Distribution

Standard Power
Density
Requirements

Power Generation:
Medium Voltage AC (MVAC)

Enhanced QOS features
incorporated into Zonal
Electrical Distribution

Power Generation:
Medium Voltage AC (MVAC)

Standard QOS features incorporated
into Zonal Electrical
Distribution

Table 1.1 Power architectures for NGIPS requirernategories [16].

Figure 1.2 NGIPS technology development roadmap [16

1.3.2 First step: Medium Voltage AC distribution (MVAC)

Medium Voltage AC (MVAC) is the power distributiosystem utilized in
commercial vessels IPS design. This mature teciggotteveloped in the last twenty
five years has been recently exploited on militAESs: UK Type 45, Italian-French
FREMM and US DDG 1000 are the first examples of loatant units.



In an MVAC system [16], power is generated andrifisted as three-phase (60 Hz)
through a high-impedance grounded power systemnids common voltage levels are
6.6 kV or 11 kV in Europe and 6.9 kV or 13.8 kVUrs, depending on the load power
and the availability of circuit breakers of suféot rating both for normal operation and
fault current interruptions. An MVAC architecture compatible with both a radial
distribution and an innovative Zonal Electrical @itsution System (ZEDS) [18].

MVAC distribution system constitutes the first satep towards MVDC Integrated
Power Systems, being based on several years oaRbsand Development (R&D) in
the commercial sector. This is the reason why MW&Chnical architecture does not
need remarkable funds to support R&D, whereas eeging efforts are required to
qualify components for military applications andeigrate the overall system. Although
MVAC distribution has been successfully used topbypuge power amount in cruise
lines [19] (e.g. total generators’ power of Queearll is 112 MVA), its employment
is not recommended in military vessels where higlvgr density is a requirement.

1.3.3 Second step: High Frequency AC distribution (HFAC)

The natural evolution of MVAC system is represertigduture High Frequency AC
(HFAC) distribution [16], where electric power wlle generated at a fixed frequency
greater than 60 Hz and less than 400 Hz. In USdisteibution voltage levels will be
either 4.16 or 13.8 kV, while grounding could be game as MVAC distribution (high-
impedance solution).

Comparing MVAC and HFAC distributions, a lot of ahtages may force the Navy
and the academia in studying HFAC, such as:

a. Transformers smaller and lighter than MVAC, beihg tross sectional area of
a magnetic core approximately inversely proportiotta the frequency of
operation.

b. Harmonic filters minimized or eliminated, being ttrrent harmonics injected
on the power bus substantially reduced to low kvel

c. Galvanic isolation between subsystems, being eregloy large number of
transformers to isolate all loads from the HFAChhmpwer bus.

d. Improved acoustic performance in seawater, whidniges the ship’s detection
range.

e. Minimal technology development.

On the other hand, some critical aspects have toobsidered and solved to make
realistic the high frequency distribution. For exzden

a. High number of poles required for generators imsetl with slower prime
movers.

b. Constant Power Loads stability issue, as MVDC systéChapter 2).

c. Higher ground fault current, being a function o€ tlne to ground parasitic
capacitance.

d. Paralleling of Generators at higher frequenciemdeeduced the window of
time that a generator breaker can close to pambtenerator.

e. Lack of design standards, practices, guides, ddésims, and supporting data.

f.  Lower power factor in respect to MVAC systems.



1.3.4 Third step: Medium Voltage DC distribution (MVDC)

As seen in the roadmap, MVDC distribution is lodas# the final stage of the IPS
evolution, achievable in the long term (Figure 1.Bhis architecture [16] is a direct
development of HFAC technology, therefore pros emallenges (Subsection 1.4.1) are
quite similar than the high-frequency approach. édtheless a great difference exists,
being the power distributed in Medium Voltage D&hea than in High Frequency AC.

This radical change deeply impacts on power geio@rasystem management and
IPS integration, thus Science and Technology (S&hp R&D funds are to be
considerable to ensure the technological leaphiBidontext, this thesis wants to focus
on this innovative DC distribution providing a cohttion in voltage control’'s topic:
therefore in the next Sections and Chapters, & ldigsertation on Medium Voltage DC
power system will be offered along with methodoésgiand techniques to study and
guarantee the voltage system stability.

1.4 MVDC power systems fundamentals

MVDC distribution represents an opportunity to imyge the naval shipboard
potentiality [20], assuring the previous two maioalg, i.e. high power density and
enhanced quality of service. Even though thesestargre mandatory for navies, their
importance is evident also in case of commerciasgks, where MVDC distribution
could guarantee new advanced products to compéteRar East rising economics. In
this Section, MVDC fundamentals are clearly ex@dinwhereas system requirements
and recommended studies will be treated in theiolg.

1.4.1 Advantages and challenges

Advantages of a DC power distribution over AC amewred by the recent successes
in the development of fast switching converter fdedium Voltage applications.
MVDC pros over MVAC may be summarized [13] as falk

a. Simplifying connection and disconnection of diffetr¢ypes and sizes of power

generation and storage devices.

Reducing the size and ratings of switchgear.

Eliminating large low-frequency (50 Hz or 60 Hznsformers.

Limiting and managing fault currents and enabliagonfiguration.

Eliminating reactive voltage drop.

Enabling bi-directional power flow.

Reducing power system weight by using high speeérggors.

Enabling higher power ratings for a given cable siz

Improving control of power flows, especially in msaent and emergency

conditions.

j-  Reducing fuel consumption by allowing variable shpgme mover operation.

k. Improving efficiency when energy storage and pogaversion from batteries,
fuel cells, and emergency generators is required.

[.  Eliminating the need for phase angle synchronimatb multiple sources and
loads.
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Conversely the main challenges [16] to face are:

a. Difficulty in extinguishing DC arcs in the absenaa voltage or current zero
crossing.

b. Constant Power Loads stability issue.

c. Standardized methods for controlling prime movewg@o guaranteeing load
sharing functionality.

d. An effective grounding strategy to provide galvaismiation.

f.  Lack of an established industrial base, being MV&Gtems an insignificant
commercial market nowadays.

In particular, point b. will be studied and solvadhis PhD thesis.

1.4.2 Functional diagram

Figure 1.3 shows the functional block diagram ofMWMDC power system [13] for
large ships. This notional diagram will be detailled Subsections 1.4.3 and 1.4.4,
depending on the distribution architecture, i.diabor ZEDS.
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Figure 1.3 Functional block diagram of MVDC powestgm [13].

The functional blocks are defined [13,16] as fokow

» Shore power interface: a power source that addptdrie energy from the
utility system on shore to MVDC power system (dransformer + AC/DC
interface converter).



* Power generation: a power source that convertsepemergy from fuel into
electric energy, hereinafter adapted to MVDC (prgme mover + generator +
AC/DC interface converter). Also fuel cell systere classified as power
generation.

» Energy storage: a power source (e.g. super-capabiadtery, flywheel) that
primarily provides power to the system when neethzdng voltage oscillations
in MVDC bus caused by step-loads from relevant Idadices or the loss of a
generator set.

* Pulsed load: a load center that draws intermitmrses of power from the
system in military vessels (e.g. electromagneticraft launch system, rail gun,
and free electron laser).

» Propulsion: a load center constitute by electridarsy supplied from the DC
distribution bus through variable speed drive itemes.

» Ship service: a load center that primarily draws/@ofrom the system to ship
services (e.g. hotel load).

» Dedicated High Power Load: a load center that seppl MW or more of
power in steady-state operation (e.g. military ratdage thruster, compressor).

* Ship-wide power and energy management control: poaentroller to
maximize the continuity-of-service of vital loadsursthg reconfiguration
operations, optimizing the power flows throughdw ship.

» System Protection: AC power subsystems can begteat@gainst damage from
faults by the traditional use of circuit breakerbereas DC system protection is
achieved through a combination of converter contmtl other DC circuit
breaking devices (e.g. solid state DC breakers).

* MVDC bus: a functional block that allows interrupgjiand isolating sections of
the MVDC power system.

The MVDC power system theorized in Figure 1.3 feessextensive use of power
converters [20]: every electrical power source @wery electrical load are to be
interfaced to the MVDC bus via power electronicvides. Interesting functionalities
may be enabled by this wide exploitation of powenwerters: for example energy
storage recharge and regenerative power creatégdship crash-back maneuvers are
achievable by the use of bidirectional devices.

1.4.3 Radial distribution

A functional diagram of MVDC radial distribution depicted in Figure 1.4. In this
concept scheme [13] some power converters are tasednnect sources and loads to
MVDC bus: conversion stages AC/DC (or eventuallyulnle stages AC/DC diode
converter + DC/DC buck converter) interface powaurses (e.g. turbine generator set)
to the bus, while storage systems (e.g. fuel dettery, flywheel) are connected to
MVDC bus by power converters (AC/DC converter or/DC converter) endowed with
compact high frequency transformers. AC loads arppleed by inverters + HF
transformers, whereas the high power pulse loadsilitary vessels should be fed by
DC/DC intermittent converters. Electric motors (epgopulsion, thruster, pump) are
finally supplied by variable speed drives.
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Figure 1.4 Functional block diagram of MVDC radigtdbution [13].

Figure 1.5 illustrates how this functional diagraraps into a specific design.
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Figure 1.5 MVDC radial distribution [13].
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1.4.4 Zonal distribution

In military vessels continuity of power to vitaldds is essential: for this type of
ships, the concept of zonal regions [18] alonguwbgsel may be capable to assure power
supply in every ship’s conditions, even under erely adverse situations. Continuity
of power within each zonal load center can be etédmutomatically switching input
power between port and starboard buses with aukoimas transfer switches.

Maximize operational capability is the aim of thigtperformance MVDC zonal
distribution highlighted in Figure 1.6. In such achitecture [13], ship service loads are
distributed in four zones from bow (or fore) torstéor aft) along the ship, fed by both
port and starboard DC buses, longitudinally arrdregeng the ship.
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Motor \ el
AC Creuit Drive hverter AC Qrouit
Breaker Breaker Dc/De Pulse

Converter Charging
-]

AQDC Converter Auxilary AC Main AC AQDC Converter
Ge nerator 2 Generator 2

Figure 1.6 MVDC zonal distribution [13].

Bow and stern cross-hull links are provided betwtbenport and starboard DC buses
in order to provide the capability of configuringrig-bus. Thanks to this kind of
distribution, power system survivability can be anted by opening the bow and stern
cross-hull disconnect switches to create a “spdity configuration, being main and
auxiliary generator set connected to each longialdius.

In an MVDC zonal distribution [13], vital loads ¢e.radar) are continuously fed
from either port or starboard buses by operatinguomatic bus transfer switches. On
the other hand, ship service loads (e.g. variapéed drives, pulse loads) are directly
connected to the MVDC bus by AC/DC and DC/DC powenverters. Zonal load
centers may present DC or AC loads: in the firsecdVDC power from the port and
starboard longitudinal buses is stepped down tevoltage DC (e.g., 800 V) by buck
converters, whereas low-voltage AC (e.g. 450 \Suigplied by means of inverters.
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1.5 MVDC power systems requirements

To realize an efficient and safe MVDC power systéns necessary to respect some
requirements, briefly listed in this Section. Inrtgaular, common ratings related to
voltage control issue (e.g. rated voltages or Btgbwill be presented, whereas other
aspects independent from voltage regulation (sgohithstand voltages or short circuit
requisites) are deeply discussed in [13,21].

1.5.1 Rated voltages

The system DC voltage is determined by desiredrgémrevoltage, propulsion motor
voltage, converter design, load considerations\dstal cable ratings, efficiency and arc
fault energy: thus MVDC bus voltage is to be choden satisfy components
requirements. The preferred rated voltages [13] are

1.5kV, 3kV, 6 kv, 12 kV, 18 kV, 24 kV or 30 kV,
obtainable with the following levels:
£0.75kV, £ 1.5kV, £3kV, £6 kV, £ 9 kV, £ 12\kor * 15kV

On the other hand, insulation levels depend onrgtimg and control/protection.

The voltage capability of MVDC power system compuseds classified by means of
recommended voltage classes, as visible in TalZleFbr a chosen rated voltage, the
only equipment available is that categorized fwolage class equal to or greater than
the rated voltage.

MVDC Class | Nominal MVDC Class | Maximum MVDC Class
kV Rated Voltage (kV) Rated Voltage (kV)
Already established 1.5 1.50r+0.75 2or+1

Classes 3 Jor+1.5 Sor+25
6 6or+3 10or+5
Future 12 120r=6 l6or+8
Design 18 18 or+9 22or= 11
Classes 24 240r=12 28 or=+ 14
30 30 or= 15 34o0r+17

Table 1.2 Recommended MVDC voltage classes [13].

1.5.2 Voltage tolerance

The voltage control design is strictly dependentvoltage tolerance (i.e. steady state
and transient limits), therefore it is paramountféaus on this topic [13]. Design
considerations (e.g. voltage loads, insulation Hatean, etc.) support the continuous
(steady state) DC voltage tolerance limit, whiclkessablished equal to + 10%, although
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tighter tolerances are achievable when the soa@=actively controlled through power
converters.

Transient limits are highlighted in Figure 1.7, wdaequired bus performance is
stated. The time associated with zero voltage efldlw voltage line is determined by
how long it takes to clear a fault on the DC busa ¢awlt in the power source and restore
the voltage to the required level.

30

20

FU

Ty = Faull Cinriog Time ————

00—+ P T ' ]

10¢ 108 0 1w 10* 10! 10 10"
Time [seconds)

Figure 1.7 MVDC voltage tolerances worst case empe[@3].

Evidently, voltage control systems designed antetes this thesis are in accordance
with this worst case envelope.

1.5.3 Efficiency

Medium Voltage DC power systems are expected teffigient to meet economic
constraints: in such a way, it is important to aghi high efficiency under a wide range
of operating situations, representative of shipsiois and service conditions [13]. To
provide a valiant evaluation of the overall MVDCOwar system, efficiency calculations
has to consider every ship components, i.e. geseramotors, converters, storage
devices, transformers, cables, etc. In particudpecial attention should be paid to
reducing the converters losses, being a dominaritgfathe entire MVDC system’s
losses. Also system voltage has to be chosen tea®zlosses at most.

A range of operating conditions should be defineccdlculate system efficiency,
starting from the efficiency of each component ¢gfly calculated in some load points.
Load conditions may be 10%, 25%, 50%, 75%, 90% Hi@Po respect to the rated
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power, assuming 1.0 per unit voltage in each dase.important to notice that the use
of power electronics would assure high efficienkspat partial loads.

Talking about efficiency it is important to hightig the double effect of power
electronics [13]: on one hand power converterdemured by additional losses, on the
other hand the system losses may be decreasedsbdbaue is no reactive power flow
in the cables and the majority of transformers barremoved. Therefore, additional
losses due to converters may be offset by an iserigaoverall energy efficiency.

1.5.4 Quality of service

A valuable metric of how reliably the power systprovides power to the loads is
given by Quality of service (QoS) [13,17]. It takieto account equipment failures and
normal system operation transients, whereas sulityaevents (e.g. battle damage,
collisions, fires, or flooding) are not considef®dthis metric.

Depending on service interruption time, QoS [13lyrba used to classify loads by
four categories: un-interruptible, short-term intgxt, long-term interrupt and exempt.

e Un-interruptible loads, which cannot tolerate segvinterruptions less than
the reconfiguration time,twhere 1 is defined as the maximum time to
reconfigure the distribution system without brirggion additional generation
capacity (generally on the order of two seconds donventional circuit
breakers).

* Short-term interrupt loads, which can tolerate iserinterruptions of time;t
but cannot tolerate interruptions longer than timethat is the maximum
time to bring the slowest power generation setnenfusually on the order of
one to five minutes).

« Long-term interrupt loads, which can tolerate smvinterruptions greater
than t.

» Exempt loads, which are only used in sizing théailed generation capacity
of the ship and do not need to be restored withe t.

To provide the QoS specified by previous load aateg, proper studies are to be
developed to design MVDC power system. In such alysis, following points are
evaluated:

* load shedding strategies,

« rapid-response offered by energy storage,
e propulsion motor regenerative power.

1.5.5 Quality of power

As well known, the fundamental frequency is zer@iBbC power system, therefore
the usual concept of harmonic distortion is notsiigle to determine the DC power
quality. Conversely, the quality of power on the DI bus is defined as a compliance
with specified voltage tolerances and voltage 8dpB,15].

DC may be produced from different converters (A@Q/DC un-controlled rectifiers,
AC/DC controlled PWM rectifiers, DC/DC buck conweng) varying the output voltage
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around the desired DC level. Each conversion isetbee characterized by a ripple, a
superimposed component on the DC side, which dependhe operating frequency of
the interfaced power converter. To ensure the @tioads operation, filtering stage
(e.g. second order RLC filters) are usually emptbye order to limit this unwanted

component, thus guaranteeing an rms value of ripgldnigher than 5% per unit.

1.5.6 Power management

Three functions are fulfilled by the power managetsystem [13]:

* management of power under normal conditions,
» guarantee of QoS,
e maximization of survivability.

Power management system has the important tastowdp the average balance of
the energy absorbed by loads and the energy prdducgeneration. Configuring the
power system, the power management must be aldepply sufficient power to all
loads under normal conditions, ensuring a sufficeginning reserve to face possible
load changes (e.g. pulse loads, large motors, ladgrs) and the dynamic load sharing
among generators. To realize the power sharingerakwapproaches are possible
exploiting one source converter to control the D@ lvoltage while all the others
regulate the DC current, or using the droop method.

The power system must be properly designed to ptegenerators over-speed
eventuality, caused by expected system dynamicgmnirolled cross dynamics between
generators (or prime movers) and energy storagéunwdioning. For the crash-back
maneuver of propulsion motors, an energy dispasgl @ resistor) could be necessary
in order to control the MVDC bus voltage by dissiipa regenerative energy. Certainly,
the energy rate (power) and the total energy dissip are to be controlled to avoid
system damage caused by heating. Instead energggstsystems (e.g. flywheels,
batteries) are an efficient technology to satisfyors time imbalances between
generation and loads, achieving system functioeal#nd performance requirements.

As well known, an MVDC power system is based oargd employment of power
converters to interface sources and loads. Thestrehics devices should be based on
the concept of PEBBs [22,23], Power Electronics I@ng Blocks which are
commercially available. The intelligence of eachBBEis programmable and self-
protecting, making possible an automatic controlsimooth insertion and removal of
power sources and sharing of loads. Therefore sprality of service issues are solved
down-stream at the loads, eventually utilizing loanergy storage. Electrical
distribution reconfiguration ordered by power magragnt system may be instead
necessary to restore the power of short-term upetoads, whereas long-term interrupt
loads rely on additional power generation commarimegdower management.

Shedding strategies in priority order could be egobby power management system
in critical conditions (e.g. damage or equipmetiufa), when a survivability response
is required to supply vital loads. Survivabilitysalinvolves restoring power to shed
loads, in case of sufficient capacity, connectiaiid minimal safety risk of reenergize.
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1.5.7 Stability

Assuming a given initial operational condition, powsystem’s stability can be
defined [24] as the capacity of an electric powetem to recover the equilibrium point
after being subjected to a perturbation: practjcalstable system is described by system
variables which remain bounded after a small ogdaphysical disturbance. The
fundamental stability requirement has to be calefelvaluated in MVDC power
systems, being characterized by remarkable difém®rin respect to terrestrial AC
power systems. Anyway, being sufficient similasti@ equipment, specifications, and
functionality between MVAC and MVDC systems, deiimns and methods treated in
[24] can be useful to establish terminology, maagland analysis approaches also in
MVDC case.

Comparing future MVDC shipboard power system argl MiVAC terrestrial one
[13], the main difference is inherent to the isleddeature of MVDC systems, where
load changes may represent a large percentageadélae energy than in terrestrial
systems: therefore in many cases, physical distedsa(e.g. step-loads, pulse loads) are
to be considered as large perturbation in MVDCrithistion systems.

The second important different aspect regards tidespread availability of power
converters [13,20]: in effect in a terrestrial povgeid only few lines are equipped by
power electronics, whereas an MVDC system utilizigh-speed switching converters
in a majority of its power transmission paths. Té&witching behavior of power
converters leads to states whose derivatives vantirmiously, thus determining a
substantial change in the dynamic nature of thegp@ystem.

In addition, there are some differences in the ghaysature of the instabilities [13].
For instance, MVAC power systems are characterigethe typical problem of rotor
angle and frequency instability: on the other hathi issue is naturally solved in
MVDC systems, being the generators frequencies adgglbupled from the MVDC bus.
Conversely the high bandwidth control of MVDC loaday cause negative interactions
between subsystems, even dangerous voltage iritgtabil

The differences explained in this Subsection hdnge dim to make aware about
MVDC stability concept, deeply different from the@rsmon idea of AC stability.
Therefore analytical studies and simulations havearefully analyze critical situations
in order to guarantee the stability of the MVDC gowystem, by verifying one or both
following stability criteria [13]:

a. Time domain criteria
- Transient recovery time (e.g. 2 S)
- Bounded transients (e.g. 16% — 20% maximum)
- Absence of limit cycle behavior

b. Frequency domain criteria
- e.g. 6 dB per 30 degrees margins
- Frequency domain techniques using a time domaireimod

Stability evaluated as explained in Subsectior?lhés to be ensured also in presence of
Constant Power Loads (CPLs), whose destabilizifegefs focused in Chapter 2.
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1.6 MVDC recommended studies and analyses

Some studies are necessary to assess MVDC systéarnpence over the entire
range of operations: in this way, next recommeindati[13] may help the system
designer in realizing a safe and effective DC possstem. In particular, following
information is mandatory in the design procedure:

* Detailed knowledge of the whole system.

* All relevant system conditions (e.g. steady staelf, black-start).

* Required system performance in order to verify ifiche the design.
e Suitable tools, methods and techniques to supperdésign.

In despite of AC systems, two aspects play a kdég tioroughout all aspects of
MVDC power system design: modeling and simulatighich are implemented to assist
and to conduct design steps up to final realizatidrus, studies and analysis methods
described herein are to be considered as an ihfgayteof the system design.

1.6.1 Time domain system analysis

Time domain analysis is the method recommendeddsign MVDC power systems
[13], being capable of capturing all the relevaspexts of the power system, such as
non-linearity and power electronic switching. THere, initial conditions, input
parameters, control techniques and so on are evéleated through a set of arranged
simulations. Considering the wide number of possipbwer systems, design and
simulations should be combined with statisticallmods to obtain a fair system response
over a wide range of initial conditions, inputs aydtem parameters.

To simulate the phenomena of interest, designersldiselect from several software
packages, which are able to simulate MVDC powetesys. The availability of proper
models to suitably represent the system compon@nts electric machines, power
converters, control systems) is the main critarithie choice of an efficient software. In
any cases, the capability of the software to siteullhke phenomena of interest must be
verified and validated, particularizing generic ralsdto represent the actual equipment
of the system designed. Other criteria can regaedsimulation time or the time to
realize the entire model.

An average value model (AVM) of the entire MVDC pmwsystem can be
conveniently used [13] to provide a first dynamiwalysis, in order to verify control
systems. The realization of this simplified modebased on an assumption about the
dynamics of interest, neglecting the fast actionpoiver converters. In effect, it is
possible to implement continuous time model of sigetem, assuming that the slow
system dynamics (given by the actions of turbimeijter, electric machines, controllers,
etc.) could be separated from the fast switchingadyics of the converters. Obviously
AVM is not able to represent system dynamics arothel switching frequencies,
therefore averaged model has only to be considased quick tester to verify the
interactions between power system and control. iRetanalysis by using complete
model has to follow the AVM analysis, in order ke into account the switching of
power converters, thus determining dynamics rahmeilar to reality.
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1.6.2 Stability studies

As explained in Subsection 2.2, MVDC power systamesto be designed to supply
high-bandwidth controlled loads. The latter constitthe so-called Constant Power
Loads, which are non-linear loads responsible efubitage’s stability problem. Being
the stability a key issue in an MVDC design [13283, great efforts have to be paid to
guarantee this requirement: in other words, systkrsigner must ensure that the
resultant non-linear system regains an equilibripoint after being subjected to
perturbations. The stability of an MVDC system niegystudied by several approaches,
exploiting mathematical tools or analyzing the egsin the frequency/time domain.

Mathematical analysis can be very useful to corelaigout the small-signal stability
of linearized system (e.g. Routh-Hurwitz criteri@genvalues study) [26,27] or about
the large-signal stability of non-linear system dpynov method) [27,28]. Although the
potentiality of these methods is demonstrated, stiadility in presence of important
perturbation is hardly estimable due to the comiplext non-linear system’s study.

The stability may be also verified in the frequenigmain, thanks to analyses based
on the developments of Nyquist stability criteri@ne possibility is represented by the
several stability criteria [29,30,31,32], that aseful to predict the small-signal stability
of an MVDC power system: in general, the stabilgyverified if the product of the
source impedance (S) and the load admittance (&3 dot encircle the —1 point in the
complex plane. In order to apply the stability enibn, input and output impedances of
MVDC system (e.g. sources, loads, and cablingtaitee calculated from time-domain
models (switching or average) [29] or measured dyipgment commercially available.
The Middelbrook criterion is common in such an gsist being rather conservative, its
utilization typically determines system designshalarger filter capacitors and slower
dynamic responses. Being the MVDC power system csenp by a lot of sources and
loads, generalized admittance and impedance agpi82¢ may be valuable to assist
the design of a stable MVDC system. Another effectmethodology to study the
stability is that offered by Passivity-Based St&piCriterion (PBSC) [33].

Finally, the stability may be investigated by tivaed domain analysis: the respect of
stability requirements can be verified simulatihg tlynamic response of the modeled
MVDC system, by applying suitable perturbationsuzughthe equilibrium points. In the
thesis, this kind of analyses will be utilized teakiate the stability, previously
examined by mathematical tools.

1.6.3 Steps to design a stable MVDC system

The procedure [13] to guarantee small and largeasigtability for a given MVDC
power system is summarized in the following:

1) Designate the stable operating (equilibrium) points

2) Determine a stability criteria and metrics (e.geéinzed system inequalities,
Lyapunov conditions, damping factor, phase margin).

3) Develop the shipboard MVDC model, including switgipower converters,
controllers, initial conditions, system parametand inputs.

4) Take into account non-linear behaviors (e.g irdarsgion, controller limits).
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5) Identify relevant steady-state operating conditiarsl transients between
operating points, together with some “worst casgharios.

6) Evaluate the small-signal stability for each of thesen operating conditions.

7) Perform enough simulations in order to confiderabsess about small and
large-signal stability.

8) Review the dynamic response, verifying the respécstability criteria and
metrics.

It is remarkable to notice that stability requirethean be reached thanks to the
stabilizing action of control systems [27]. In thesases, as proposed in the thesis,
the design of specific control techniques has tpuitebetween points six and seven.

1.7 Conclusions

An innovative MVDC distribution for large electripropelled ships has been
presented in the first Chapter. Initial considenagi about the developments in AESs
cruise liners have been necessary to foresee adiegfical transfer to military vessels.
In such a sector, high power density and enhanaatity) of services are of paramount
importance: an evolution towards MVDC power systemas appeared as the best
solution to fulfill these strategic requirements.

Therefore, a possible MVDC distribution system hasn described by means of two
schemes (i.e. radial and zonal) to highlight itemimg advantages and challenges to
face. The power system characteristics have befimedeby a complete list of system
requirements, e.g. rated voltages, quality of powtbility. To provide suitable tools
for designing MVDC power systems, recommended studind analysis have been
proposed in the end of this Chapter.
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2. Constant Power Load issue:
problem definition and stability
analysis

2.1 Introduction

Chapter 2 is useful to explain the causes of stlpitoblem, one of the most critical
aspects of Medium Voltage Direct Current power ayst on ships. After an
introduction about the CPL feature, a large dissien will be offered to illustrate the
stability studies. These analyses will provide aale tools to conclude about the
voltage stability of a given MVDC shipboard powerstem that employs Constant
Power Loads.

2.2 CPL stability issue

The Constant Power Load behavior is characteristidVDC power systems
[13,27]. As explained in the following, this feagdumay cause DC voltage instability, so
the system collapse in case of perturbation. &taftom the physical cause, the Section
will treat the non-linear load characteristic. Tresingle converter reference case will
be established together with the equivalent circuitdel and the equilibrium points
evaluation.

2.2.1 Cause

Future MVDC power systems are to be based on ee laiffusion of power
converters, in order to interface generating systand loads to MVDC bus [13]. From
the stability point of view, the most important cheteristic of these power converters is
the expected high-bandwidth control.

The tight control, although desirable, tends topk#éee load power constant even
under fast current/voltage variation: such an daspefiects at the converter input
terminal as a Constant Power Load (CPL) behavi®3§ 35,36].
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Figure2.1 Constant Power Load stability issue.

The instability problem arises becausetwo elements [28]: the abovaentionec
CPL and the DC filtering stage, indispensable targaotee acceptable ripples in |
voltage and current.féer a perturbation (small or largehe CPL combinewvith the DC
filter determines negatively dampeccillations, thus the voltage instabilighown in

Figure 2.1.

2.2.2 Load characteristic

A possible CPL [35] isepresered by amotor drive, therefore an electric motor -
by a highbandwidth controlled D(AC power converter (i.e. an inverter).

v

Figure 2.2Constant PowelLoad non-linear characteristic.
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Hypothesizing a linear relation between torquend speed and assuming a tight
control capable for maintaining almost constant, it is possible to conclude altoet
torque constancy. As well known, the motor drivetpoti power is given by the
multiplication of speed and torque: therefore tlomstancy of the input powd? is
verified, being constant the output power and dsiystem efficiency.

Thus the motor drive can be modeled by a non-linead ( =P/V), so that an
increase of the load voltagéimposes a decrease of the load curteliFigure 2.2). In
presence of a perturbation, this non-linear charatic triggers the instable
phenomenon depicted in Figure 2.1.

2.2.3 Case of study

For further analysis, the following figure (Figuke3) provides a simple reference
scheme to model a single converter case. Knowiagadmplexity of stability study, it is
important to start with this very basic case, wheréhe extension to multi-converter
MVDC power systems will be developed in Chapteasn8 6.

In particular the proposed power system explogggle DC/DC interface converter
(Subsection 4.2.2) to supply a generic ConstantedP@wad (CPL) through the filtering
stage. All the elements responsible for DC stabiisue are therefore considered in this
scheme.

In order to provide a slim mathematical symbolighe whole thesis presents the
same index simplification: variable quantities (&/y are to be considered function of
time, soV(t) in the example.

; e e v CPL

Figure 2.3 Reference scheme.

2.2.4 Equivalent circuit model

For the stability analysis, the case of study cambdeled by the DC-link equivalent
circuit of Figure 2.4. Although such a model maypear very simplified, its
effectiveness for modeling the CPL voltage instgbiis universally recognized
[15,26,27,28].

The next mathematical developments are based oa assumptions: first of all the
input voltagekE is the mean value of the output DC/DC convertdtage (average value
model AVM adoption), therefore the interface conmeerswitching is neglected;
secondlyP is the power of the CPL, modeled by the non-linead.
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Figure 2.4 DC-link equivalent circuit.

The MVDC power system is completed by a low-pdS®@ler filter (parameters are
R, L and C), in order to suitably filter the square-wave wagk of the interface
converter. Consequently the following non-line8t @der system of equations (non-
linearity appears in the terip=P/V) may be used to represent the interested dynamics:

d
av _, ., _,_P
Cf—dt—l I =1 Vv (2.2)

2.2.5 Equilibrium points

It is possible to obtain the two equilibrium poifies the system starting from (2.1)-
(2.2). By annulling the derivative terms, next diprgs are defined

0=E-R¢l -V (2.3)

p
O=|—||_=|—v (2.4)

whereas following formula is determined after assiilstion

V=E-R;| :E—Rf\—F/> 2.5)

The second degree equation is found multiplying phevious one by the CPL
voltageV,
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VZ-EV+RP=0 (2.6)

thus the equilibrium points are finally defir

(2.8)

Equilibrium points[28] could be graphically deduced (Figu2é) intersecting the
source equation (2) and the load equation (2.4). By observing¥22.8), R: P results
critical in the complex solution: if this teris small, the equilibrium points are real ¢
positive, dherwise the equilibrium points become compleR; P becomes larger the
half the source voltagE squared. Obviously equilibrium pomwalues cannot be
complex, beingepresentative (physical current and voltage.

The points of intersection on t(V,l,) plane maybe either two, one, or noi the two
intersections merge into one poas the slope-UR) of the soure line is decreased.
The equilibrium points (intersections) disappef the slope is decreased furt: the

intersection point absenbetween source and load lireates a no physically realizal
operating point.

E vy E
2

Figure 2.5 Equilibrium points graphical determipati
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To avoid unfeasible equilibrium points, resisRshould satisfy

2 2

This condition orR is the first stability criterion: a voltage institly is certainly shown
up in case of condition violation.

The general considerations given are now appliedgdarticular case, where a proper
choice of the source voltads is capable in forcing the desired steady state iiond
(CPL voltageVv, and relative curren) :

P
E=Ey=Rilp+Vp =R¢ V+V0 (2.10)
0

Thus previous equation (2.7) for equilibrium poidetermination can be used to verify
the chosen steady state equilibrium poi,lf) and to determine the second one, as
shown in Figure 2.6.

2
R¢P R¢P
v, S, (BT M) _gpe
12 2/0 2 2/0 2
R¢P RP? 2 R(P
N
0 0 (2.11)
2
RiP g _RfP Vo
Ay 2 Ay 2
RP Vo[ RiP. V%
Ny 2 2 2

The first equilibrium point oy,l01) IS the desired steady state point calculated by
imposing the plus, whereas the second &f3gl§,) corresponds to an instable operating
point, as explained in Subsection 2.3.3.

= (2.12)
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VO2 =—
vV,
0 (2.13)
1o, = Yo
02 _ﬁf

The equilibriumpoints 1 and 2nay be moved by varying the source vol E,,
tending to merge into one singular pct ask, is reduced. Whethe left term in(2.11)
is null,

- +7:O = V: RP 214
N 2 0=y R (2.14)

the source characteristic is tangent to the hyperaodthe two intersections coincit
into one point twhose voltagand current are defined lsybstitutingequation (2.14) in
(2.12) orin (2.13):

VO[ =, /R¢P
- P (2.15)
O R

Vo, Vo

t V01 V

Figure 2.6 Equilibrium points.

27



Figure 2.6 clearly shows the behavior of equilibripoints: as voltages, is
dropping, point 2 tends to move to the right whengaint 1 is shifting to the left. These
movements are bound by point t, whose related geltapresents the upper value for
Vo2 and the lower one fory;.

2.3 Small-signal stability

It is possible to obtain a small-signal model [BY]linearizing the system (2.1)-(2.2)
in the equilibrium point 1, characterized by volag,=V, and currently=lo. The
stability of this point is now hypothesized a pijovhereas a complete analysis of
equilibrium points stability will be provided in Bsection 2.3.3.

2.3.1 Linearization method

The linearization procedure is utilized to defitne tequivalent circuit reported in
Figure 2.7, useful in small-signal stability studyhe well-known method of
linearization [37,38] proposes to develop the rinadr function in an equilibrium point
0 by means of the Taylor series: the final linesrction is obtained by cutting the series
at the first term.

Ly %=AE—RfAI -AV (2.16)
d@V) _p () —p (- P ) av=p - BV
Ci—gq A (0\;)0 Al (szoAv " (2.17)
Al Rf Lf
— ANANNAL—YN
A
+
AE () C; = |Av SR

Figure 2.7 DC-link small-signal equivalent circuit.

In the scheme of Figure 2.7, a negative resistaR&«-V?/P), appears, capable for
modeling the CPL behavior in the neighborhood @& #guilibrium point [35]. The
linearization method is explained by Figure 2.8,ewhthe non-linear behavior of
hyperbole is conveniently approximated by its tamiggreen line) in the equilibrium
point 0: the slope of the green line is given 4yR°).
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1%

Figure 2.8 Small-signal equivalent circuit explaoat

2.3.2 Stability analysis

The characteristic equaticrelated to the linearized system (2-1B.17) is needed to

evaluate the smafligha stability [27]. Therefore, aecond order differentiaquation is
deduced p deriving(2.17) and substituting in it theurrent derivativ:

dav) _ 1dany, 1 dav)_
a2 C d Rc, o

1 1 d@v)
= AE-R;Al —AV|+ ==
=1 [AE—Cf R, d(AV)+RfAV—Av}+ 1 dav)
L¢Cq ot RO Roc,
Annulling the voltage inpu
d’av) 1 Ls Ydav) 1 Ry
+ CiRf —— |2 +——|1-— =0
dt2 Lfcf( TR o LU R (2.19)

the characteristic equation is clearly identi (2.20),
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1 L¢ 1 Rs
2+ C:R —~ |s+ 1-—|=0 2.20
LS U RS LG R° (2.20)

as well as the stability conditions

1—2) >0 RO > R; (2.21)
= Lf
L¢ RO >
CiRf ——>0 R¢C¢ (2.22)

RO

In presence of a perturbation, the validity of the conditions assures a stable
damped voltage behavior, oscillatory (complex polelsie line in Figure 2.9) or
aperiodic (real poles, green line) depending oarmpaters values [27].

— aperiodic instability 4
— oscillatory instability
— aperiodic stability
— oscillatory stability

CPL voltage

1 1

time

Figure 2.9 Stability conditions analysis by impulesponse.

If (2.21) is the only verified condition, the cogsent instability can be oscillatory
(red line) or even aperiodic (black line) due t@tpoles with positive real part. Instead,
if condition (2.21) does not hold, an aperiodic tafdity arises (black line),
independently from the (2.22) validity, being oealrpole positive.

In conditions (2.21)-(2.22), the three paramefrs, C; are related to the filtering
stage whereas onRf is function of the CPL power. It is evident théerof the filtering
stage in the stability issue: only a dedicatedgtesi.e. a high current ripple and a low
voltage ripple, that is a small and a largeCy) is capable for assuring the voltage
stability in presence of a small negative resigtddi.e. a large non-linear pow®).
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2.3.3 Equilibrium points stability

The stability of an equilibrium point may be evaka thanks to the previous
linearization method, thus linerizing the non-linegistem in that point and determining
the eigenvalues [37,38]: an equilibrium point bedgaas an asymptotically stable point
if the eigenvalues have negative real part, whetleasequilibrium point is instable if
there is at least one eigenvalue characterizeabiiye real part.

As specified in [37], an alternative procedure &allow the theory stated avoiding
the eigenvalues determination: the equilibrium fmistability may be evaluated by
using the characteristic equation obtained in (2.20

(cf R - i Js+ ! (1— Re J=o (2.23)

Lf f RO Lfo ROX

imposing the stability conditions derived from (2)42.22),

R
1- ; >0 ROX>Rf (2.24)
RYx
= o L
CR - >0 R >
f I ROx R¢Cs (2.25)

and considering a generic negative resistd®¢¢o model a generic equilibrium point.
Defining R as follows,

2
Rx = V7| _Tox (2.26)
P Jo,

conditions (2.27)-(2.28) can be rewritten in tewwhgquilibrium point voltage:

v, >JReP (2.27)
vV > L¢P
Ox Cf Rf (228)

Voltage limits of equations (2.27)-(2.28) expretabdity conditions for every generic
equilibrium point x.

As observed in 2.2.5, the voltage of equilibriuninb@ has a maximum defined by
the point t voltage (Figure 2.6), which results &qo the limit (2.27): it is therefore
clear that voltage/y, can never respect the first stability conditionug point 2 is
definitely always instable.
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On the other hand, being the limit (2.27) a minimfon voltage Vy;, previous
conditions may be utilized to study the stability equilibrium point 1, which
corresponds (2.12) to the desired steady state. @dierefore the operating point(ly)
imposed by a proper source voltdgds asymptotically stable if and only if

V> [RP (2.29)
> [P
0"\ CR (2.30)

2.4 Large-signal stability

Analysis on linearized system considers a so calledll range of perturbations,
therefore it may only ensure the small-signal $itgbSuch an analysis is very useful in
AC land system (perturbations are usually limitddt, it can appear insufficient in case
of islanded MVDC shipboard power systems, whergdatisturbances are expected to
arise being the loads power comparable to the gearsrone. This is the reason why
both small and large-signals stability investigasiare considered necessary in MVDC
voltage control design.

2.4.1 Lyapunov method

The large-signal stability can be studied by thapwynov theory [38,39], proving the
asymptotic stability of the equilibrium point preusly established by (2.29)-(2.30) and
then estimating the attraction region for the niopdr system. This corresponds to
determine how far the state can be perturbed ahdagymptotically) return to the
equilibrium point. The main difficulty in applyinghis non-linear method is the
analytical definition of a valid Lyapunov functiamandidate [32,40], making numerical
approach the prevalent resolution. Anyway, in tifsection a Lyapunov method will
be utilized to define the region of attraction arduhe equilibrium point O.

For the single converter case presented in thispt€hathe Lyapunov condition
(2.31) may be found in [27]. This paper has offemadethodology to study the stability
of a controlled non-linear system, but its equatiomy be also used to study the no-
controlled case by annulling control gains:

V> LiP =V 2.31
= Rfo ~ Vlim ( 3 )

This simple condition is useful to confirm the didmium point stability and to
define a region of attraction around a stable dmuilm point, which acts as an
attracting point. It means that the free evolutminthe system having initial states
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(characterized by(t,) initial capacitor voltage and(to) initial inductor current)
belonging to this region do have trajectories #wad into the equilibrium point. Any
perturbation (small or large) that moves the staikeghe system from the initial
equilibrium point ¥o,lg) to another point which belongs to the region tbfaation will
provoke a stable system response, that will evéintbeng the states back to the initial
equilibrium point. For larger perturbations, for iafn voltageV drops below the
previous limit, instability is not guaranteed, ciglesing that Lyapunov theory provides
only a sufficient condition (2.31): initial statéw which conditions are not verified may
be in any case stable.

Last general voltage equation may be particularizedwo different ways. By
substitutingVy to V, equation (2.31) may ensure equilibrium point iitstb providing
the same condition discussed in (2.30). Insteadstdaility of the initial stat&/(t;) can
be studied by rewriting (2.31) as follows:

L¢P
c, =Viim (2.32)

V() 2
f

As said in the small-signal stability study (Sultset 2.3.2), it is possible to
conclude about the influence of system parametgrsoliserving the large-signal
inequality (2.32): the region of attraction tendsdecline (thus/;, grows) ask andC;
decrease dt; andP increase. This matter suggests the particular itapoe of the filter
design in guaranteeing the large-signal DC stghititase of a given poweéx.

2.5 Conclusions

The Chapter 2 has treated the stability relatedRas, a key issue in MVDC power
systems. Starting from some considerations aboet dhuses of such non-linear
behavior, a case of study has been proposed im tirdeet up proper methods to study
stability.

Firstly, the linearization method has demonstraiede a valuable approach to
ensure equilibrium point stability. Secondly, thethod is useful to evaluate the small-
signal stability, therefore to study the system dwabr in presence of small
perturbations, by observing the eigenvalues ofliized system.

Being islanded shipboard power systems charactebydoads power comparable to
the generators one, the small-signal analysis baslted insufficient in the MVDC
system design: indeed, it is important to guarardebility in presence of large
perturbations, as those caused by the connectisosfahections of high power loads.
To this aim, a Lypaunov method has been taken fitarature in order to provide a
sufficient stability condition.
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3. Voltage control solutions to face
the CPL instability

3.1 Introduction

In the last Chapter, the stability issue relatedCRLs has been studied and some
methods have been proposed to verify the systemvimhin presence of small or large
perturbations. The destabilizing effect of a CPLyrba solved by different approaches,
introduced in the present Chapter. After a brighsuary about voltage control system
requirements, the voltage actuators approach \ilutilized to solve instability in a
single converter case by exploiting different tagbes (i.e State Feedback, Active
Damping and Linearization via State Feedback). Nigak simulations will be
performed to analyze techniques operation, higtilighrelated pros and cons. Best
solutions will be applied in the multi-converteiseaof Chapters 5 and 6.

3.2 Approaches to achieve voltage stability

Many contributions can be found in literature condggg the CPL instability and
several approaches [36] have been proposed foingothis problem. They can be
summarized in plant solutions (addition of dediddfiéers, addition of energy storage
devices) and control solutions. Being system fél#tgikand reliability key issues in
MVDC power system design, plant solutions are raistered in this thesis, which
prefers to develop control solutions. By referetwéne latter, two different approaches
may be employed: the load approach and the voletyator approach.

The former focuses on destabilizing loads by prompsconverter's design
procedures [29,30,31,32] to avoid the MVDC powestasn instability: load converters
themselves can be designed to prevent the voltegehility, either by the operation of
proper control algorithms or by the applicationaatomatic shut-down procedures, if
the voltage tends to exit from stable operativegean[41,42]. However, the load
approach makes it necessary to specify dedicatpdreenents for load converters [27],
thus preventing the employment of Commercial-Ofe3helf (COTS) equipment.

The voltage actuator approach [27] may be an atemnto stabilize the MVDC bus,
by utilizing the generating systems as sourcedsaifilizing power, thus avoiding the
addition of dedicated devices to solve the CPLalnitity problem. Such an approach
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foresees to employ fast controlled converters terface generators to the MVDC bus,
in order to control it in a stable way. Stabilizipgwer is provided by interface
converters, which are properly controlled by addiil stabilizing functions. This

approach appears very interesting for MVDC powesteays, being suitable to affect
system parameters in order to satisfy stabilityditions. Therefore stability may be
achieved without imposing a dedicated control t® @PL and without manipulating

filter stages. Finally, the stabilizing power saduat allows a free utilization of COTS

components on the load side, which can be develogtdn the Power Electronic

Building Blocks (PEBBs) concept, as recommendeSubsection 1.5.6.

For the important reasons specified, the voltagesdar approach will be followed in
the thesis: particular attention will be spenttie tlevelopment of stabilizing functions,
which will be able to realize the voltage controidathe stabilization, obeying the
requirements exposed in the next Section.

3.3 Control system requirements

The design of any feedback control system haski® it&to0 account some important
aspects. Therefore, also voltage control systerasepted in this Chapter are to be
designed in order to meet as much as possible peeifie requirements [37]
summarized in the following.

3.3.1 Stability

As discussed in Subsection 1.5.7, the stability fandamental requirement of each
feedback controlled system [37] and it depends flmth system and regulator. The
controller has to be properly design in order toargntee a stable behavior.
Nevertheless, the stability requirement is not abfiachievable in case of very critical
system.

For the case analyzed, voltage stability may bénddfi24] as the power system
ability in re-establishing the rated voltage, atiesmall or large perturbation. In case of
asymptotical stability, voltage returns to the d&irium point V,, whereas a simple
stability requirement only ensures voltage’s bouheleolution.

As it known, control system design and simulatians based on models, which are
generally different from real systems: several waitons (e.g. parameters uncertainty,
poles neglecting, operation outside the lineaidratipoint, modeling errors) are
responsible of this behavior dissimilarity. It important to guarantee the stability
requirement (i.e. the robust stability) also instag@erturbed conditions.

3.3.2 Steady state performance

Once assured the stability requirement, the voltamerol system has to be capable
in provide given performance [37]. In this way, #ieady state performance is related to
the system behavior for— o, when the initial transient is finished. It is reqted a null
error e in presence of specified (limited) signals d and n (respectively voltage
reference, disturbance on the regulator and disturd on the system).
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3.3.3 Dynamic performance

Ideally, the voltage control system should be dblensure a perfect coincidence
between signal y (system output, controlled volyaayed signal w (voltage reference) in
each time instant. In reality this is an unfeasildguirement being impossible to
completely compensate the system dynamics by théatr: the dynamic performance
requirement [37] is therefore aimed to limit theptesponse into a specified region,
defined by some parameters. For instance the stetadg valuey., the maximum
overshoot percentads,, the rise timerl,, the settling timels are some values usually
utilized to characterize the desired output respons

Talking about disturbanced @ndn) consequence, it would be desirable a null effect
on y output: again, the voltage control requirementitinthis ideal circumstance,
requesting limited (in magnitude and tinyeyariations.

Finally, another dynamic requirement regards tmaitdition of control variable
(regulator output), which acts on the controlledstegn. This requisite is usually
demanded to avoid actuator saturation (i.e. lossootrol capability) and to limit the
actuator stress.

3.3.4 Robustness

The stated performance is to be assured also seipce of critical perturbation, such
as model errors or system parameters uncertairityioOsly, the desired performance
cannot be guaranteed for each possible perturbaiomost it is possible to conclude
about the robust performance of the voltage corglystem [37], if the performance is
respected even in presence of a limited perturbatinge.

3.4 Single converter system modeling

Voltage control techniques developed in this Chapéee the fundamental target to
prevent CPL instability. In order to make easier tomprehension of these techniques,
a single converter case is chosen, whereas thgratiten of several generating systems
and related multi-converter control will be diseegsn Chapters 4, 5 and 6.

The single converter system [27] of Figure 3.1 asmposed by an AC generating
system (prime mover + alternator) and a DC conwarstage (AC/DC converter +
DC/DC interface converter) in order to supply tHelLC

Lo

4
|

CPL

Or A

Figure 3.1 Single converter case.

37



3.4.1 Per unit notation

In order to facilitate the study of the interfaangerter, a common notation is used
expressing system parameters and variables aquantities. To realize this procedure,
a basis set (subscrip} is chosenR,=P, V=V, =19, R=Vy/I,), assuming the desired
equilibrium point ¥,lo) and the given CPL powdP=Vgl,. Therefore the new p.u.
notation defines system variables and parametddlas's

Absolute .
Per unit
values
CPL power P p=P/P,
CPL voltage V v=V/V,
CPL current I =/,

Equilibrium point voltage Vo Vo=Vo/V,

Equilibrium point current lo i0=lo/l,
Converter voltage E e=E/N,
Inductance current | =/,
Filter resistance R ri=R:/R,
Filter inductance L; li=L{/R,
Filter capacitance C c=C:R,

Table 3.1 Per unit notation.

Thanks to the above definitions, previous equatiexgressed in absolute values
(2.1)-(2.2) could be taken back to p.u. notatiorl)83.2) by maintaining the same
mathematical structure and utilizing minuscule sgtab

I a=e—rfi -V (3.1)
av _.
co= —‘;’ (3.2)

Regarding p.u. quantities, a simplification will iméroduced: numbers are not followed
by p.u.symbol in order to unburden the discussion.

3.4.2 Averaged model

Last equations describe the physical behavior ofiltared DC/DC interface
converter. Starting from (3.1)-(3.2) and neglectihg interface converter switching, (
i,Vv,i_ are therefore mean values), it is possible tock@figure 3.2) an averaged model
circuit (formerly known as AVM, Subsection 1.6.Bpable in approximating the actual
dynamics of the single converter case [27].
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Figure 3.2 Averaged model (p.u. notation).

, _ i »i ic—ic]|
Saturation »ly
- il P
equation 3.1 il @
equation 3.2

v

—Fc iC|

Y

control

Figure 3.3 Simulink scheme of the averaged model.

The Simulink implementationFigure 3.3 based on equatior(3.1)-(3.2) offers a
very simple system to represent the averaged mdgehmics.Besides differentic
equations blockstiis possible to notice generic interface converter control (orai
block deeply treated in Sectic3.6), whichprovides the control functicF. to contribute
in CPL instability solvin. In this schemdhe interface converter voltage outge is
thereforegiven by the subtraction betweconstant voltage, andF., where a saturation
block takesinto account real converter saturat The CPL behaves as an infir-
bandwidth component, therefore the -linear curreni, is given by the ratip/v. This
represents a worstase scenari[27] considering that constant power behavior will b
any case banlimited.

By observingFigure 3.3, it is possible to notice the limof this representatiorthe
averaged model studies only the interactions betDC/DC interface converter outp
and filtering stageln fact, the dynamics imposed logpnverter duty cyclkD and also
linked to converter supplvy time-evolution(synchronous generator + diode convet
is not considered in such an anal. This is the reason whgystem inpuivoltage is
assumed as eonstar e, capable in forcinghe desired equilibrium poi (vo,ig). Such a
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value is supposedly given by steady state veayeendvy,, being subjected to long time
constants compared to quick dynamics of interdatisTthe constant voltaggis clearly
identified:

& = Vo (Do (3.3

Although the effectiveness of this basic circuitiodeling the negative incremental
resistance instability has been proven by a latgeature [26,27,41,42], a time-domain
comparison between the averaged model resultshendetailed ones will be provided
in Subsection 3.4.4 in order to demonstrate thepldied model potentiality and to
confirm previous assumptions.

3.4.3 Detailed model

The complete single converter case (Figure 3.1)daaktional elements respect to
the averaged model (Figure 3.3), i.e. the interfam®serter supply. Clearly the detailed
model has to represent these elements in a propgriw order to ensure an effective
reference model exploitable in results comparison.

A Simulink detailed simulator (Figure 3.4) of thingle converter case has been
developed at the Electric Power Generation & ConfEPGC) Laboratory of the
University of Trieste. With reference to Figure ,3this detailed model [27] has to be
composed by four functional blocks, briefly desedtin the following:

1. Diesel-Alternator (green box)

This block experimentally verified by some reswitdidations [5] is constituted
by the prime mover (proportional torque actuatdrstforder model for

equivalent fuel delay), the Speed Governor (PIDejyphe Alternator (eighth-
order model, three-phase stator, one field, on&isl-additional, two g-axis

additional circuits, magnetic saturation [43]) ahé excitation control system
(IEEE type ACB8B rotating rectifier model, PID Autatic Voltage Regulator,

first-order model representing rotating exciter ]J44n particular the eight

Alternator state variables result two from d-axe@tor functions, two from g-
axis operator functions, two from d and q fluxescalations and two from

mechanical equations. Talking about control tunihg, SG is set considering
the equivalent time constant of about 10 s, whete@sAVR is tuned with an

equivalent time constant of the voltage controkebbloop (at no-load) of about
1s.

2. AC/DC diode converter (magenta box)
The diode rectifier is based on Matlab code seaigcthe maximum phase-to-
phase AC voltage (as a time varying value) betwenthree input voltages
(Vam Vbe @ndvgy) in order to reproduce the rectified time varywvagtage [45].
The first RLC filter stage of Figure 3.1 is embedda the diode converter
Simulink block.
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3. DC/DC interface converter (cyano box)
The buck converter has been chosen for the volagmtor functionality, thus a
switching Simulink block implements the well-knowbuck converter
partialization [45] operated at the frequency of0Q5Hz. The Interface
Converter Regulator (Pl type) establishes the regiatue of DC voltage source
forcing a proper duty cycle. The ICR is tuned adsgnthe no-load condition
and an equivalent closed loop time constant of a@dus.

4. DC-link (red box)
The interactions between RLC filtering stage anchsfant Power Load are
modeled by the DC-link. This model is developedha same way as in Figure
3.2, except for thee source voltage obtained as the output of the fanter
converter. As the averaged model, the sidghails given by the orange block,
designed by choosing a time constart Adding this control function to the
ICR output (which fixed the interface converteraslg state), a signal is
determined to properly command the voltage actudibe latter is therefore
capable in imposing a suitable DC-link voltage inpuo compensate for the
voltage instability.

To complete the scheme it is necessary to list Rhek transform blocks [46]
(algebraic blocks performing the transformationyd ahe filtering block to smooth
alternator's current during diodes switching, thwsmulating the inductance
commutation effect [45].

Regarding control bandwidths, a one decade separatargin is advisable in order
to avoid possible coupling among different contamps: this is the reason why time
constants are set in such a separated wayX0 s,tavr=1 S,1cr=0.1 S).

In particular the latter poses an upper limit fond constantrc which has to be
lower than (0.01 s), in order to guarantee fairdvadth separation. In presence of this
separationtcr >> 1), the validity of averaged model in approximatdwejailed results
is confirmed being effective the ICR output quasistancy hypothesis.

3.4.4 Model cross-validation

A simulation test has been performed to verify dlveraged model reliability [27],
comparing the voltage and current averaged trarssieith those obtainable by detailed
model. The design example explained in SectioraBcba well-performing LSF control
technique (Section 3.8) are chosen in order tagetproper simulating test.

The main target of this Subsection is to validateraged model in transient
behavior, therefore an hypothetic disturbance ddetdefined. In particular, interesting
state variableWi) transients may be forced by a voltage impulseidignce, such as the
one applied at the instaigt30 s to move instantly the voltage to the desinéél state
V(t5)=0.75 per unit. Therefore following figures woulbpose a visual test to determine
how the interface converter supply actually weiighsimulating transients.
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Figure 3.5 Results comparison: voltage transient.
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Figure 3.6 Results comparison: current transient.

Excluding stabilityconsiderations widely discussedtire following Subsectiol, the
most importantspec to notice is theerfect correspondence in time dom In effect
the voltage (blackand curren(red)transients provided by the averaged m are very
close to detailed transients ano and orange) mean valu@sis aspect confirs the
potentiality of simplified mode[27] in studying the system dynamicverifying its

hypothesis:

« Power conveer ripples highlighted in voltage and current trantedoes not
influence the D+link dynamicsbeing the switching frequencuite high (1500

Hz): thusripples can be neglect from a control point of vie.
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» Considering the given perturbation, the ICR inattiis demonstrated by results
equivalence. In particular ICR does not contribtdereestablish the voltage
equilibrium point, being its equivalent time comdt#0.1 s) very much greater
than thetgc (about 0.003 s): approximating ICR action by astant voltages,
does not degrade averaged model results.

By observing previous points, it is possible to dode about averaged model
reliability. This model may be considered enougbuaate to develop different control
techniques, studied in single converter case Ghipter) and applied in complex multi-
converter power systems (Chapter 5 and 6).

3.5 Case of study

In this Section a DC-link example is proposed alawith considerations about
stability. These analysis are very important to destrate the actual criticality of this
case of study. To study stability in p.u. notatiois possible to simply use the equations
reported in Chapter 2, as seen in Subsection 3.4.1.

Theoretical concepts related to stability and wgdtacontrol are applied on a
simulating test, whose averaged equivalent citisuieported in Figure 3.2. As known
the CPL stability strictly depends on filtering g#a therefore the importance of this
element is noticed: for the case studied, therfp@rametersR; =4.58Q, L =13.9 mH
andC; =51.4 pF) are derived from an experimental arravege discussed in [41,42].

Choosing the basis quantities in accordance toedperimental test\{;=400 V,
P.=3.7 kW, 1,=9.25 A,R=43.2Q), 2" order filter parameters can be expressed in p.u.
notation as specified in Table 31140.106,l,=3.2210 * andc, =2.22110 %), while the
CPL is supposed at rated conditigex{). In a no-controlled DC-link characterized by
these parameters, the first evaluation regardedbéibrium points stability.

As explained in Subsections 2.2.5, equilibrium poiare given by the intersections
between CPL equation and source equation. In tngegt, equation (2.10) may be used
to calculate the voltage soureg able to impose the desired steady state condition
(Vo,i()):(l,l):

€ =r{,+Vv, = 1106 (3.4)

By applying this voltage expressed in absolute evalotation (Subsection 3.4.1), two
equilibrium pointsVy; and Vy, can be determined by means of equations (2.12) and
(2.13). However the proposed model is based on vatiables: therefore previous
equilibrium points are to be rewritten in p.u. rimA, obtaining equations (3.5)-(3.6).

The first equilibrium point \py,ip1) corresponds to the desired steady state point
(Voig), Whereas the second ongyfip2) is an instable point as previously discussed in
Subsection 2.3.3.
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i, =0 []9434
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So only the stability of the point/io) is studied thanks to small-signal stability
approach: as seen before, an equilibrium pointaible if the initial non-linear system
linearized in that equilibrium point respects digbiconditions. By calculating the
negative resistance in the desired steady statet p&i(v¥/p),=1, conditions (2.21)-
(2.22) may be used to verify stability:

ro>r,

{1> 0106 (3.7)

32919<45045 (3.8)

Stability condition (3.8) is not verified, so theuwdibrium point (o,io) is clearly
instable. The no-controlled system (subscmiptlinearized in this operating point
(Section 2.3) is characterized by the followingunak frequency and damping factor,
obtained by comparing (2.20) and the common natdtio 2™ order systems (3.9)

§? +2&ays+af =0 (3.9)
_ |1 It
@y, = —(1——0J (1118rad/s (3.10)
l;c; r
g -t C,r e [0-005 (3.11)
") |

As foreseen by condition (3.8), the damping faealightly negative, therefore the no-
controlled system presents an oscillatory instigbili

By observing (3.11), it is noteworthy the positd@mping effect introduced by filter

resistance. To evaluate this damping contributfolipwing approximated values are
calculated by annulling [27]:
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E_— 1 \/TD—OIQ (3.13)
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Comparing (3.11) and (3.13), the filter resistadamping effect is quantified in +0.136,
conforming the remarkable importance of this distye element. Theoretically this
element [36] may be capable in solving instabilitissipating the energy which
resonates among energy storage eleménendcy). Actually, the filter resistance is
usually not enough to dissipate sufficient enemgydamping the oscillations.

From (3.11), a power index can be defined (3.14xtuyulling the subtraction in the
brackets. This value is a CPL power limit for whitle no-controlled system presents a
null damping factor.

(01183 rad/s (3.12)

I Cily
—-=0 = p, =
r l

Cily — =073 (3.14)

Thus if p>pim the instability is exhibited, being positive theal part of the poles as
explained in Section 2.3. For lower loags<f), equation shows that the damping
factor could become positive, therefore stabiligingd. Thus, the full load condition
(p=1>pim) is certainly the worst case, being over-loade@n&yality ©>1) not
considered in this thesis.

The importance of filter parameters in determinaguilibrium point stability has
been demonstrated in previous analysis, by obsgmamditions (3.7) and (3.8). The
latter is normally not verified in real no-contiel systems, where induction reduction
and capacitance increase could be hypotheticatisofufor CPL instability. Actually,
the first measure is not feasible due to currguile target, whereas the second one is
considered expensive in terms of cost, weight, spaad reliability [42]. Therefore
given example represents an interesting case fdr iSBue, making essential the
exploitation of proper voltage control techniquesoslve the voltage instability.

3.6 Control techniques

Being the no-controlled system characterized byaga instability, it is necessary to
design proper techniques in order to guaranteeahlestoperation in the chosen
equilibrium point. To this aim, three control tedues are presented along with a
description of pros and cons.
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3.6.1 State Feedback

The State Feedback (SF) control technique [27injglemented to solve the above-
mentioned CPL issue and to control the load voltageegulating the output converter
voltage: thus the technique is exploited in thealed voltage actuators approach.

To realize this function, the interface converteféedback governed by a suitable
control signal proportional to the state variablesnd v. The control functionF, is
therefore easily defined, namédandk, the proportional gains of the two feedback
signals:

Fe =kii +Kkv (3.15)

By applying the control functiof., the SF controlled system may be described by
the differential equations (3.16)-(3.17). These @eaved from (3.1)-(3.2), considering
the presence of the control signal as seen in EigLa:

|f&=(q)—kii—kvv)—rfi—v (3.16)
dv_. p
g =iy (3.17)

In the averaged model adoption (Subsection 3.4,2% assumed as a constant voltage,
able to impose the expected equilibrium poigfid)=(1,1) and to cancel the steady state
droop effect, related to control signals action:

& =g + Vo +Kiig + K Vg (3.18)

The method introduced in Subsection 2.3.1 is nowfulsto determine the
differential equations (3.19)-(3.20), which deseritbhe system linearized in the
equilibrium point {o,ig):

’ dﬁi) = (de—k A — k,Av) -1, A = Av (3.19)
. d(dAtv) e _A:/0 (3.20)

Following the line of reasoning specified in Suliget 2.3.2, the ? order system
characteristic equation (3.21) can be determined:
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2, 1 I 1 r +k
s“+—|c (r, +k)—— [s+—|1+k,—— |=0 3.21
c ( f(re +k) S VT (3.21)

ff

as well as the stability conditions (3.22)-(3.28gvaluate the small-signal stability

ro(L+k,)>r, +k (3.22)
re +Kki J 1
I, cr° (3.23)

Only a suitable choice of gairs and k, may comply with stability conditions,
guaranteeing stability in a neighborhood of theildarium point. Otherwise equilibrium
point instability appears, as discussed in Sec8dn for the no-controlled system.
Although control gaing andk, are designed on the averaged model by linearitiag t
non-linear system invg,ip) and considering small disturbances, the effegroportional
gains will be examined by hypothesizing large disances in the following Section 3.7.

Comparing equation (3.21) with the common notaf@am2™ order systems (3.9), it
is possible to study the gains impact on filter @yics (3.24)-(3.25), wherey is the
natural angular frequency agdhe damping factor of the SF controlled system.

_ L _ntk
%'\/lfcf(l 5 +ka (3.24)

1 i
f—Zth%(cf(rf +6) roj (3.:25)

Besides ensuring small-signal stability (3.22)-83,&tate feedback gailksandk, can
be calculated by imposing a proper dynamics, reptesl by the desired values faoy
andé.

ki =—— 1, +2&a, (3.26)
r’c,
ki +r
ky = apl ¢ ~1+ = (3.27)

Assuming the worst case scenari=() and the design target of well-damped
transients £§=0.3), a series of gain valuksandk, can be obtained (Table II), from the
application of equations (3.26)-(3.27) and consigerdifferent values of the ratio
awy an, Where the last natural angular frequency regimelsio-controlled system (3.10).
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al @ ki Ky V(k*+k.2)
0.2 0.0823 -0.7760 0.7803
0.4 0.1255 -0.6255 0.6380
0.6 0.1687 -0.4035 0.4373
0.8 0.2119 -0.1099 0.2387
1.0 0.2551 0.2551 0.3608
1.2 0.2983 0.6917 0.7533
1.4 0.3415 1.1998 1.2474
1.6 0.3847 1.7794 1.8205

Table 3.2 Gain values and energy index for differertural frequency.

It is expedient to complete the table with an addal column, which provides an
energetic index of the control action [27] in orderchoose a suitabley. In Table I,
this energy index shows its minimum (0.2387) aroaptw,=0.8, correspondent to a
pair of optimal control gaing(=0.2119,k,=-0.1099). Thus the averaged model input
voltagee, may be determined

€, =TI, +V, +kji, + K,v, = 1208 (3.28)

Talking about stability, the choice of optimal gakyandk, complies with stability
conditions (3.29)-(3.30), therefore the small-sigtability is guaranteed:

0 .
r (1;kV)> itk {089> 032 (3.29)
I’f +K; 1

However in a shipboard power system the small-$igtability is insufficient, being
loads characterized by a power level similar to posver level of generators, thus
plausible the presence of large disturbances ableonsiderably move the state
variables. Therefore the small-signal analysiszatil in control design is not enough to
assure the voltage stability: instead it is fundataeto check the large-signal stability,
estimating the region of attraction around a stalgl@librium point [47].

Starting from the considerations of Section 2.4 applying the control functiof,
it is possible to rewrite the Lyapunov theory fbe tSF controlled system, obtaining the
following sufficient condition for large-signal $fidity [27]:
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Iy
V() > /Wfp)@f =V, = 0675¢ (3.31)

As discussed in Subsection 2.4.1, condition (3d&fines a region of attraction, that is a
half plane where the Lyapunov first derivative bees negative: assuming a large
disturbance, the stability is ensured if the syssgtants to evolve from a voltage value
equal or upper than the limit. While the voltage instability is not guaranteédhie
inequality (3.31) does not hold, considering thgafhunov theory provides a sufficient
but not necessary stability condition.

3.6.2 Active Damping

As explained before (Section 3.5), the potentiaditghe resistive element in solving
the CPL instability problem is well-known: in eftet possible way of compensating the
negative incremental resistance is increasing fher fresistancer;, damping the
oscillations, but causing high dissipation anddfane lower system efficiency.

In order to overcome this problem, a simple feelldaop control technique [48,49]
may be utilized in shipboard power system: the Vi&ctDamping (AD). The AD is a
non-dissipative method to transiently increase filter resistance, by measuring the
inductor current and subtracting the relative voltage droop fromdbetrol voltageln
this case, the control sigrial is represented by the following equation:

Fe=r(t)d (3.32)

In the last formula, the virtual resistang® is a function of time, obtained by & 1
order high-pass filter as explained hereinafteiis Tasistance is variable frorny, at the
very first instant after a voltage perturbationOtat the steady state. This is the reason
why the constant voltage has only to compensate for the voltage droop erfitter
resistance at the steady state, #yed.106 as the no-controlled case (3.4).

Comparing equations (3.15) and (3.32), it is pdedit notice the similarity between
the function offered by the control gdinand that related to virtual resistam®: in the
instant of perturbation (when(t)=r.q), a proper equation (3.33) may express the
damping factor of the AD controlled system, sintjfaio (3.25). Assuming the same
targets of the SF techniqué= 0.3 anday=0.8-a»,=895 rad/s), the maximum value of
r(t) should be therefore equal to the optimal SF ctuigam, thus ,—k;=0.2119.

1 e
f—ZITCf%(Cf(rf * o) . J (3.33)
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Actually, in order to guarantee similperformance among Skhd ADtechniques, it is
advisableto oversize ther,q value of a 20% in ordeio partially compensate trr(t)
decreasing in thearlies instants after the perturbation:

r, =120k = 02543 (3.34)

The resistance given I(3.34) represents the highest valuer{oy, which varies
during the transient uto zero at the steady state condition. This tramigéect is
guaranteed by abrder higl-pass filterwhose pole is placed betweelw,, and
0.2w0n: beingwon the natural angularequency for the noentrolled syster(3.10), the
AD designed has a pole about 110 rad/sThe Bode diagram of the virtual resistanc
shown in Figure 3.

0.3

0.25 = Fad

0.2 /

£ 015

0.05

10" 10° 10" 10° 10° 10"

o [rad/s]

Figure 3.7 Active Damping virtual resistance.

Regarding the smi-signal stabilityin the instant of perturbation (wher(t)=rq),
considerations may be similar of those expresse8Faechniqu,

0> +14

le +lag > 1

{1> 036 (3.35)
li cr®

11184>45045 (3.36)

as well aghe sufficient conditiolv,q for large-signal stability [27]

/ I p
vt,)=2 |—— =v_,=06345 .
( O) (rad + rf ) Ef ad (3 37)
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3.6.3 Linearization via State Feedback

The Linearization via State Feedback (LSF) is d-peiforming technique to solve
the CPL instability in MVDC power systems [50,51,%2,54]. Unlike the AD method
which increases the transient damping factor thimcagnductor current feedback, LSF
technique tries to do something more, solving thre-lmearity at the beginning.

The LSF method, also called loop-cancellation tephe is generally based on the
introduction of a suitable non-linear feedback, |egopby the DC/DC interface converter
as SF and AD (Subsection 3.4.3). This non-lineadliack is capable for removing the
CPL destabilizing effect, basically compensating foe non-linearity: actually the
system still behaves as non-linear, but this noedrity do not compare externally (i.e.
in voltageV transient), being canceled by the non-linear faekbThus the resulting
(external) linear system can be controlled utitiziimear control theory.

To properly control a resulting linear system, tbap-cancellation technique has to
use a suitable control signal, composed by two different terfisandfy: the first term
f, is needed to cancel the non-linearity, whereasdoend oné;, is able to impose the
desired ¥ order dynamics:

Fo=f +f, (3.38)

In order to determine the non-linear teffrand to fixfy, it is necessary to consider these
feedbacks in equations (3.1)-(3.2):

di .
Ifa:(eo_fl_fd)_rfl_v (3.39)
dv_. p
Sl y (3.40)
A first equation is obtained by deriving (3.40),
d2v d, pdv
then substituting (3.39) in (3.41), a second foamslfound
d2v . 1 1 pdv_eg
c —i+—v+—(f+f )-S5 ="
f dt2 If If If ( | c) V2 dt (342)

Finally the second order differential equation nbayobtained from (3.42), considering
the current derivable from (3.40)
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d<v

v, frdv, 1,
a2 1, o el

Lot (r’ P “’de =2 (3.43)

f
I clyv ¢ v2d) cfl

Cflf

By observing (3.43), the task of tife. terms is clear: on one harfd has to
compensate the non-linear term in the bracketherother hand, has to pose the poles
of the resulting linear system at appropriate HacEherefore these functions are
defined:

= P POV (3.44)
fi Mty vazdt
fy =k V+K, d, (3.45)

It is a matter of fact that a propke(3.44) is able to cancel the non-linearity: irstbase,
any consideration (small and large analysis) alstability is therefore useless, being
the LSF controlled system linear.

By applying F., the equation of the closed-loop system is bechnear and the
dynamics is governed bl andk,, gains of the feedback voltageand capacitive
currenti, respectively

+|1(rf S L () RV (3.46)

Thus proportional gains can be tuned (3.48) in o@énpose the same dynamics as the
SF case 0.3 andw=0.8-a»,=895 rad/s), once the characteristic equation faioéd
(3.47) and compared to the common notation fdp&ler systems (3.9),

$+ |1( +kz)E*+C1|(1+ k)=0 (3.47)

k =-1+afc,|, =-0.4278
(3.48)

K, =-r+2fal; =0.0668

Assuming the steady state condition, the averagedeminput voltagee, may be
evaluated by using (3.39), (3.44)-(3.45).
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& =iy +V, +1 P +ky, = 05722
V,

0

(3.49)

As explained in Subsection 3.4.2, the voltagas chosen to impose the desired
operating point \[,ig), compensating for the steady state droop-effett tie
implemented control.

3.6.4 Pros and cons

In previous Subsections some studies has beennpeesi order to provide a wide
overview on actual control strategies capable inisg CPL issue: starting from the
simplest SF, the evaluation has considered thesigmneffect of AD and the loop-
cancellation offered by LSF.

Although the potentialities of these three methadsquite different, their aim is the
same: to realize the voltage control in MVDC powgstems, assuring stability against
small and large perturbations. A comparison betwearirol techniques is provided in
Table Ill, where pros and cons are highlighted.a88 AD are similar from a control
point of view, thus related pros and cons can besidered in the same row. On the
other hand, LSF is discussed separately being masadotally different theory.

pros

cons

SF

AD

basic technique

feedback of standard real-time
measurements

simple implementation on digital
controllers

stability ensured in presence of
limited CPLs

non-linear damped system
stability guaranteed only for non
critical system

stability ensured in presence of
limited disturbance

system dynamics set considerin
stability issue

LSF

any CPL non-linearity cancelled
standard linear system obtained
stability guaranteed even for
critical system

stability ensured in presence of
wichever disturbance

system dynamics set
indipendently from stability issue

complex technique

derivative variable calculus
partial nonlinearity cancellation i
presence of measurements erro|
partial nonlinearity cancellation i
presence of system parameters
uncertainty

voltage actuator saturation due {
the derivative action of control

g

s

signal

Table 3.3 Control techniques: pros and cons.
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By observing the Table 3.3, it is possible to cadel about the substantial difference
between these techniques: basic techniques likerSKD may improve the system
stability by damping the oscillations, but they am@ enough in case of particularly
negative situation (i.e. very large disturbancegdaCPL, small filter capacitance or
large filter inductance). In these critical conalits, the only control possibility to
guarantee the MVDC stability requirement is givey the Linearization via State
Feedback [52].

Evidently LSF disadvantages are also to be coreitdar a fair evaluation among
techniques. In particular three aspects repredentveakest points of loop-cancellation
technique: possible partial cancellation of nordéirty, derivative variable calculusfin
and voltage actuator saturation may invalidatelithearization procedure. In order to
solve these problems, some possibilities are pteden the following and examined in
the next Subsections.

Talking about the first aspect, an over-linearmatiechnique [52] has demonstrated
to be an achievable idea to overcome measuremertss eand system parameters
uncertainty: an application of this approach iscdésd in Section 6.7. Secondly, the
hard calculation of derivative variables fn can be overtaken by using standard
measurements, as proposed in Subsection 6.5. yritladl voltage actuator saturation
can be taken into account by studying the conseéquamlinear system: this analysis
will be offered in Section 3.8.

3.7 Controlled single converter: time-domain study

In order to validate control techniques, a numérgaulation implemented in
Simulink is proposed. This time-domain analysigseful to verify:

(i)  control performance, by checking if natural frequyeay and damping factof
are in compliance with control targets (minimum rgyecase and damped
behavior);

(i)  sufficient conditions for large-signal stabilityy lmbserving if the stability of
SF and AD is preserved in case a large voltageiation movewy over the
limit values s andvag);

(i)  LSF potentiality, by showing if this method guaeey stability when SF-AD
failure occurs.

3.7.1 Numerical simulations

As explained in Subsection 3.4.4, a series of sitiaris has been carried out on the
averaged model, in which the source voltages applied as an ideal constant value
(related values are specified in Section 3.6 fahemntrol technique). Figure 3.3 shows
the blocks scheme of the averaged model, basethteqjuations previously defined:
this model considers the presence of a CPL, whestatbilizing effect is compensated
for control techniques (orange block). Being thd @ infinite-bandwidth component
also for large variations, the analyzed case i®ffect a worst case scenario [27],
considering that the constant power behavior vélirbany case band-limited. Note also
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that the Simulink schematic keeps into accountagaltsource saturation conditions,
making this simulation already quite realistic.

Assuming an equilibrium pointvgig)=(1,1), four scenarios of state variables
transients have been considered to test the systpnesence of small and large-signal
variations: voltage perturbations are emulated dfyirg the initial conditionv(t;) on
capacitor, maintaining the initial DC inductor camt equal to the steady state value,
thusi(to)=1.

In the first test(tp) is put equal to 1.1 to analyze the small-signalbitity; similarly
the second one starts from an initial value rattesar to equilibrium point voltage, i.e.
V(t5)=0.9. On the other hand, third and fourth tests twanverify the large-signal
stability, by imposingv(t;)=0.68 (third test, over the voltage limitg and v,y and
V(t5)=0.6 (fourth test, under those limits).

In the following pages, several transients are shdw order to verify the
effectiveness of the techniques (SF, AD and LSRhénfour scenarios: in particular, the
transients of state variables (capacitor voltagad inductor curren) and voltage input
e are considered as the most interesting to unaetst@ntrols action.

3.7.2 Simulation results

The first two scenarios (Figures 3.8, 3.9, 3.10133.12 and 3.13) consider a small
perturbation, indeed the initial voltage is movedroximity (+10%) of the equilibrium
value. In these cases, all designed controllers f&&F and LSF) are able to quickly
react, re-establishing the nominal conditions ardping the bus stable. The control
systems efficiency is verified, being natural freqoy and damping in coherence with
the design specifications)=895 rad/s and =0.3). On the other hand, third and fourth
scenarios are necessary to study the large-sitatality (wide perturbations >30%).

In the third scenario (Figures 3.14, 3.15 and 3dt@pility is guaranteed for all
control techniques, beindty)=0.68 greater than SF-AD stability conditiong £€0.6755
and v,y =0.6345) and LSF capable in ensuring a linear sysfdthough control gains
impose the same dynamics for all designed contsgiltems controlled by SF and AD
are characterized by voltage and current evolutisuisstantially different from the
linear ones (LSF): clearly such aspect dependsestunpation, that is large enough to
invalidate the small-signal hypothesis, which dréha base of SF-AD controls design.

The fourth scenariov(t))=0.6) is a final test, characterized by the insigbof SF-
AD cases (Figures 3.17, 3.18 and 3.19) being @dldhe stability conditions/(to)<vss
andv(ty)<v,g). Conversely, LSF technique is able to provideticient voltage control,
restoring the rated voltage in accordance with dasired dynamics. Definitely, it is
possible to conclude that linearity is ensuredh®ylbop-cancellation, even in presence
of large perturbations. In this regard, the syst@mar behavior is confirmed by
observing the absence of saturation (which is ahespial toe; =1.52) in the voltage
input e transient (red line). Actually, the voltage actragaturation and the consequent
linearity loss are strictly related to perturbatimtity and dynamics imposed by LSF: to
discuss this eventuality, a case of study is prepas Section 3.8.
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3.8 Saturation of interface converter

Linearization via State Feedback (LSF) has beenodstrated to be an effective
technique to maintain system stability even in @neg of wide perturbations, making
possible a total cancellation of load non-linearity realize this compensation, the
control signalF. actuated by the DC/DC interface converter hasetéopm a derivative
action to properly annul the non-linear voltageagron the inductor and to set the two
poles. From a control system point of view, derx@@ction is critical, being the main
reason of interface converter saturation. There$oich an event cannot be disregarded
when LSF controls are employed, as they tend tovdry demanding on actuator
converters.

In control systems, the actuator saturation is i e@mmon phenomenon [37]. It
results particularly negative because it determicasrol capability loss: indeed the
evolution of a saturated system is not controllgdhe regulator, but it is forced by the
actuator’s boundary values. In particular, whengistem controlled by LSF enters in
saturation, the output voltage of the DC/DC corereremains at a constant valeg
determining the loss of linearization functionalfgres independently from the control
signal) therefore a non-linear system responseh Suesponse may be stable or instable
depending on the saturated valeg and on system parameters, as explained in
Subsections 3.8.2 and 3.8.3.

3.8.1 Worst case scenario

The voltage saturation effect highlighted in thisrlwis mainly due to two causes:
perturbation entity and dynamics performance regoénts. Talking about the first
reason, a specified range of perturbations is ddfioy Figure 1.7 (voltage tolerances,
worst case envelope), which shows the admitteddirfur voltage transients. Values
2.00 and 0.75 correspond to recommended limit atder values for an MVDC bus
voltage under plant normal operation (i.e. in abseof faults).

On the other hand, saturation effect is stronglyetelent on dynamics performance:
a well-performing control system tends to strongiress the voltage actuator
determining a long time saturation, whereas a st@hdontrol preserve the DC/DC
interface converter limiting the time of controkto It is therefore interesting to analyze
the system behavior in presence of different caupleand ¢, in order to demonstrate
the correlation between saturation time and cdetiadystem dynamics.

By choosing a large perturbation (in accordancé wie previous envelopglt) is
put equal to 2), different control systems (nameB8F1, LSF2, LSF3) are tested by
simulations in order to weigh the dynamics effattvoltage saturation and to identify a
realistic worst case scenario. The first LSF cdnfit&F1) is set to guarante=895
rad/sand {=0.3, while LSF2 ensures)=1000 rad/sand £=0.5 LSF3. Finally the third
(LSF3) provides best performance, definedusy1240 rad/sand £=0.76.

Results obtained by numerical simulations are deg@iin the next pages, where
Figure 3.20 shows the voltage transients and Fig§ae the current ones. Voltage input
transients (Figure 3.22) allow to identify satudabehavior, which is characterized by a
constant value..
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The givenresults demonstrate the stabilizing action providg@ach LSHechnique:
in effect, designedontrolsare able to suitably restore theady state voltage with t
desired dynamigssolving the instability of CP Comparing the evolutions, it is w-
rendered the better dynamics offered by LSF3 (tede), whichis characterized by
considerable dampin

In this last case, thprice to pay regards the heavy saturatdrvoltage actuator
(Figure 3.22: in presence of control LSF3, the voltage in@itigation islong-lasting in
respect to others cont, about threefold LSF1 scenaridmong thedesigned dynamics
(a control better than LS3 appears unrealistic)it is evident that control LSF
constitutesthe worst case scene from a saturation point of vie For this reason,
following studies consider control LSF3 to underlinstability conditions for th
saturated systend§].

3.8.2 Saturated system

Voltage inpute is controlledby LSFin order to react in reply to voltage disturbe:
as demonstrated in last simulatic interface converter actionar be very strong,
therefore voltagee may be forced to enter in saturation (whetts), remaining at a
constant values)) for a variable time interv (for t>t).

In this casethe action of control signéid., given by (3.38)and (3.44)-(3.45), is
cancelled: the Ddink circuit starts to behave as a non-lineaturatecsystem, supplied
by the constant voltages and it could therefore become instable: in regard,
Lyapunov analysis [2] may be useful to provide conditions for systembgity under
saturation.

Similarly of what presented iChapter 2the first step to study system stability is
determine the equilibrium points stabi [55]. By substituting theaturated voltages to
the difference betweerconstant voltage source and control functior in equation
(3.39),
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=6~ fi—fy (3.50)

the saturated system can be described by equg8diig-(3.52):

d _ .

g =& iV (3.51)
dv_._p

Gy (3.52)

Working on differential equations (3.51)-(3.52),etliollowing system equation is
obtained:

dv 1 liplav, 1 I p
R XS

Putting derivative terms equal to zero in (3.5@) equilibrium points Qand Qare
determined, one of which (named)@an be stable. Point;(Jgiven by (3.54)-(3.55)

_ety€-4np (3.54)

Vi 5

e - €-4rp

jj=—2tY >

; a (3.55)

behaves as a stable point if following conditiore \eerified:

o=V Tt (3.56)

rl=r, (3.57)

Conditions (3.56)-(3.57) have been obtained in4®(2.25) by small-signal system
analysis: indeed, the stability of a non-lineartegss equilibrium point may be verified
by observing the stability of the linearized systienthat point [37,38]On the contrary,
Q. never becomes a stable point, similarly of what @estrated in previous Chapters. If
the input voltage (i.e. the converter output vadagemains saturated fdr-co and
condition detailed in the next paragraph is vedifie(t) tends tov;, that means the
saturated system is stable.
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3.8.3 Region of attraction

The region of attraction around the equilibrium o, can be found using
Lyapunov theory. Related analytical developmentsehzeen presented in [27], for the
system considered feeding a CPL, whose power ialéquhe rated valug€l). When
the control action is inactive due to saturatiof][3he non-linear system stability can
be studied by the sufficient condition (3.58), loeifty) the CPL voltage in the instafat
in which the converter enters in saturation:

v(t;) = ,/rfl;f (3.58)

As explained in Section 2.4, inequality (3.58) exants a sufficient (but not necessary)
condition for the initial state of the non-lineatwated system (3.53) to belong to the
region of attraction and to evolve to the stableildzrium point Q.

3.8.4 Analysis in the v-i state plane

In Figure 3.23, a graphic representation of a veilaion is presented to understand
the system behavior during the saturation [55]. ther studied case, conditions (3.56),
(3.57) and (3.58) are verified, therefore the fundatal requirement of stability is
ensured. The v-i state plane is divided into twoemn saturated system (green) and
unsaturated system (white). The separation lirgvisn by equation (3.50), whereas the
limit of condition (3.56) is represented by the igbe dashed line. Considering the
system specified in the following (Subsection 3.8t&o trajectories (bold and narrow)
are obtained by simulations.

Firstly, it is necessary to explain the differeegsents that composed the time
evolution (bold trajectory):

» First arc (I-S), which shows the unsaturated systapectory described by
linear equation (3.46).

e Second arc (S-L) described by equation (3.53). phath starts from point S,
which corresponds to instarf when the system enters in saturation.
Corresponding voltage(ty) stays in the region of attraction, limited by the
horizontal dashed line, i.e. the Lyapunov suffitieondition (3.58).

e Third arc (L-Q), which corresponds to the final evolution towalrtie
equilibrium point Q. In this trajectory, the system has gone out & th
saturation, so evolutions still follows (3.46).

Secondly, the narrow path (L{fdescribes the case of a long time saturatedrayste
for t>t, (wheret_ is the instant in which the converter exit frone thaturation) This
curve represents the trajectory described by nweali equation (3.53). It is noteworthy
that the trajectory is stable and converges tot@irif it behaves as a stable point (i.e.
(3.56)-(3.57) satisfied) and if voltagé;) is inside the region of attraction (i.e. equation
(3.58) verified).
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Figure3.23 Analysis in the v-i state plane.

3.8.5 Numerical simulations

The system behavior in saturated region may beyae: by developing som
simulations [55]on the average value modof Subsection 3.4.2For what concer
system parameters, thease of study of Sectio3.5 is assumed as referer As
concluded in SubsectioB.8.1, LSF3 control represents the worst casenario for
saturation issue: therefore related performancexies are chosen to calcul(3.48) the
constantk;=0.1025 and,=0.5018

In order to simulate th®C/DC interface converter operation, saturation valu
fixed ate=1.52 This valueallows to obtai voltage and current for thequilibrium
point Q (v4,i1)=(1.45,0.69), by using equations (3.54)-(3.55)By calculating the
resistance,°=vy/i;=2.09, thestability of pointQ, is guaranteed from ing@alities(3.56)-
(3.57), being . greater thari.37 For the norinear saturated system, Lyapunov i
condition (3.58) brings(t) >1.17

Designed control is tested observing the sysevolution by starting from differei
initial voltage statesy(ty). Particularlyfour different p.u. values of(ty) arechosen: ,
1.75, 1.5, 1.25 and 0.7&kimit values (2 and 0.75)orrespond to recommended lis
expressed in [13]. Valuek.75 and 1.25 a instead intermediate valueshosen wel
within the voltage tolerance rar (Figure 1.7). The main purposd these testis to
proof that, if initial values of voltage are withthe toleranceange, than the contr
system LSF3s able to recover steady state voltage withougting the limitsgiven by
Figure 1.7.The second aim of simulations to study the converter saturatic
highlightingsystem trajectoriefor different initial conditions.
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3.8.6 Simulations results

Simulation resultsCPL voltage and inductor current) are condenseFigure 3.24,
which shows five trajectories in th-i state plane [55Jassuming a steady state poil,
of vp=1, ip=1. Sariing from previous initial valueplaced in the linear region (whi
zone) system evolutions are depid to point out the saturated behavior of two ca
characterized by(ty) equal to 2 and 1.75.

By observingFigure 3.24 the relation between voltage disturbance and X
converter action appears clear: after a large gelfgerturbation, only a strong convel
action may reestablish the CPL voltage, detning at the same time conver
saturation. The latt is a very critical situation for MVDC power systemsiry the
commoncause of control capability lo. Therefore, the worst perturbations for
system studied are those which determine the ctm saturatio, approximately
disturbance that move the capacitor voltage ov@((ie.disconnection oa large CPL)
or under 0.7 (i.econnection of large CF). Conversely, safe perturbations are tr
included in the range (-1.6: indeed they are not ablo impose a saturated behav
thus the trajectories remain in the white zone wthe LSF controls activatec

Although trajectories traced in the-i state plane are derived by two time evolui
v(t) andi(t), they do not provide dynamiinformation. Anyway, te dynamics related
to larger perturbationv(ty )=2) can be observed iRigures 3.20, 3.21 and 3. In
particular the voltage transient Figure 3.20 demonstrates tlihe controller is able t
quickly reestablish the nominal conditions keepihg bus stableSo it is possible to
conclude that LSF3 technique faces properly thesi voltage variatio admitted for
normal working conditions (the MVDC bus (Figure 1.7).

2
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Figure 3.24 Trajectories in the v-i state plane.
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3.9 Conclusions

The third Chapter has proposed one feasible apiprtmasolve the voltage instability
of Constant Power Loads: in particular, the voltageuator approach may be a good
solution to compensate for the instability effdnt,using generating systems as sources
of stabilizing power.

After a brief description of common requirements éontrol systems, the single
converter has been modeled to provide a case df,stiverefore a basic MVDC power
system. Three different techniques (State Feedlfsatkye Damping, Linearization via
State Feedback) have been proposed to controlespolwer system feeding a CPL: the
voltage control techniques have been designed twdavoltage oscillations and
instability after disturbances, ensuring the openain the stable equilibrium point.

By implementing the case of study by AVM, some datians have been performed
to emphasize pros and cons of each technique. Redhined by SF and AD controls
have shown the simplicity of these techniques, Wwiiay be easily implemented also in
the power station control of multi-converter arramgnt (Chapter 5). On the other hand
simulations have also proven intrinsic limits, lpifasic controls not able to
compensate for the CPL destabilizing effect iniaalt conditions. To complete the
evaluation, LSF has demonstrated to be a compfektafe control capable for solving
instability also in critical scenario, where veayde perturbations move state variable
far away the equilibrium value. Also LSF may be fubg implemented in multi-
converter power systems (Chapter 6), being the aaring functionality directly
enabled by the linearizing control signal.

The main disadvantage of LSF control techniquiéssaturation of voltage actuator,
due to the presence of derivative terms in therobstgnal. Such negative aspect has
been analyzed by suitable tests on a selected wasst scenario, where the dynamic
performance imposed by control LSF3 is remarkabéry( high damping factor). The
final analysis on the v-i state plane has seemedbetoa good tool to study the
dangerousness of voltage perturbations, identifiiage whose compensation force the
converter response in the saturation zone.
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4. Multi -converter MVDC power
systen

4.1 Introduction

A possible mul-converter MVDC power system will bdefinec in Chapter 4,
starting from thdEEE <andard, re-designing a commbWAC radial distributior and
comparing he suitability of different interfaceconverters.Finally the applicatiol
described in Sectio4.3 will be useful to validatthe voltage actuator’ choice, whert
the final Section will introduce twstrategies to control multenverter power systen

4.2 Case of stud

The MVDC proposed pld layout is a redesign of an MVAC radial distribution. A
example of a possle MVAC Integrated Power Systeisireported irFigure 4.1.

DGl DG2 0G3 GTG jilels] DG4
16 My 12 MvA 16 HvA 22 MvA 12 Mva 16 MVA

G G G G G
s S, s Y/ S,

| | |

11 kY - 80 Hz b b b b b b 11KV - 60 Hz
AFT MSWE ’ ! y y S T T J ! J J y FwD MSWE
] ] ] ] ]
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Figure 4.1 Cruise liner MVAC distribution [56].
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4.2.1 Basic multi-converter power system

With reference to the MVDC radial concept distribat (Figure 1.5) specified in
[13], a feasible project of shipboard MVDC powerstgyn is determined in this
Subsection. In particular the same AC generatocs the same loads of an actual
MVAC large all-electric ship are maintained, whiMg/ distribution is realized by the
Medium Voltage Direct Current. A basic power systsnshown in Figure 4.2, where
interface converters are represented by generid@Cbhlocks. The sections are as
follows:

» 4 DC generating systems constituted by AC genesaf@rl-G4) and AC/DC
interface converters (C1-C4);

» 6 DC/AC inverters(11-13 and 16-18) directly connected to the MVDCdDieeding
propulsion and thrusters (M1-M6);

* 3 load lines, fed by dedicated DC/DC buck conver(@&1-B3) supplying loads
(L2-L3) which represent the remaining low voltageipboard users in an
equivalent way;

» Converters’ output filters (CF1-CF4 and BF1-BF3).
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- CBS  CAl CB14 01 M1
N =
HoR D HIHHR——FHK
PMI GI GBI Cl CFi1CBl | CBs caA2 CBIS 12 M2
S E— = N_@
E2 R i
Lboud CB7 CA3 CBl6 I3 M3
Ay R = R] = LV AC
HoO-= Y HIHER—— = < Hes
PM2 G2 GB2 Ce CFR2CB2 | CBS CA4 Bl BF1 CB17 14 L1
- F - LV AC
_E_:— ~ME E A | | LoaD
Uy CBS  CAS B2 BF2 CBI8 IS L2
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HoR A HH - R— H - =—
PM3 G3 GB3 C3 CF3CB3 | CBI0  CA6 B3 BF3 CBIS L3
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Figure 4.2 Basic multi-converter MVDC power system.
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4.2.2 Interface converters

In an MVDC power system the voltage control is iml by means of some
dedicated AC/DC power converters (C1-C4 in the ipte Figure), acting as “voltage
actuators” to interface the AC generating systentstae MVDC bus. The choice of a
realistic AC/DC interface converter needs a propealuation: then four different
options for system arrangement are preliminarilgreied [27,57] for determining their
performance. The possible options are:

1) diode rectifier;

2) thyristor rectifier;

3) forced commutated rectifier;

4) diode rectifier coupled to a DC/DC buck converter.

Their main characteristics are studied, with patéic reference to the rapidity of
response and to the maximum deliverable power. tifamat aspects (such as switching
frequency, transient response, conversion lossdgge, current and power limits) are
also taken into account in this comparison.

Option 1) has been evaluated in some works [5&mFa control point of view, it is
not a suitable solution remembering the requiremégection 3.3): indeed, the diode
rectifier’s intrinsic uncontrollability and the inicient control bandwidth offered by
the AVR regulator (acting on AC machine) suggestctmsider different types of
interface converter.

On the other hand, option 2) appears particulankgresting for its simplicity.
Thyristors are available for a wide range of povesel making the implementation
quite simple. Main limitation of this solution ike switching frequency that coherently
limits the maximum control bandwidth. With the 6@ IAC frequency, the switching
frequency of a traditional Graetz bridge is 360with a maximum bandwidth around
100 Hz (i.e. an angular frequency of about 700sjacduch a bandwidth is considered
insufficient for the dynamics of interest. Everdifferent solutions may be adopted to
increase the bandwidth performance (as adoptingiléi three-phase generator with a
multiple stator to multiply the apparent switchifigquency, or using a generator that
works at higher frequency), they are not consideiardthis application, preferring
simplicity and feasibility. Also, another drawback option 2) is the need of reactive
power to support the desired steady state firingleanthe more control margin is
desired, the more the generator has to be overs&zece generator power factor is
basically coincident with the firing angle cosine.

Option 3) is considered less robust, because tibibst behavior. The controllability
is actually guaranteed only if the output voltag&ept properly high and this aspect can
be seen as a limit in transient but even moreuit tnditions.

Instead, option 4) perfectly decouples the generftom the DC bus control, by
exploiting a DC/DC converter. This solution allowsnsiderably higher switching
frequencies (typically in the order of kHz), whisha mandatory aspect to solve CPL
instability, making possible relevant voltage dymzsn Option 4) is only apparently
more complicated because of the presence of twgestain reality, the DC/DC
converter can be realized and engineered in thes sahinet that contains the diode
rectifier, with no particular disadvantage. Furtlpeo regards the absence of reactive
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power impact on the AC source, being diode conendlized to convert voltage from
AC to DC. As a reference, this solution has bed¢nadly adopted to build a prototype of
an ultra-high-speed generator (Naval Package)dwealnMVDC applications [59].

4.2.3 Selected multi-converter power system

For the aims of this thesis, option 4) is chosed amodeled being the better
arrangement in terms of dynamics and stabilizinjoac therefore it is possible to
provide the multi-converter MVDC power system (Fgu4.3) utilized in the following
Chapters. The interface converters (e.g. C1) dvetisuted by diode rectifiers (e.g. D1)
and DC/DC buck converters (e.g. B1), convenienittered by 2° order RLC stages
(e.g. DF1 and BF1).

To establish the validity of the DC/DC concept, t®et 4.3 will treat a possible
application, that is an innovative generation systéerangement interfaced by four buck
converters [59,60]. Simulations will able to higjtit the DC/DC converters dynamics,
confirming the effectiveness of the converter choic
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Figure 4.3 Proposed multi-converter MVDC power syste
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4.3 Multi-converter resistive case

The study is conveniently focused on a comprehensinear (resistive) load,
omitting the possible presence of non-linear lo&@PL) in order to simplify the
comprehension of overall power system behaviorti@rother hand, loads non-linearity
will be discussed in Chapters 5 and 6, which wiigmse voltage control techniques to
face the CPL stability issue in the multi-convease.

4.3.1 Naval packages

A promising generation system arrangement is based split-phase generator
equipped with N stator windings, each connectedarioAC/DC converter. Such a
topology has been already implemented in two fecdlls 2 MW prototype systems
[58,59] for future potential use in naval applicas (Naval Packages NP1 and NP2).
Merging the two Naval Packages, this Subsectionldvderive a new power system
[60] where two actuators are committed to realeevoltage control.

The former (NP1) features a high-speed (6300 rpir)plsase Wound-Field
Synchronous Generator (WFSG) feeding the DC lihead through two diode bridge
serial connected. Instead, the latter (NP2) is dasean ultra-high-speed (22500 rpm)
12-phase Permanent Magnet Synchronous Generat@@pBupplying the DC resistor
through four AC/DC diode converters cascaded byMThbuck converters. Talking
about the voltage control, Naval Packages of Figl# utilize different voltage
actuators to control the output DC voltage, respelst the generator exciter (NP1) and
the buck converters (NP2).

»r| ot ot

Figure 4.4 Proven Naval Packages: NP1 (left) and (vight).

The “hybrid” power system architecture chosen fas tstudy (Figure 4.5) results
from a combination of the configurations NP1 and2NBeing exploited both voltage
actuators (Figure 4.4). In particular the systenpleys a split-phase WFSG (preferred
to the PMSG for its better power scalability) alosigh controlled converters (as usual
diode bridges + buck converters) to realize therfate between AC and DC.
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Figure 4.5 New Naval Package.

A 12 phase stator configuration is chosen for tieelfits it brings in terms of output
voltage and generator air-gap harmonics [61] asageh terms of winding construction
technology for high power implementations [62]. Aeen before, from a control
viewpoint the main feature of the investigated apnfation is the DC bus voltage
control, obtained acting on both generator exdtatind output buck converters. The
two tasks are performed by regulators VR1 and \#8pectively.

4.3.2 Voltage control design

A standard proportional-integral (PI) structuressumed [60] for all the regulators,
setting a one-decade separation margin betweertahtrol loops bandwidths, thus
preventing possible instability issue. Normallysttseparation should be enough to
guarantee an almost complete decoupling among langgo avoid issues due to their
possibly detrimental mutual interactions duringngiants. Neglecting the frequency
regulator (the speed control is outer the thegmcjpthe time-constants for the two
closed-loop control systems are given in Table d.1lypical time-constant is selected
for the exciter, whereas the one related to DC/D@verter is consequently derived.

Voltage actuatot Closed loop
time-constant
Exciter 05s
Buck converter 0.05s

Table 4.1 Closed-loop time constants.
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4.3.3 System modeling

The power system shown (Figure 4.5) is modeled he Matlab/Simulink
environment to test the voltage control [60]. Adlascheme representing the whole
system is reported in Figure 4.6, which includdstte main components: generator
(yellow), power converters (green and gray), fdtéied and magenta), voltage controls
(cyano and orange) and DC resistive load (blu).
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Input™
Filter

Filter

Figure 4.6 Simulink scheme of the new Naval Package

4.3.4 Simulation results

As seen in Subsection 4.2.3, the selected MVDC peystem (Figure 4.3) employs
four DC/DC interface converters paralleled on tlaens bus. Differently from this
scheme, the possible future Naval Package hereisdied (Figure 4.5) is based on
another topology, i.e. DC/DC converters serial @mad. Anyway, this difference does
not matter because the aim of the simulation omlgards the interface converter
validation. For this purpose, a simulation is €] [to understand the tasks realized by
the five voltage actuators (i.e. four buck converssnd one generator exciter).

Initially the rated speed condition is assumedtfar generating system, while the
linear load is supposed disconnected. Then nexigdsaare applied in sequence:
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1. t=0.05 s, the buck regulator commands the ratethgel(i.e. 1 p.u., 2000 V)
on the no-load bus.

2. t=0.25 s, the load is still disconnected, wherebmad voltage reference step
is applied to reach the 110% of the rated voltage 1.1 p.u., 2200 V).

3. t=0.5s, the MVDC generating system is connectdti¢doad (related power
corresponds to 0.15 p.u., i.e. 0.15 MW), while tiference voltage output is
kept equal to 1.1 p.u.

4. t=0.75 s, the resistive load is maintained unchdngéhereas its voltage
reference is changed to the rated value, i.e.1.0 p.

The following Figures show the response of the MVD&herating system to the
previous sequence. Figure 4.7 reports the DC owtplage (i.e. the sum of the four
buck voltages) transient, where the reference vialaehieved very quickly in both no-
load (t<0.5 s) and loaded conditions (t>0.5 s)sMaaveform is evidently affected by a
limited ripple (1.5 kHz is the switching frequengypving the proper design of filtering
stages. Regarding dynamics, the remarkable voftagermance is given by the action
of each buck converter, which is controlled by st faltage control loop (time-constant
of 0.05 s). In this regard, the duty cycle depidtedrigure 4.8 shows the action of one
DC voltage actuator.

Instead, talking about the dynamics forced by théRAregulator, it is possible to
observe the slowness of AC voltage control (Figu83. Thus the promptness of the DC
voltage regulation is exclusively due to the bucdkwerters action. To complete the
overview on transients, Figure 4.10 and Figure 4fidvide the evolutions of load
current and power.
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Figure 4.7 DC output voltage transient.
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Figure 4.9 Generator voltage transient.
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4.4 Voltage control strategies in a multi-converter pover system

Results obtained have demonstrated the buck camgeability [60] in controlling
the DC voltage with a considerable dynamics. Theseer converters are widely used
in the selected MVDC power system (Figure 4.3),ahwill be coherently assumed as
a reference case for further analysis on multi-eoter voltage control. The stability
issue, discussed in Chapter 3 for the single machénot negligible in case of a real
multi-converter power system. In this case the aigkting CPLs could be very
numerous, considering the large employment of oflatt load converters to supply
propulsion or ship services. Therefore almost esmthion of the MVDC power system
may be cause of voltage instability.

In order to solve this troubling issue in a hightymplex system, such as the multi-
converter MVDC arrangement, the academia has dpeedlodifferent control
approaches, for example the one based on synergmiitol theory [63,64]. In this
thesis, a different approach will be studied, stgrfrom the definition of two strategies
to control all the MVDC power system voltages: thebal strategy and the local one.
Developed strategies will be based on the employroéwoltage actuators (DC/DC
interface converters), which are to be controlteddlve CPL instability.

The aim for the global strategy is to guarantee libe voltage stability, taking
advantage of the stabilizing action performed byegating DC/DC converter (e.g. B1-
B4 of Figure 4.3). On the other hand, local strategs the purpose to ensure the voltage
stability on loads, by exploiting DC/DC convertdike B5-B7. In order to realize these
targets, previous techniques analyzed in Chapteill3be implemented to properly
govern the DC/DC interface converters.

4.5 Conclusions

A possible power system scheme for an MVDC distiitvuhas been proposed and
discussed in Chapter 4. In particular, great atianhas been paid in evaluating the
interface converters, comparing four different tggies. For this aim, a new Naval
Package has been utilized to perform simulationepse dynamics results have
recommended to exploit the buck converters as geléctuators in the on-board MVDC
power systems.

The power system behavior shown in this Chapterrbpsesented only a starting
point, being supplied a resistive load. Furtheredi@ments are to be realized to assure
voltage stability in presence of CPLs, which maywidely spread on MVDC power
systems. In this regard, two control strategieeHaeen introduced (global and local) to
regulate the voltage in multi-converter power systeThese strategies will be designed
to minimize the CPL destabilizing effect in criicanditions, such as non-linear load
connection (treated in Chapter 5) or sudden gewsredigconnection (Chapter 6).
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5. Global AD and local LSF
strategies to solve CPLs instability

5.1 Introduction

In this Chapter a complex voltage control basedwan strategies (Section 4.4) will
be designed in order to solve the CPL stabilityéss a multi-converter MVDC power
system. Control strategies utilized will apply gtabilizing power approach (Chapter 3),
foreseeing to implement additional stabilizing ftioes into the digital controllers of the
DC/DC interface converters. The implemented stiategill have to ensure the stability
requirement compliance.

A first strategy (global AD, Active Damping) wiltabilize the MVDC bus voltage
by controlling the power station. The second omeal LSF, Linearization via State
Feedback) will be exploited to solve the instapitit highly impacting loads. The AD is
a well-known technique (Subsection 3.6.2) basetherintroduction of transient virtual
resistances into the system. The aim is to impreystem’s stability using virtual
resistances damping effect. Instead, LSF techni§ubsection 3.6.3) is usually utilized
in case of high power CPLs, compensating for them-linearity by means of a non-
linear feedback. The resulting linear system carhka controlled utilizing traditional
techniques from linear control theory.

5.2 Shipboard MVDC power system

The shipboard MVDC system with radial distributiolepicted in Figure 4.3 is
chosen for this study [65]. This power system pnesa large amount of DC/DC power
converters connected to the bus: in particulagrverters on the power station side and
3 converters on the load side. Thanks to the poesehmany interface converters, the
MVDC stability issue may be generally solved in tdiferent ways, by controlling the
generating DC/DC converters or the load ones.

Nevertheless, proposed strategies intend to ude eavrerter typology, in order to
provide an effective hierarchical control: the dtgbof highly impacting loads (L1-L3)
is guaranteed by the B5-B7 control action (by loc8IF), while converters B1-B4
control the MVDC bus (by global AD) facing the iabtlity due to inverters directly
connected to the bus (11-13, 16-18).
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5.3 Filters design

The aim of this Section is to design [65] tH8 @der output filtering stageR{, L
and Cy are the parameters expressed in absolute vaigesying the diode converter
filtering stage Ry, Lak andCyy). In effect, the hypothesized control strategietsoaly on
the buck converter stage, therefore AC generatodedconverter and first filtering
stage may be neglected in the following studiesiddea generic DC generating system
k may appear [49] as the one shown in Figure 5.1.

Ry Ly

EXC}@ ' Ca ==V 7 |E Co= V/‘//
T11

Figure 5.1 DC generating systém

5.3.1 Synthesis

It is well assessed that given combinations o€filparameters with a high CPL
power level are responsible for stability issuedhg@er 2). At small-signal level,
analytical conditions for stability can be easitefmined on filter parameters and on
the CPLs power level (Section 2.3). For the caskeustudy, filters parameteRs, L
andCy (beingk=1,2,...4) are determined applying well-known desigoations [45]. In
particular following terms are considered in thathgsis:

* Pn: DC/DC converter rated output power
* Vg DC/DC converter rated input voltage
* V. filter rated capacitor voltage

e | filter rated inductor current

» fg: DC/DC converter switching frequency
*  APy: DC/DC converter + filter losses (percentage)
o Aloy: filter current ripple (peak to peak)

o AVyy: filter voltage ripple (peak to peak)

e Ry: filter resistor

e Lg: filter inductor

*  Cy: filter capacitor

Using definitions (5.1)-(5.2), equations (5.3)-(5¢&n be utilized to determine filter
parameters basing on ripple specifications:
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D -
nk Vdnk (51)
= Pok = ARy (Phk (5.2)
Vnk
La = (Vdnk =Vn) (Dnk
T g i (B oge (5.3)
ka = 1= Enk (54)
8L g [F & [AVgy
Instead, resistdRy can be expressed as in (5.5),
ARy [P APy [P
Ri = %k " Tnk — %k “nk ank (55)

12, (L— APy )? (P2,

5.3.2 CPL stability analysis

Considering each filter and linearizing theéP, power load (supposed completely
non-linear), it is possible to determine (3.10}t@3.the natural angular frequenayy
(5.6) and the damping factér(5.7) of the resulting complex poles:

1 Rk
Wy = |1 — 5.6
“ \/Lfk[@fk[ RB] 5:6)
1 L
=~ |CxRy-——X 5.7
& 27ikmfk[@fk[ tk (Rik Rl?} (5.7)

whereR=V /P« is the absolute value of the negative incremeaetastance.

The evaluation (5.7) of the damping factpis considered of paramount importance
before designing any control system. In particulae, negative value @f is assumed as
an index of system instability, which depends baththe filter parameters and on the
loading levelP,, represented b,

5.3.3 Design

Table 5.1 encloses the values of damping faétocalculated for all the output
filtering stages present in the system, havingrassueach buck converter supplying an
infinite-bandwidth CPL whose power is equal to theck rated power. Starting from
specifications about power lossgBy, current rippledly, and voltage rippledVo,
previous equations (5.1)-(5.7) are utilized to gesilters:
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BF1/BF3| BF2/BF4| BF5 | BF6 | BF7
P«[MW] | 1575 | 1050 | 13550 1550/ 270
Vank [V] 8910 8910 | 6000| 6000 6000

Vi [V] 6000 6000 4000 | 3000/ 2000
Dk 0.67 0.67 0.67 0.5 0.33
Ik [A] 2494 1662 3206 475 1282
fo [HZ] 1500 1500 1500 | 2000  200Q
APy 5 5 5 5 5

AV gy 1 1 1 1 1
Algge 35 35 45 40 45
R% [Q] 2.3 3.4 1.2 6.0 1.5
Ri [MQ] | 126.63 | 189.95| 65.66] 332.41 82.08
Ly [mH] 1.50 2.24 0.62 3.95 1.15

Cw [UF] | 1212.24| 808.16| 3005.86395.83| 1803.51
oo [radis]| 72153 | 721.53| 714.20 777.52 673.85
& -0.1915 | -0.1915| -0.1219 -0.21660.2252

Table 5.1 Filters design (global AD, local LSF).

For the multi MW, multi-converter DC power systemder study, these negative
damping factorsi will be considered for practical design of the povstation’s AD
control (Subsection 5.4.1).

5.4 System modeling and control design

The voltage control analysis [65] regards a lardeEectric Ship MVDC power
system (Figure 4.3), with the realistic presencenainy DC/DC interface converters
(e.g. B1, on the generating systems, and B5 odeld&ated load lines), to be controlled
according to different targets.

5.4.1 Global AD control strategy

It is assumed to control the DC/DC buck convertdrshe power station (B1-B4)
using the AD technique, thus inserting transientusi resistances serial connected to
the physical onesR). AD resistances are introduced into the systemabgroper
control technique, as explained in Subsection 3d.2 single converter example.

To realize a global AD strategy, three output sigifilom a Centralized regulator are
to be added to the buck voltage references (Fi§E In particular, the Centralized
regulator block may be subdivided into three furm@ail blocks (Figure 5.3), because
three are the main targets of the global stratdgy:Power sharing block (Figure 5.4),
the Bus voltage regulator (Figure 5.5) and the PdBignal Stabilizing block (Figure
5.6).
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Figure5.7 Active Damping virtual resistance.

By means of Power sharing blc (Figure 5.4), the Centralized regulatsrable tc
implement a steady-state loatiaring over the DC generating systemich resul
loaded at the sampercentage power level (with reference rated pavers). This
functionality is obtained byusing n-1 integral regulators (being the generator
running), imposingthat all the converte currents equate to their mean ve at the
steady-state. This equalizatia® most relevant in the practicd shipboard MVDC
power system: otherwise tippwersystem would suffefrom huge uncontrolled curre
exchange between the buck conves themselveseven in case of small differenc
between buck output voltagéihe centralized regulator provides athe elimination o
the steadystate bus voltage error by means of the integrpllagdor shown irFigure5.5.
Talking about CPL destabilizing effethe block of Figure 5.6 is needed dalculate
proper PSS signals to dartiie oscillations. This important functias obtainecin the
voltage control (Figure 5.2y summing a negative term proportionial the inducto
current (PSS signalsyhe proportional coefficient is giveby the desired ADesistanc
(Figure 5.7), virtuallyinserted in each filting stage.
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Figure 5.8 Active Damping resistances (global AD).

In order to ensure a desired damping effégb), the AD resistance®Rapx are
suitably calculated by using the following relasbip:

1
$ADK :mRADk + 4k (5.8)

Keeping into account the effect of each physicaistance & andwq), Rapk Values are
evaluated considering a damping factor tafgstof 0.18 [66]. The virtual resistances
are then “washed-out” by &' lorder high-pass filter, whose pole is placed betwe
0.1wo and 0.20¢¢ (about 100 rad/s for the studied case). Figuresbdvs the values (as
functions of the angular frequency) of the dampmgistances. Two values are
determined for this case: the red one for genayatystems 1=3 and the blue one for
generating systems 2=4.

5.4.2 Local LSF control strategy

In the studied power system (Figure 4.3), threedlifi.e. L1-L3) are interfaced to the
MVDC bus by means of DC/DC interface converters. @85-B7) to supply low voltage
AC and DC loads. Obviously these load lines cowddaffected by voltage instability,
assuming that supplied loads (I14+L1, 15+L2 and &) of the CPL typology. Therefore
DC/DC converters (i.e. B5-B7) are to be properiytcolled to resolve possible local
instabilities.

By observing Table 5.1, the relevant entity of Bswpr (13.50 MW) advises to
control load line L1 by a LSF well-performing tedtpme, whereas B6 and B7 (low
powers) can be regulated by basic techniques wetiigated in the thesis (e.g. SF). The
linearizing technique has been discussed in Subge®6.3, hence the methodology has
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been already developed also for the B5 local LSRtrob strategy. Therefore, to
appropriately place the poles of the system (arabftequency of 1250 rad/s and a
positive damping of 0.3 are chosen as design spatdns), control gaink; andk, may
be tuned by using (3.48).

5.5 Numerical simulations

For the proposed MVDC power system, voltage cordral stability are studied in
the Matlab/Simulink environment depicted in Fig&:€. Considering the dynamics of
interest, the developed power system is modelethdpam the AVM assumption: in
effect, the validity of such a simplified model hasen demonstrated by the cross-
validation of Subsection 3.4.4.

Simulations tests are carried out [65] in ordervewify the effectiveness of the
comprehensive control, choosing two possible distnces obtained by load variations
and considering the activation/deactivation of ¢atrol strategies. For this aim, time
evolution of load powers is reported in Table 5vBereP, is the total power for each
load. Contemporaneous step connection (in t=4 §Rifs I1+M1 and I8+M6 is used to
check external control loops, therefore the damptr@duced by AD method. Later (in
t=4.2 s), 14+L1 highly impacting CPL is connectedést the local LSF voltage control.

Bus voltage, 14 load voltage, total load currentd agenerators currents are
respectively represented in Figures 5.9-5.16. Idleorto facilitate the results
comprehension, electrical variables are expresgaddans of absolute values (kV and
kA). Interactions between controls are highlightaad possible cases of instability
(leading to interventions of under-voltage faulbtections) are pointed out. In voltage
transients, the under-voltage fault level is trabgdconsidering the MVDC worst case
envelope of Figure 1.7.

Load Power [MW]
P [MW]

t<ds|4s<ti<4.29 t>4.2s
11+M1 12.0 5.25 11.8125| 11.8125

12+M2 2.2 0 0 0
13+M3 1.9 0 0 0
[4+L1 135 5.25 5.25 13.12%
I5+L2 15 1.05 1.05 1.05

B7+L3 2.7 2.625 2.625 2.625
16+M4 3.5 2.625 2.625 2.625

I7+M5 2.2 0 0 0
18+M6 12.0 5.25 11.8125| 11.8125
total 51.5 22.03 35.175 43.05

Table 5.2 Time evolution of load powers (global ABcal LSF).
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Figure 5.9 Bus voltage transient: loss of AD control
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Figure 5.10 Load voltage transient: loss of AD coht
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Figure 5.11Generator:currents transient: loss of AD control.
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5.6 Simulation results

The positive effect of the designed control stregegs underlined in the numerical
results of previous Figures [65]. When disturbaraggear, global AD and local LSF
are able to guarantee quick and damped voltagemssp. In order to deeply understand
control interactions between global and local stgyes, partial lacks of control are
analyzed.

In absence of AD control, chosen disturbances ohiter a bus voltage under-
damped response (Figure 5.9). On the other hangsidering the 14 load voltage
(Figure 5.10) the limited action of the AD is highited, being 14 load tightly controlled
by local LSF. Conversely, in absence of B5 contitwd, instability (dashed lines) due to
the LSF lack is clearly shown in Figure 5.14. Byame of B5 operation, this local
instability burdens the MVDC bus, leading to shipdi-out (Figure 5.13) or under-
voltage protection’ intervention. The load sharingctionality is verified by Figures
5.11 and 5.15, where shared currents are corrpotiportional to the generator’ rated
powers. Furthermore, Figures 5.12 and 5.16 prothdetotal load current supplied by
the four generating systems.

The different impact of the two disturbances isveroby simulation transients [65]:
a bus disturbance (i.e. a variation of the 11 n\&erters power) bears on the load voltage,
by transiently decreasing the input (bus voltagethe DC/DC load converter (B5); a
load disturbance (given by 14 inverter) affectsoalse bus, which has to engage the
current request of B5 converter.

5.7 Conclusions

A methodology to design the voltage control in dtidW, multi-converter MVDC
power system has been discussed in this Chaptaccirdance with the IEEE Standard,
the MVDC distribution chosen in Chapter 4 has adeisd two types of controllable
voltage actuators to interface the bus: generad@DC buck converters and load
DC/DC buck converters. The presence of these actihtis suggested the realization of
an integrated voltage control based on two strasegjlobal Active Damping (AD) and
local Linearization via State Feedback (LSF). Estthtegy has been devoted to realize
a different target, controlling the voltage on thes (AD) or on impacting loads (LSF).

In order to understand the behavior of proposedrabastrategies, a series of tests
have been set deactivating control section andufdiing the power system by different
disturbances. On the power station side, generdli@gDC converters have been
utilized to apply AD method, assuring bus voltatgb#ity against disturbances caused
by CPL loads directly connected to the bus. Orldhd side, voltage instability due to a
large CPL connection has been locally solved thdaokihe non-linear compensation,
realized by the LSF controlled load converter.

Simulations have analyzed the action of implementelfage control strategies,
which have been able to face both local and gl@#l instability and to realize the
power sharing among generators. Results obtainech@eworthy, because they have
described the behavior of an entire MVDC power eyst(subjected to power load
variations), pointing out critical interactions \ween control strategies.
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6. Global LSF control strategy to
solve CPLs instability

6.1 Introduction

Unlike the previous approach which has exploitead teomplementary control
strategies (global AD and local LSF), this Chaptdi treat a control approach only
founded on well-performing LSF. Such a control atmgemove the cause of voltage
instability, by cancelling the non-linear loadspessible of the destabilizing behavior
(Chapter 2). Therefore the last strategy of thissid is to be intended as a possible
solution in relevant cases (e.g. very large CPLdgiror filter’ capacitances), where
standard approach (Chapter 5) is doomed to fail.

In this Chapter, the global LSF strategy will bgplemented in order to solve the DC
instability directly on the generator side, modgladl shipboard CPLs as an equivalent
non-linear load. The application of this strategyased on the prior development of a
low order model, which can capture the overall b@raof the multi-converter MVDC
system in a second-order non-linear differentialatign. This model will be used for
defining a non-linear function (Subsection 3.613ttcontrols the generating DC/DC
converters in order to accomplish the loop-cantielia After the employment of LSF
technique, the non-linearities still remain intce thystem, but the controlled multi-
converter arrangement may be externally describe@ tinear differential equation.
Once the resulting linear system will be obtairedraditional pole placement will be
realized by means of a conventional state feedbmckjuarantee the desired voltage
dynamics.

6.2 Design procedure

Considering the complexity of a shipboard MVDC powgstem, the next procedure
[67] is proposed (Figure 6.1) to assist the voltagatrol design. The stated design
method follows some steps, from the definition ofver system requirements to the
implementation of proper techniques to control bius voltage. Starting from design
data of an actual AES (i.e. generators, loads)xDglant components (i.e. converters,
filters), a simplified circuit model can be derivBdm the complete one by neglecting
the cables. Furthermore, a proper filter’ desidoved to well-approximate the system
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DC PLANT
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CONVERTERS,
CABLES, FILTERS DESIGN
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circuit model
filters data
y
cables data simplified
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filters
data
Y Y Y
equivalent 274 order LSF - model
non-linear system | implementation
Y
Szr;illt;\;lltsy simulations

Figure6.1 Voltage control design procedure.

dynamics by a" order nonlinear differential equation: the latter is necegda define
the non-linear function irder to realize the global LSF strategy and todsepthe
wanted voltage dynamics.

By applying the found LSF function on the simplifienode and consiering
detailed results of [67]t is possible to obtaia validationof the proposed strategy
presence of a criticatlisturbance (i.e. disconnection of one generatd). skhe
robustness of the LSF technique against relevastesy parmeters changesr
uncertainties is analytically verified on the equent ™ order model.The las
evaluation is very important, because it inveséigassues related to the main LSF w

point.

6.3 Shipboard MVDC Power Systen

The circuit of Figure 6.Z4 DC filtered generating systems in parallel wm=9
CPLs) can conveniently mod(53,67] the proposed multi-convertétVDC power
system (Figure 4.3) he following assumptions permit to obtain thisresgntatior

* Average Value Mde (AVM) adoption. This is well justified for analys
purposes when system dynamics are consideredvediaimall with respec
to the fast switching dynamics of the converte;

e a single generating system is modeled by a DC idel#hge generatcE,.
This voltage is the output of a geneDC/DC converter connected to
second order RLC filter (parametRy, Ly andCxy);

* load lines (B5:1, B6-L2, B713) and drive lines (11, 12, I3 and 16, 17,)
constitute norlinear CPLs [5];
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* each CPL is represented by a current genetage/V,, (V, >0, P,>0). The
generic lineh is modeled by means of cable parame®gtsL., and possible
input filtering capacitoCe.

Assuming the state variables (the MVDC bus volt&ye), 4 generators currents,
9 line currents|l;, and 9 load voltagesy, >0), the circuit model of Figure 6.2 is
described by 23 non-linear differential equatiohd )

dv _ 1 (& 9

== Yl -3

dt  Cq (Elk ElChj

A= L LRy Oy-V+E) Ok =12,.....4
dlen - 1 (LR O,+V-Vy) Oh=12....9
dt Lch

av, _ 1 _h _
dt_Cch(ICh Vh) 0h=12,.....9

where a total capacit@; is defined as the sum (parallel) of all filter aajtorsCy,

6.4 MVDC equivalent circuit models

Starting from the model of Figure 6.2, it is po$sitn deduce two equivalent circuits
to represent the power system behavior. In padictihe second model will be essential
to determine the non-linear function of global LSFategy.

6.4.1 Simplified model

Considering a common practice for size-limited Divpr systems [34,42,52,53,68],
it is possible to neglect cable longitudinal partereR., L., with respect to other
longitudinal elements: thus all capacitors and hwear loads become in parallel,
determining an equivalent capacit@, and an equivalent load current generator
[.=PedV (V>0, Pey>0).

These assumptions make it possible to define timpligied circuit model (Figure
6.3), which is constituted by 4 DC generating syste4 filtering stages and an
equivalent CPL. The simplified model, describedSogon-linear state equations (6.2),
will be used to perform simulations and to obtaia #¢ order model (Subsection 6.4.2).

dv_ 1 R
a:g(|l+|2+|3+|4)—ce:&y

(6.2)

dl, _ R 1 =
L S LY B R VLS [k = 1234
dt ~ Ly © La Ly
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Figure 6.3 Simplified circuit model of the multitweerter MVDC power system.

6.4.2 Second-order model

A suitable design of the generating system filtersassumed (Section 6.6): this
implies equalLq/Ry ratio (with an acceptable approximation) for albposed filters.
Therefore, a time constaftcan be defined, which will be used in next develepta

T, =% k=12,....4 (6.3)

A second order non-linear differential equationtie state variablé/ may be
obtained (6.4) deriving the first equation of systé6.2) and substituting in it the four
current derivatives:

Y 1 1(1,1,1 1
—=- i+l +lg+ly)———| —+——+——+—— |V +
de2 ceqtrf(l 2+13+1a) ceq(Lfl Li2 Lts LfJ 64)
+E1+E2+E3+E4+Peqdfv '
Ceqlltr Ceqlla Ceqllfz Ceqllts Ceqm/z dt
Considering the following relationships (6.5)-(6.7)
[ =1+l +13+1, (6.5)
Peq dv
=, +l~=—"+ -_—
I =1 +le = +Coggy (6.6)
i:i+i+i+i (67)
Leq Lf1 L2 Liz Lta
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equation (6.4) can be simplified into (6.8)

dv _ (1 Ny (l)av,
dt? Ceq |:ll-eq Ty ) dt
Ceqllfr Ceqllfa Ceqllfs Ceqllis CeqlTs IV Ceq 2 dt

(6.8)

which describes a second order non-linear system.

6.5 Global LSF voltage control strategy

Last two addends of equation (6.8) represent systemlinearities. Two control
functionsf, andfy are defined in the following formulas (6.9)-(6.18unctionf, has the
crucial role of compensating for system non-lingesi making the system linear (LSF
technique), whilefy is chosen in order to realize an analytical pdiecgment Yo
represents the steady state bus voltage reference):

f=- PR , Fg dv__ Ip 1L I-1 (6.9)
Cqu—f Y Ceqwz dt Cqu—f Ceqw Ceq
_ dv _ =1
fg =K IV -Vp) + Kzﬁ =K [V -Vp) +K; Coq (6.10)

It should be underlined that the proposed non-tirstate feedback is much more
effective than techniques based on small-signahliization, given that is not affected
by a small-signal hypothesis. Once canceled systemlinearities, different type of
linear control functions can be appliedfas

As an example, in this work, a proportional-difietial state-feedback control is
utilized in (6.10). It is noteworthy to considerathfeedback quantities fdr and fq
determination can be derived (6.5)-(6.6) from mearments (i.el,, | andV, beinglc=I-
I). The combined control action of functiofhsndfycan be split in four contributions
Fy over the four generators,

Fi = S [{fi + fg) Coq Mg (6.11)

using the load sharing coefficierss (2S=1). Thus the desired power sharing among
DC/DC converters is provided by the current sighaleedback operated Hy (6.9).
Power signal§y are to be subtracted to the DC/DC converter osfauas in (6.12),
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dz\/z_[ 1 ]w—[leV+ E-F ,E-F,

dt? Ceqlleq Tt dt Ceql:ll-fl CquLfZ
(6.12)
cE3-F3  Es-Fy _ Feq . PRq dv
Ceqlltz Ceqlls Ceqlt IV Ceqmlz dt
in order to obtain a linear system (6.13):
A e R T
t
f quLeq eq--f1 eq--f2 (6.13)
Es Es _, dV_ _
+Ceq[]|-f3+ceq[]|-f4 2 dt Kl[(}\/ VO)

Control gainskK; andK, make it possible to realize an analytical polepraent, in
accordance to linear control systems theory:

1
Ky=ap - (6.14)
Ceq IZI_eq
K, :zgwo—Ti (6.15)

being ¢ and w, the damping factor and the natural frequency @f slecond order
resulting system.

6.6 Filters design

Referring to Figure 5.1, it is well known [27,36,83] that CPL stability issue is
strongly dependent on converter output filter pasters Ry, Ly andCy). In particular,
assuming a large filter inductor (i.e. a small eatrripple), only a large (but physically
bulky) filter capacitor can keep the DC generasggtem stable when a CPL is fed.

The global LSF control strategy is able to break tblationship between stability
and filter design, making possible an independadtfaasible selection of limited filter
capacitor. This aspect brings important benefits;hsas cost and space reduction,
system reliability improvement and limitation ofsdharge current under short-circuit
fault conditions [69].

6.6.1 Synthesis

The synthesis of eadhk filter may follow the procedure explained in theeyious
Chapter (Subsection 5.3.1). Furthermore, assunongeshypotheses about generating
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systems (samg,, samedPy,, sameVy,) and considering an appropriate filters design
(samedlyy), the time constanity/Ry, expressed by equations (5.3) and (5.5), is idahti
for each filterk (6.16):

Lk 1- Dy
X = Kk T, =T 6.16
R fokDlog MRy ™7 F (6.16)

If previous conditions are not verified (i.e. 4fdient time constant3y), it is
possible to model the system by means of a unigeeage time constanf, being
variations of poledl/T irrelevant compared to dominant complex poles.s€henes
describe the dynamic behavior of each DC generaijstem as explained below.

6.6.2 CPL stability analysis
As specified in Subsection 5.3.2., the CPL stabdédn be analyzed by (6.17)-(6.18):

_| 1 [, R«
= \/Lfkﬂtfk[l R‘?J (6.17)

1 L
=— = | Caq Ry ——— 6.18
& 23!kmfk[¢fk[ fic R J (6.18)

where R4=V, /P, is the absolute value of the negative incremergalstance. In
equation (6.18), the damping factQr which depends both on the filter parameters and
on the loading leveP,, is of very important because it provides an indék system
CPL instability.

6.6.3 Design

As seen in equations (5.1)-(5.7), the specificatiabout power lossetPy,, current
ripple 4l and voltage ripplefVey, are to be used for designing filters. In particuthe
third specification is chosen in accordance tolEteE Standard [13], which states an
rms value of ripple lower than 5% per unit.

The filters design may be summarized by Table @Hich reports the parameters
values and the voltage instability indéxfor each DC generating system. Regarding
Table 6.1 it is possible to notice the low currapple (30%): considering the relevant
non-linear powers$,,, this current requirement would impose to usergelaapacitor
(i.e. a very low voltage ripple) in order to mainta positive damping factor (6.18) in
absence of LSF control. Instead, by directly cdimgelthe CPL’ non-linearities, the
proposed global LSF strategy may overtake thist tagsign constraint, allowing the
choice of a reasonahl®/y (3%) (i.e. a limited capacitor with its lower cospace and
discharge current)n effect, the loop-cancellation guarantees sysséability also in
this critical situation, even in presence of veegative damping factor.
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BF1/BF3| BF2/BF4
P [MW] 15.75 10.50
Vank [V] 8910 8910

Vi [V] 6000 6000
Dk 0.67 0.67
Ik [A] 2494 1662
fou [HZ] 1500 1500
APy 5 5
AV o 3 3
Aloge 30 30
R% [Q] 2.3 3.4
Ri [MQ)] 126.6 189.9
Ls [mH] 1.7 2.6

Ci [UF] 346.3 230.9
oo [rad/s]| 1250 1250
& -0.48 -0.48

Table 6.1 Filters design (global LSF).

6.7 LSF sensitivity analysis

Due to system parameters mismatafiy( AL,y andAC,g), the linearizing functior
could be able to cancel the CPL non-linearitiesy gudrtially. It is of interest in this
Section to evaluate how much this partial linedraraaffects system stability.

The study considers design dafa Leq and Ceq (Table 6.1) in evaluating the
linearizing functiorf;, while controlled power system presents actuampatersT; , Leq*
andCeq (Tt =T+ ATy, Leq =Legt ALeq @andCeq =Ceqt ACeq). Further hypotheses regard the
control feeding back variable (1 andV), which are assumed known without errors
and delays [69]. Starting from (6.8), equation 9§.1s derived setting to zero the
DC/DC converter outputs, and adding the functidin(6.9):

ﬂﬂ-i*div-i- *1* W"'_ 1 +*1*DL+
di2 | Ty ) dt | Coqlleq Ceqt  CoqTy
(6.19)
0

The last three addends of equation (6.19) are @éhmaining system non-linearities
due to parameters mismatch. A small-signal analisiperformed by linearizing
equation (6.19) in the operating poilh,(lo), wherel =PV, (Section 2.3).
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dZAv
dt?

dav 1 1
]d [q ] [Cquf CeqlT ]WL
c2
Ceg

1 lg I|_o 1 olg }
N Al +-LOp| - AV |+ (6.20)
[ng ]EE Vé
>
- S5 EEZ\'/LOAl 'Lgav}:o
cz, cZ)1 Vo Vé

Using following relationships [27],

— — Peq
lo=lo=v (6.21)
Peq AV
al = 2a] av =BV
L [VZJO e (6.22)
Al =Alg +01, :c;qidﬁ:’ + _A|\q/0 (6.23)

it is possible to simplify (6.20) into (6.24):

d?AV (1 )dav (1 _ 1 |Ceqdav
a2 \Ti) dt T|cz cZ R0 dt
1 1 |av

(6.24)
1
+ * * AV + T % > =g —
(ceq El_qu (Ceq Tt Ceq Erf] RO

Considering the resulting characteristic equatié25) and the usual notation for
second-order system (6.26),

C*
2 + 1*+ eq _*1 st *1*+ 1 - 1* _o (6.25)
Ti C&4MRY CgyR° Ceqlleq Ceq[Tt R Cgq[Ts RO

L +2&ays+af =0 (6.26)

the total damping factaf; is easily determined which is assumed from classiontrol
theory as a stability index.
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Assuming a rough knowledge of system paramefgrd., andCe,, the proposed
sensitivity study may be used to evaluate the impdcparameters variations or
uncertainties on stability in a worst case scenfére deactivating control functiofy
contribution).

6.8 Model implementation

In order to implement the global LSF strategy, aiMAsimulation arrangement is
used. As seen before (Sections 6.4 and 6.5), thil A%/ utilized to determine the
linearizing functionf; as well as the control gaikg andK, in functionfy. The dynamic
results obtained by AVM simulation will be finalyalidated by the results of a different
simulation platform [67].

The block scheme of Figure 6.4 describes the sy#®id. Assuming the diode
converters output voltagés, constant during load supply, DC/DC converters lban
modeled by means of the gain valbg=Vyx (k=1,2,...4). These DC/DC power
converters are therefore considered as “voltageasmts” with a negligible dynamics.
The multi-converter MVDC system’s voltage operatimgint is reached thanks to an
outer integral controller (integral galf), which processes the bus voltagéeedback
and generates the operating point comméandor the converterguty cycle. This
integral control loop is designed with a slow dymesnwith respect to the fast action of
the inner control loops.

Control functions,f, and fy (6.9)-(6.11) are implemented by the LSF voltage
controller blocks, whose output commands are adol&lin order to generate the duty
cycle command®,*. Figure 6.4 highlights (red lines) the CPL norehln part canceled
by f. From a practical point of view, the generators |Ishdring realized by the four
contributionsF, (6.11) may be affected by steady state errorsase cof unrefined
approximated time constaiii: in this case additional generator current confwops
could be used to regulate load sharing coeffici&its order to assure the correct
steady state power sharing.

6.9 Simulation results

A sudden generating system disconnection actuafiyesents a worst-case scenario
in shipboard power systems; therefore such pertiorbé& chosen to validate the global
LSF strategy.

6.9.1 Case of study

At the initial steady-state, a multi-converter MVDsystem having the layout of
Figure 6.3 and parameters of Table 6.1 is assumethfply a CPLK.~18.5 MW),
through 3 DC generating system (B1, B2, B3) whostaltrated power is
P,=(15.75*2+10.5)=42 MW. Operating point is maintaipat steady state, feeding the
CPL.
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At t=6 s, CB3 opens to simulate the loss of B3rdfwe the total rated power
becomesP,=26.25 MW. The load sharing coefficierffs are automatically calculated
and adapted in order to re-share the load ovettbeemaining DC generating system.
After B3 disconnection, the remaining convertenstput powers result about 70% of
their rated onesPk). The slow dynamics of the outer integral contlobp is
characterized by an equivalent time constant ofsQWwhereas the control gaiks and
K, are setwith £&=0.3 andw,=1500 rad/s: thus the outer voltage control loogults
dynamically decoupled from the inner ones.

6.9.2 Results

For the initial systemf(andfy deactivated), the total damping factor (calculdigd
linearizing (6.8) in correspondence ) results&=-0.32, which is characteristic of an
unstable system. Therefore, the necessary appiicafithe global LSF control strategy
application is commented in the following.

Assuming the activation of the linearizing functifpmand of the control functiofy,
three transients are represented in Figures 6.5x@iter to highlight the power system
dynamic behavior after the generating system disection. Bus voltage (Figure 6.5),
generators currents (Figure 6.6) and CPL curreigu(E 6.7) are characterized by a
stable evolution with the desired dynamic imposg;bOn the other hand, the transient
depicted in Figure 6.8 confirms the role %fin keeping the system stability. The
uncompensated CPL non-linearify dff) creates wide unstable oscillations: this would
determine a consequent voltage protections intéivem a real plant [13,65].

Assuming a worst case scenario (deactivatiorigofthe sensitivity (small-signal)
analysis theorized in Section 6.7 is used to vesfgbility effects due to system
parameters mismatching. Figures 6.9-6.10 showysierm damping factaf; in case of
real system-design discrepancy: the stability iseemuilts strictly linked to system
capacitor mismatchinq\C,,, while AT; and AL,y cause an irrelevant effect af
Consideringd; synthesis on designed parameters (Figure 6.9gltdt@l LSF strategy is
unable to guarantee stability (i&<0) if Ceq*/Ceq is approximately smaller than 0.95. In
order to prevent this critical unstable situatiam @ver-linearization strategy [52] is
applied, calculating; as a function of a reduced equivalent capacitbogen, as an
example, equal to 0-8,): thanks to this strategy the system stabilityaiggmented
(Figure 6.10). With reference to the variation Ggq* only (the most sensitive
parameter), the same conclusions can be drawn &lyating the root-loci in the two
cases (standard linearization, Figure 6.11, andlovearization, Figure 6.12).

The AVM results obtained from the averaged model esherent with detailed
model results (Figures 6.13-6.15) available irréditere [67].
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Figure 6.6Generators currents transief, on,fy on, averaged model result).
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Figure 6.15 CPL current transiefitgn,fq on) [67].

6.10Conclusion:s

Chapter 6 hagresented a voltage control design proceduremulti-converter
MVDC power systel. The control design is based on tilebal LSF strategand it is
aimed at solving the Constant Power Load stabiigue.The proposed control
applied to the model of possibleMVDC power system, which is derived from
originally actual All Electric Ship AC power system.

A complete voltage control design procedhas beemrovidec taking advantage
from an original system model simplification. Itsh@een demonstrated how, un
acceptable design assumptions, a complex -converter DC system n be
represented by an equivalent -linear 2¢ order model. Then, this system is mi
linear using the LSitechniqueand, after that, it can be easily controlled acec@ydo
traditional linear systems thec

The proposed control design falso takenrto account implementation aspects
order to meet the shipboard plant requirements. Wghgained advantag, it is possible
to notice:

» thefeedback quantitie(to be measured and elaboratedrderto calculate
control signal) have beenconsidered normally available from -board
measurements (generating converters currents, ddtege, load converte
currents):

e besides MVDC bus voltage control, a dynamic powegiriag has been
obtained among generating systems, which are ingehal providing load
power and stabilizing powe

« the global LSF strate¢, supplemented by a suitable filters desihas
provided stability while keeping limited the capacitors sof the converters
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output stages. This contributes in reducing faultrent levels in case of
short circuit on the MVDC bus;

* sensitivity (small-signal) analysis has verifie@ thverall design, evaluating
control robustness in case of parameters uncedsiahd emphasizing most
sensitive parameters. An over-linearization techaijas been also proposed
to augment the system robustness.

Results available in literature [67] confirm theesrobtained by AVM. The control
action of the LSF strategy has been tested by mefaitme-domain transient responses
(bus voltage, generators currents and equivaleit ctifent) in presence of a relevant
perturbation (loss of one generator out of threming).

The context of the work (future MVDC shipboard povsystems) represents a
challenging case of DC grid, limited for extensibat very dense in load power,
generation capacity, power electronics and intergotontrols to be managed in an
intelligent way. As DC microgrids in islanding modan be considered to be very
similar to shipboard context, developments gaimedbelieved to be also valuable for
application to land DC grids design and control.
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7. Conclusions

During the last twenty-five years, the developneemd diffusion of power electronics
has determined the beginning of a new large shigeyat, the All Electric Ship (AES)
paradigm. AESs, which nowadays represent 100% otlemmo cruise ships, are
electrically propelled and equipped with an IntégdaPower System (IPS), in order to
feed propulsion system and ship service loadshibg dontext the innovative Medium
Voltage DC distribution represent a new possibitiiyrenew the IPS, considering the
important advantages provided by MVDC enabling nedbgy.

Unfortunately, MVDC power systems are characterizgdhe important problem of
CPL voltage instability which is a relevant issus only from a theoretical point of
view, but also in practical power system appliaagioTo solve the instability, different
approaches may be followed. For example, the velagjuator approach is a reliable
possibility to compensate for the destabilizingeeffof CPLs. In this context the non-
linear loads compensation is strictly dependenthan dynamics imposed by voltage
control, therefore the voltage control techniqué,(AD, LSF) have to guarantee
notable performance.

Control techniques are widely analyzed in the thdsighlighting pros and cons. In
particular, neglecting the simplest State Feedbemkirol capability provided by Active
Damping and Linearization via State Feedback hasaed sufficient in CPL solution.
The AD is a control method to damp the voltage ltziins, by transiently increasing
the filter resistances, whereas LSF is a non-liteamique to cancel the effect of CPLs.
Being AD a basic technique, the implementationugegsimple on digital controllers,
whereas its limited control performance avoids phactical use in stabilizing adverse
systems (i.e. small filter capacitances, large GPLe guarantee the stability of such
critical power systems, an effective option is esgnted by complex LSF technique,
which is able to offer remarkable results alsoeavy conditions.

Considering the positive aspects of each contrchrtigue and a realistic multi-
converter MVDC power system, two final studies h@aveposed control strategies to
face instability. A former analysis tries to expltie advantages of both AD and LSF.
Such techniques are utilized to solve the CPL isbyeutilizing generating DC/DC
converters (global AD controlled) and load convesrtgocal LSF controlled). Whereas,
in the last Chapter a second study has been pegsdateseeing to realize a global LSF
strategy to stabilize an equivalent CPL. By repnéreg the power system behavior by
means an equivalent non-linea drder model and actuating a proper non-linear

117



function, the multi-converter MVDC power system mbg made linear, therefore
controllable by standard linear systems theory.ighesl voltage controls have been
validated by dedicated simulations, which have beahzed by numerical simulators.
Results obtained have demonstrated the controlctefémess in solving CPL

oscillations.

By observing the last sensitivity analysis, furtltvelopments will be aimed in
developing robust controls. This technique willMaey useful to overcome the problem
of LSF, which tends to fail the loop-cancellationpresence of parameters uncertainties.
In the future, experimental validations will be alsealized on Medium Voltage DC
power system’s test-bed.
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