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SOMMARIO 

I convertitori per l’alimentazione di veicoli elettrici o ibridi Plug-in, (Plug-in Hybrid 

Electric Vehicle, PHEV), richiedono alta potenza ed un flusso di corrente bidirezionale, 

con un ampio range di voltaggio in ingresso. Questa tesi presenta la progettazione di un 

carica batterie ideato per operare con un ingresso universale. Il convertitore AC/DC e’ 

implementato usando una tipica struttura a due stadi. Il primo stadio include un 

convertitore boost con Power Factor Correction (PFC), per soddisfare i requisiti sul 

fattore di potenza e per migliorare l’efficienza del sistema. Il secondo stage e’ costituito 

da un convertitore buck che e’ direttamente collegato alle batterie. Il controllo di questo 

dispositivo e’ implementato usando un controllore PID multi-loop per il raddrizzatore 

PFC, tramite il controllo average mode della corrente. Un semplice controllore PID e’ 

implementato nel convertitore DC/DC ed entrambi utilizzano uno switching PWM. Viene 

inoltre presentato un nuovo approccio digitale per eliminare il controllore feed-forward 

dallo schema convenzionale, che semplifica ulteriormente la strategia di controllo. Il 

controllore digitale del sistema di potenza usa una strategia di switching binaria per i 

transistor. Essi switchano in base al segno dell’errore, usato come segnale di controllo. 

Una valutazione comprensiva del convertitore e’ condotta per analizzare le performance e 

la robustezza del controllore in termini di stabilita’. L’analisi FFT e le curve phase-plane 

sono usate per derivare le regioni di stabilita’ del circuito. Alcune condizioni di 

funzionamento instabili vengono individuate per migliorare il progetto. 
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ABSTRACTPower ele
troni
 
onverters in Plug-in Hybrid Ele
tri
 Vehi
les (PHEV) andEle
tri
 Vehi
les (EV) require high power and bidire
tional power �ow 
apabilities,with wide input voltage range. This thesis presents a battery 
harger designed tooperate over a universal input. The 
onverter is implemented using a basi
 two-stagestru
ture. The �rst stage in
ludes a Power Fa
tor Corre
tion (PFC) Boost 
onverterto meet power fa
tor requirements and improve the e�
ien
y of the system. These
ond stage is 
omprised of a bu
k 
onverter whi
h is dire
tly 
onne
ted to thebattery pa
k. Control of this 
onverter has been implemented using a multi-loop PID
ontroller for the PFC re
ti�er using average 
urrent 
ontrol mode. A simple PID
ontroller is implemented in the DC/DC 
onverter and they both use Pulse WidthModulation swit
hing. In addition, this thesis presents a new digital approa
h toeliminate the feed-forward 
ontroller from the 
onventional topology, whi
h furthersimpli�es the 
ontrol strategy. Digital 
ontrol of a power ele
troni
 system uses abinary swit
hing strategy for the swit
hes. High-power semi
ondu
tors swit
h basedon the sign of the error whi
h is used as 
ontrol signal. A thorough evaluation ofthe 
onverter has been 
ondu
ted to assess the performan
e and robustness of the
ontroller in terms of stability. FFT analysis and phase-plane plots are used in orderto derive stability maps for the 
ir
uit. Unstable 
onditions are found and systemdesign is improved a

ordingly.

xiii



1CHAPTER 1INTRODUCTIONIn re
ent years, Hybrid Ele
tri
 Vehi
les (HEV) and Plug-in Hybrid Ele
tri
Vehi
les (PHEV) have attra
ted more and more attention of automotive industry.Hybrid vehi
les have several advantages over 
onventional 
ar given their e�
ien
yand 
apability of a better fuel e
onomy. PHEVs 
ombine the Internal CombustionEngine (ICE) with the ability of 
harging and dis
harging a storage pa
k. It 
an usethe ele
tri
ity stored while the battery 
harge is in a high state, allowing an all-ele
tri
range. At the same time PHEV provides a fuel tank to be used when an extendeddriving range is needed.A battery 
harger is essential for the PHEV fun
tioning. This power ele
troni

ir
uit has two main fun
tions. It 
harges the battery with a proper State Of Charge(SOC) in re
harge mode of operation. The other operation mode is 
alled invertermode, whi
h means that the battery energy is transferred ba
k to the grid. Alsosupplying AC ele
tri
ity for on-board loads is possible. Therefore the battery 
harger
onsists in a multi-
onverter system 
apable of bi-dire
tional power �ow.In multi-
onverter systems many power ele
troni
 
onverters su
h as AC/DCre
ti�ers, DC/DC 
hoppers, and DC/AC inverters are used as sour
es, loads, ordistribution networks to provide power in di�erent magnitudes and forms. Re
entadvan
ements in semi-
ondu
tor te
hnology have enhan
ed the use of these 
onvertersin Plug-In Hybrid Vehi
les appli
ations [57℄. A multi-stage 
onversion is 
onsidered a
ommon 
hoi
e for a battery 
harger 
ir
uit in [29℄ and [22℄. It in
ludes a re
ti�
ationstage and is usually 
as
aded with an output regulator.Several bi-dire
tional AC/DC 
onverter topologies 
an be used as the PHEVbattery 
harger [38℄. The spe
i�
 
on�guration 
hosen depends on the requirement



2of the appli
ations in terms of e�
ien
y, reliability, 
ost, volume and weight. Twomain strategies involve an AC/DC bi-dire
tional 
onverter whi
h 
an be separatedfrom the driving system. The other one 
ombines the motor driving inverter withthe 
onverter as an integrated PHEV motor driving system. Several resear
h papershave been written on the design and the analysis of the 
onverters, espe
ially on astand-alone basis [73℄.Basi
 stru
ture 
onsists in the 
as
ade of a AC/DC re
ti�er and a DC/DC
onverter pla
ed between the battery and the high voltage bus. This thesis in
ludesan example of a bi-dire
tional 
ir
uit that 
an be used with Plug-in Hybrid Ele
tri
Vehi
les. These power ele
troni
 
ir
uits 
an be also integrated with existing gasolineor ele
tri
 vehi
les to provide plug-in features.Control 
ir
uits also represent a fundamental 
omponent of 
onsidered system.It is responsible to provide a regulated and �at 
urrent at the output to 
harge thebattery pa
k. Power Fa
tor Regulation also needs to be done for the input 
urrent inorder to maximize the e�
ien
y of the system. A new 
ontrol approa
h is analyzedwith the goal to simplify the hardware stru
ture. In fa
t, 
lassi
al analog 
ontrolte
hniques need a 
ompli
ated implementation. It usually 
onsists in a multi-loop
ontroller for the PFC 
ir
uit, in
luding a feed-forward 
ompensator [26℄. DC/DC
onverter stage on the other hand uses only a single PID regulator. Therefore anew approa
h needs to be developed in order to simplify the design of the 
ontrol
ir
uit while assuring good performan
es and stable operation. A novel digital 
ontrolprovides a reliable and robust solution for this appli
ation.Stable behavior of the system has to be assured by the 
ontroller. Cir
uitdesign and the 
hoi
e of 
riti
al 
omponents are responsible for the good performan
esin terms of stability. Whereas a separated stability analysis is usually 
ondu
ted forea
h 
onverter stage, a uni�ed approa
h is preferable. Complete systems stability



3analysis has to be performed a

ordingly to some pra
ti
al 
riteria.A stable system with desired response is obtained with the use of the noveldigital 
ontroller. Performed resear
h work results to be essential to provide a safeand reliable system. Its stable and sustainable operation are of primary importan
efor 
riti
al power ele
troni
 
ir
uits su
h as in Plug-in Hybrid Ele
tri
 Vehi
les.This thesis has been organized as follows. In the se
ond 
hapter, a brief in-trodu
tion on the appli
ation and on its re
ent developments has been done. PHEV
on
ept is introdu
ed and standard 
ontrol methods are explained. A 
omplete lit-erature overview is provided on the most signi�
ant resear
h topi
s that have been
ondu
ted. Power ele
troni
 
onverters design is analyzed and various 
ontrol strate-gies are reviewed, 
onsidering their performan
es and robustness. Importan
e of thebi-dire
tional multi-
onverter battery 
harge is underlined and various 
on�gurationsare presented.The third 
hapter des
ribes in details the 
ir
uit adopted for the battery
harger appli
ation. A 
omplete analysis is done for the 
omponents of ea
h 
on-verter as well as for the overall 
ir
uits. Bu
k 
onverter and Boost 
onverter are
ombined together in order to obtain the Bu
k-Boost topology and its bi-dire
tionalversion. A Power Fa
tor Corre
tion 
ir
uit is developed to meet stringent require-ments of this appli
ation. Its bi-dire
tional version is then 
ombined together withthe DC/DC 
onverter in the overall model. A two-stage bi-dire
tional battery 
hargeris then des
ribed and its di�erential equations are derived. Parametri
al models arederived and di�erent mathemati
al representations of the 
ir
uit are provided. Thestate spa
e model of 
ombined 
ir
uit is used in this thesis as the primary analysistool to investigate the 
ontrol design and the stability of the system.Chapter four introdu
es a new approa
h in the 
ontrol strategy involving a



4digital design. Digital 
ontrol te
hniques are analyzed and their advantages overanalog regulators are shown. Digital 
ontrol takes advantage of its �exible stru
tureand of its ease of implementation in modern integrated 
ir
uits. A novel approa
his here presented and its performan
es are shown. A detailed 
omparison with the
lassi
al PID regulator is also performed. Related issues and pra
ti
al solutions, alongwith other possible implementations are presented for the 
ontrol design.In 
hapter �ve, a detailed stability analysis is presented. Classi
al tools areused in order to investigate the stability of the system through a pra
ti
al approa
h.Instability 
onditions are des
ribed and dete
ted in the operating 
onditions of the
ir
uit. Unstable regions are identi�ed with respe
t to 
ir
uits 
riti
al 
omponentsvalues. Cir
uit design and the 
hoi
e of 
riti
al 
omponents are thus explained withthe use of stability analysis tools. The performan
e of the new 
ontroller design is
ompared with the 
lassi
al analog 
ontrol in terms of stability. Robustness of the
ontroller is investigated through the simulation of a variation in the input voltageor in the load, and its performan
es are 
ommented.Chapter six dis
usses obtained results showing all the advantages of proposed
on�guration. Analysis results are explained and summarized in this 
hapter. Needfor future works is dis
ussed, in
luding a further simpli�
ation in the 
ontroller. Alsoa mathemati
al 
on�rmation of pra
ti
al results obtained has to be done. Derivedmathemati
al model in all its di�erent 
on�gurations 
an be adopted for a morerigorous stability analysis.



5CHAPTER 2AN OVERVIEW ON PHEV POWER ELECTRONIC CONVERTERSPrimarily due to an in
reasing environmental 
ons
iousness and a fuel pri
elift over the last few years, Plug-in Hybrid Ele
tri
 Vehi
le market and resear
hinterest has widely grown. Plug-in Hybrid Ele
tri
 Vehi
les are vehi
les that 
ombinean internal 
ombustion engine and an ele
tri
 operating energy system, in
ludingbatteries and power ele
troni
s 
ir
uits. In parti
ular, two spe
i�
 and fundamental
ir
uits have been analyzed and will be modeled in this thesis, the AC/DC inverterand the DC/DC 
onverter, pla
ed between the external universal AC outlet and thebattery pa
k. Integrated 
onverters need to be bi-dire
tional, in order to let theenergy �ow in either dire
tion. Ele
tri
al energy 
an be either stored to the batterypa
k, from an external power supply or through regenerative braking, or used tosupply power to an ele
tri
al motor or on board devi
es.A thorough resear
h has been 
ondu
ted on these topi
s, in
luding design 
on-siderations and simulations of single phase bi-dire
tional AC/DC inverter with boostPower Fa
tor Corre
tion system, bi-dire
tional DC/DC swit
hing 
onverters and bat-tery evaluation, suitable for high power Plug-in Hybrid Ele
tri
 Vehi
le appli
ations.2.1 Plug-in Hybrid Ele
tri
 Vehi
lePlug-in hybrid-ele
tri
 vehi
les have re
ently emerged as a promising te
hnol-ogy that uses ele
tri
ity to displa
e a signi�
ant fra
tion of petroleum 
onsumption.A plug-in hybrid ele
tri
 vehi
le (PHEV) is a hybrid vehi
le with the abilityto re
harge its energy storage system with ele
tri
ity from an o�-board sour
e, su
has the ele
tri
 utility grid. Similarly to traditional hybrid ele
tri
 vehi
les, it hasboth an ele
tri
 motor and an internal 
ombustion engine. The vehi
le 
an thendrive in a 
harge-depleting (CD) mode that redu
es the system batteries' state-of-
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Figure 2.1. Plug-in Hybrid Ele
tri
 Vehi
le s
hemati
 view, pi
ture 
ourtesy of Ar-gonne National Laboratory.
harge (SOC), thereby using ele
tri
ity to displa
e liquid fuel that would otherwisebe 
onsumed. This liquid fuel is typi
ally petroleum (gasoline or diesel), althoughPHEVs 
an also use alternatives su
h as biofuels or hydrogen [38℄. PHEV batteriestypi
ally have larger 
apa
ity than those in HEVs so as to in
rease the potential forpetroleum displa
ement and all-ele
tri
 range 
apabilities.Compared to 
onventional vehi
les, PHEVs 
an redu
e air pollution, minimizedependen
e on petroleum and fossil fuels, and lower greenhouse gas emissions that
ontribute to global warming. In fa
t, PHEVs 
an avoid use of any fossil fuel duringtheir all-ele
tri
 range if their batteries are 
harged from nu
lear or renewable sour
esof energy. In addition to redu
ing gasoline 
onsumption, they have the potential toalso redu
e total energy expenses. Existing 
ommer
ial hybrid vehi
les have provento be su

essful 
omponents of the transportation system in the US and abroad.Plug-in hybrid ele
tri
 vehi
les (PHEV) 
an 
ontribute signi�
antly to transportationsystem e�
ien
y by introdu
ing vehi
les that, within a limited range, 
an operateentirely in an ele
tri
 mode and be powered by the ele
tri
ity grid. ConventionalHybrid Ele
tri
 Vehi
les (HEVs) are already starting to 
reate great bene�ts to USenergy in
luding 
onsumption and se
urity. Based on EPA data, the most energy



7e�
ient existing hybrids 
ut gasoline 
onsumption by around 40 per
ent 
omparedwith similar 
onventional 
ars. But PHEVs typi
ally repla
e half of the remaininggasoline 
onsumption with ele
tri
ity. Thus PHEVs 
ould redu
e the 
onsumption ofliquid fuels by at least 70 per
ent 
ompared with 
onventional 
ars.One of the basi
 yet important 
omponents of a PHEV is its drive train, whi
hin
lude the ele
tri
al motor drive, storage devi
e (battery pa
k), 
ontrol ele
troni
s,inverter and battery 
harging 
ir
uit. In parti
ular, the power ele
troni
 
onverter isresponsible of the power �ow from the ele
tri
al sour
e to the load and vi
e versa,allowing the 
harging and the dis
harging of the battery. This basi
 
omponent willbe here analyzed in details, and an e�
ient 
ontrol system will be designed anddis
ussed.Plug-in Hybrid Ele
tri
 Vehi
les and ele
tri
 
ars may allow for more e�
ientuse of existing sour
es of ele
tri
 energy, whi
h most of the time is unused or isavailable as an operating reserve of power in the storage system. This assumes thatvehi
les are 
harged primarily during o� peak periods, or equipped with te
hnologyto shut o� 
harging during periods of peak demand. Another advantage of a plug-invehi
le is their potential ability to help the grid during peak loads. This is a

om-plished with vehi
le-to-grid te
hnology 
hargers [57℄. Su
h vehi
les take advantageof ex
ess battery 
apa
ity to send power ba
k into the grid and then re
harge dur-ing o� peak times using 
heaper power. Su
h vehi
les are a
tually advantageous toutilities as well as their owners. Even if su
h vehi
les mat led to an in
rease in theuse of night time ele
tri
ity they would also out ele
tri
ity demand whi
h is typi
allyhigher in the day time. This would represent a greater return on 
apital for ele
tri
ityinfrastru
ture.



82.2 Bi-dire
tional ConvertersBidire
tional 
onverters are nowadays widely used in various appli
ations, andare among the most studied Power Ele
troni
's 
ir
uits. Appli
ations su
h as ele
tri
vehi
les, photovoltai
 systems, UPS power supplies, general battery based storagesystems and various industrial �elds require the development of bi-dire
tional 
on-verters in order to allow power �ow in either dire
tion. They are usually employedas interfa
e 
ir
uits for the di�erent voltage level buses and have several advantages.Among all, saving spa
e, redu
tion of weight and 
ost of the power systems withrespe
t to standard unidire
tional 
ir
uits. One of the most 
ommon appli
ations is abattery 
harger 
ir
uit, in whi
h both 
harging (i.e. energy storage), and dis
harging(energy 
onsumption) methods are implemented, through bi-dire
tional power 
on-version. Various topologies have been studied, a

ordingly to spe
i�
 requirements,based on power 
apabilities, isolation, input/output relations and 
onversion type,number of stages and phases.Unidire
tional 
onverters 
an be 
lassi�ed into two basi
 
ategories, a

ordingto voltage 
onversion type, DC/DC 
onverter and the AC/DC 
onverter, respe
tivelyin
luding a DC voltage power sour
e, or an AC voltage input, and providing a di�erentoutput value of DC voltage. Classi
 topologies in
lude Bu
k DC/DC 
onverters, inwhi
h the output voltage is smaller than the input value, boost 
ir
uit in whi
houtput voltage is greater than the input, and bu
k-boost 
onverters, in whi
h theoutput 
an be either smaller or greater than the input. Similarly AC re
ti�
ation
an be made, through bu
k re
ti�ers or boost re
ti�ers. Bi-dire
tional power �owrequires those standard 
ir
uits to be modi�ed to a

ommodate two alternate powersour
es and loads and bi-dire
tional operations, thus using DC/DC bi-dire
tionalbu
k-boost 
onverter and bu
k-boost AC/DC re
ti�ers. These two basi
 topologies
an be also 
ombined together in order to obtain a multiple stage 
onverter, usually



9using a 
as
aded 
onverter system. Whereas unidire
tional 
ir
uits have been widelydis
ussed, bi-dire
tional 
ir
uits still form an a
tive resear
h �eld [30℄.In the 
ases where isolation is required, most of the existing bi-dire
tional
onverters are of the �yba
k-forward topologies [11℄. These bu
k and boost derived
onverters in
lude a transformer in the 
ir
uit whi
h provides ele
tri
al isolation be-tween the input and the output ports. Built in transformers ele
tri
ally isolate theinput of the 
onverter from its output. Not only they owe all the advantages of highfrequen
y operation, small size and weight of the transformer, but also provide more�exibility in an eventual multiple output 
ontexts [63℄. In fa
t isolated topology allowsmulti-inputs and multi-outputs 
on�gurations using multi-winding transformers that
onne
t multiple sour
es having di�erent voltage levels, or give a greater �exibility inoutputs.For high-e�
ien
y and high-power appli
ations su
h as PHEVs, whi
h do notrequire magneti
 
oupling, standard Bi-dire
tional swit
hing 
onversion is adopted.In su
h systems the load is dire
tly 
onne
ted to the grid through a 
onversion 
ir
uit.Resear
hers have analyzed several PWM swit
hing te
hniques, to eliminatetransition responses and to provide soft-swit
hing [56℄ using auxiliary and 
omplex
ir
uits, in order to in
rease the system's overall e�
ien
y. Moreover, all these swit
h-ing 
onverters 
an provide voltage regulation as well as prote
tion in 
ase of poweroutages. In addition they also show ex
ellent performan
e in terms of suppressingin
oming line transient and harmoni
 disturban
es.2.3 AC/DC ConvertersThe �rst stage of the power ele
troni
 system for PHEV appli
ations 
on-sists in the PWM Re
ti�er 
ir
uit with Power Fa
tor Corre
tion (PFC). This 
lassi
swit
hing 
onverter is mainly studied in its unidire
tional topology [62℄ for standard



10appli
ations, to provide highly stable DC voltage at the output while maintaining ahigh power fa
tor at the input. This 
onverter is extremely useful in several power
onversion devi
es [55℄ and also meets quality spe
i�
ations and guidelines to regulatepower quality. One of main issues of non-power fa
tor 
orre
ted 
ir
uits is the har-moni
 distortion that is inje
ted ba
k into the mains power line. Furthermore in theUnited States and Europe, Federal Communi
ations Commission (FCC) and Euro-pean Asso
iation for Ele
tri
al, Ele
troni
, and Information Te
hnologies, have latelyworked together to introdu
e a series of stri
t standards to govern 
ondu
ted-noiseemissions and maximum 
ondu
ted noise limits. For this reason an a
tive 
ontrol
ir
uit needs to be implemented.PWM unidire
tional inverter in
ludes a diode re
ti�er 
ir
uit at the input,to 
onvert sinusoidal 90 − 240 V AC, 50 − 60 Hz universal voltage input into a DCre
ti�ed voltage waveform. AC/DC 
ir
uit also requires a swit
hing boost 
onverter,whi
h regulates output voltage to an almost 
onstant value, higher than the input.An inverter is a devi
e that 
onverts DC 
urrent from the output of DC/DC 
onverteror the battery into AC whi
h 
an be used for ele
tri
 motor drives, and vi
e versa. Itis typi
ally 
omprised of a power module in
luding high power semi
ondu
tor devi
eswith high 
urrent 
apabilities as BJTs or MOSFETs, sensors, �lters and a 
ontrolsystem that regulates the swit
hing s
heme.Considering the spe
i�
 PHEV requirements, where power is drawn from theAC side to feed the battery, DC re
ti�ed power may also be used for the ele
tri-
al motor or the on board ele
tri
al system, as well for vehi
le-to-grid appli
ations.For this spe
i�
 use a bi-dire
tional 
ir
uit needs to be 
hosen, and furthermore thebridge diode re
ti�er is modi�ed into an H-bridge 
on�guration, for power reversal
apabilities. The presen
e of 
urrent harmoni
s results in several problems, and re-du
es power losses and de
rease e�
ien
y. Thus the 
urrent drawn from the input



11indu
tan
e needs to be shaped, by only a s
aling fa
tor of the AC voltage waveform.A 
losed loop 
ontrol [64℄ 
an be implemented as before using a voltage 
ontrol loop,with voltage feed-forward 
ompensator. It thus generates the 
onstant output signal,while an inner 
urrent shaping regulator generates a near sinusoidal 
urrent waveform.Cir
uit design based on re
ent results for High Current Battery Chargers forPHEVs [44℄ requires a 
al
ulated 
hoi
e of 
riti
al 
omponents su
h as the indu
tor,based on theoreti
al analysis whi
h is veri�es by simulations results of this spe
i�

ir
uit.Several 
ontrol strategies and topologies have been studied in [7℄ and [28℄ andresear
hers have attempted to obtain desired performan
e of the system and suitablewaveforms for input 
urrent and output voltage in standard operating 
onditions.Furthermore a deep analysis is done for the performan
e of the 
onverter,emphasizing input and output waveforms and improvements due to an appropriatedesign or 
ontrol. Faulty 
onditions and their e�e
ts on the shape of the waveformsare then studied and 
on
retized in the design of more robust 
ontrol system andfault tolerant 
ir
uit.2.4 DC/DC ConvertersDC/DC bi-dire
tional 
onverter forms another basi
 
ir
uit for PHEV 
harg-ers. This 
onverter requires high power 
apabilities and works as a Bu
k-Boost topol-ogy, as mentioned. Its bi-dire
tional energy �ow allows also both the 
harging of thebattery pa
k, and its dis
harge through the opposite dire
tion, supplying energy ba
kto the system.It has a simple stru
ture that is derived from basi
 Bu
k and Boost topologies,whi
h are as now well-known and suited for this kind of appli
ations. PWM swit
hing
onverter is adapted for high power handling and simply in a 
as
ade 
on�guration



12with the AC/DC re
ti�er explained above. Bi-dire
tional bu
k-boost 
onverter worksas a bu
k 
ir
uit, produ
ing an almost 
onstant output voltage a
ross the battery,redu
ing high input voltage from the inverter stage. In the opposite dire
tion, withenergy �owing from the load to the input side, it operates as a boost 
onverter thusin
reasing the voltage and allowing battery dis
harge.Modeling di�
ulties whi
h make spa
e state di�erential equations derivationquite 
ompli
ated are related to non-linear and time varying nature of swit
hing
onverters. Time-variant matrix stru
ture, represented in the s
heme of �gure 2.2,may requires the use of Spa
e State Averaging te
hnique, in order to eliminate thetime dependen
e.

Figure 2.2. Non-linear time-invariant state spa
e s
heme.In this thesis, fun
tioning of this 
onverter is analyzed and di�erential equa-tions of its spa
e state model are derived in order to simulate its behavior usingMATLABr. As for the other 
onverters, modeling of the 
onverter and simulationare indispensable tools. They are used to investigate further 
ir
uit responses underspe
i�
 
onditions.2.5 Battery ModelOne of the most important 
omponents of the power ele
troni
 
ir
uit in PHEVdrive trains are batteries, whi
h are 
onne
ted at the DC side output of the 
onverter.Battery pa
ks are portable sour
es of ele
tri
al energy that 
an be 
onverted to me-
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hani
al energy by the ele
tri
 motor. Similarly stored power 
an be used to feedon-board ele
tri
al equipment su
h as ele
tri
 power steering, air 
onditioning sys-tem, light, pumps et
. There are many types of batteries spe
i�
ally suited for HybridEle
tri
 Vehi
le appli
ations, in
luding Ni
kel Iron, Ni
kel Cadmium, Ni
kel MetalHydride, Lithium Polymer and other metal-air batteries.Many fa
tors 
hara
terize battery quality and spe
i�
 performan
e 
riteria,and form interesting resear
h topi
s, in
luding: energy density, spe
i�
 power, typ-i
al voltage, Ampere hour e�
ien
y, energy e�
ien
y, 
ommer
ial availability, 
ost,operating temperature, self-dis
harge rates, life 
y
les and physi
al duration. Severalstudies are now fo
using on developing a detailed model for a battery pa
k [10℄. Theseresear
hes involve 
onsideration on the variation of battery load with respe
t to itstemperature and its state of 
harge, realisti
 
harge and dis
harge rates, analyzingbattery geometry, optimum temperature of operation, along with suitable 
hargingmethods.In this thesis a very simple model of battery is used, 
onsidering an idealseries of a DC voltage generator and a resistan
e. Other following resear
h work willfurther investigate the modeling of a battery pa
k spe
i�
ally suited for this high
urrent 
harger.2.6 Design Consideration and ModelingSeveral papers have addressed design 
onsiderations for PHEVs' battery 
harg-ers, in
luding pra
ti
al 
omparative evaluations of di�erent 
as
aded 
on�gurations.In standard literature, the two stages of system have been often studied separatelyand have led to a partial analysis of stability issues. In fa
t, many arti
les have 
on-sidered the 
as
aded DC/DC 
onverter for output voltage regulation as an equivalentresistive load, whi
h dissipates the same power. Due to a 
omplex intera
tion between



14these two 
ir
uits, the dynami
 behavior of this nonlinear system and stability issuesneed a thorough investigation.In terms of stability, the operation of overall 
ir
uit results more restri
tedthan that for PFC 
ir
uit with a 
onstant resistive load, and further 
onsiderationsare to be done. A new 
ontroller design has to be developed a

ording to analysisresults. The e�e
ts of the intera
tion between the two stages, shown in [24℄ are veri�edfor this model. In fa
t, the DC/DC 
onverter stage represents a 
onstant power load,equivalent to a negative resistan
e seen from the PFC stage only when its output isperfe
tly regulated. In pra
ti
e, sin
e the PFC Boost regulator - is almost always
as
aded with a voltage regulator - espe
ially for medium to high power ranges,it is useful 
onsider the overall 
as
aded stru
ture of the power supply. Anotherparti
ularly important issue is the 
hoi
e of indu
tive and 
apa
itive 
omponents inthe 
ir
uits, in
luding the AC side indu
tor, bi-dire
tional bu
k-boost indu
tor andoutput 
apa
itors.This thesis 
onsiders the development of a 
onverter 
apable of operating foruniversal voltage input. This range is de�ned nominally from 90 V to 240 V and a
onstant battery voltage of 48 V . It must be noted that this 
hoi
e leads to someimportant 
onsiderations on the value of the DC bus voltage level. Maximum in-termediate DC bus voltage level is set to 400 V between the PFC re
ti�er and theDC/DC 
onverter. This 
hoi
e along with the modulation index 
al
ulation, whi
hhas been widely dis
ussed in literature [75℄, maximizes overall system e�
ien
y.Further design spe
i�
ations along with the ratings of 
ir
uit 
omponents 
on-sider both mathemati
al and a pra
ti
al approa
h [3℄, based on the investigation ofthe performan
es of the 
ir
uit. Values of 
riti
al 
omponents have been evaluated inorder to optimize the system response as well as its robustness, noise immunity andstability.



152.7 Control Te
hniquesOne of the most important topi
s in the design is the 
ontrol 
ir
uit, involvingboth the bi-dire
tional PFC inverter and the DC/DC 
onverter, to be robust andfault-tolerant. A simple yet e�e
tive typology of 
ontrollers is presented in this designusing a Proportional, Integral and Derivative (PID) regulator. This 
ontrol strategyassures desired response while providing qui
k tuning 
apabilities and a not very
omplex stru
ture.The PFC 
onverter 
ir
uit uses a more 
omplex 
ontrol algorithm, in
luding afew di�erent regulators loops. This is due to its need of simultaneously regulate theoutput DC voltage and shaping input 
urrent in order to 
orre
t the power fa
tor. Inthis 
ir
uit the external 
ontrol loop is designed for voltage regulation. DC referen
eand a
tual sensed signal are used as inputs to produ
e a 
ontrol output su
h thatthe DC value remains 
onstant regardless variations of the load, supplied AC voltageor output 
urrent drawn. The voltage 
ontroller also produ
es a referen
e signal forthe inner 
urrent loop, whi
h 
ontrols the shape of input 
urrent. Output voltage is
ontrolled by a simple PI regulator, in whi
h a signal proportional to voltage error andto its integral is generated. When the input of the voltage error 
ompensator in
reases,signal generated by PWM 
ir
uit also in
reases. Therefore for an in
rease in outputterminal voltage, the inner 
urrent regulation loop redu
es the 
urrent proportionallyto keep the input power 
onstant. In fa
t, this internal 
urrent error 
ompensatoruses sensed 
urrent and regulated voltage signal to determine the referen
e. Controlloop error is thus determined by the di�eren
e between 
al
ulated referen
e signaland a
tual indu
tor 
urrent and is pro
essed by a PID 
ontroller. This regulationsystem for
es the indu
tor 
urrent to follow the referen
e sinusoidal waveform.It must be mentioned that in the 
ontrol strategy implemented, the 
urrent
ontrol loop should run at a mu
h faster rate 
ompared to the voltage loop in order



16to 
orre
tly shape the input sinusoidal waveform and thus requires a relatively smallbandwidth. The 
urrent 
ontroller produ
es a signal whi
h is then elaborated througha PWM generator, in order to produ
e the appropriate duty 
y
le value for thegate signal of 
ir
uit MOSFETs. If the voltage de
reases, also referen
e signal forinput 
urrent de
reases, thus resulting in a lower drawn power. However, in orderto maintain a 
onstant output power in 
orresponden
e of a redu
ed input, 
urrentreferen
e should proportionally de
rease [7℄. A voltage feed-forward 
ompensatormaintains the output power 
onstant and determined only by the load, regardless ofinput variations. Its operating prin
iple averages the input voltage and divides inputreferen
e 
urrent by its squared value.Control of bi-dire
tional bu
k-boost DC/DC 
onverters result in a simplerstru
ture, as 
ompared to the multi-
ontrol loop for PFC Cir
uits, with just onePI regulator. Proportional and integral a
tions are used in a feedba
k error loop foroutput 
urrent, whi
h is 
ompared with desired battery 
urrent referen
e. The outputof the regulator is then used to obtain a PWM signal to generate swit
hing signalsfor the MOSFETs.2.8 Stability IssuesPower ele
troni
 
ir
uits su
h as swit
hing 
onverters, are 
ommonly realizedusing a 
losed loop 
ontrol system, e.g. PID 
ontroller in order to minimize the er-ror between a
tual and 
ommanded response. The Converter 
an be implementedSimPower System toolbox in MATLABr Simulink, whi
h allows multiple 
ontrolstrategies, in
luding dire
t 
ir
uit approa
h and more �exible digital/dis
rete design.Behavior of the system 
an be similarly des
ribed through its 
ir
uit-based repre-sentation as well as its spa
e state model, using di�erential equations. Equivalently,input-output relation 
an be expressed in terms of Transfer Fun
tion, as a rationalfun
tion of the output and the input of the system.



17Stability of a 
ontrol system is often extremely important and is generally aprimary issue in the engineering of a system. It is usually related to the response ofthe system to various inputs or disturban
es. Stability analysis of power 
onvertersis quite di�
ult due to some intrinsi
 features of the systems. Variation of modelparameters, su
h as input voltage or 
hange in load resistan
e, as well as stru
ture
hanges in mode of operations (Continuous mode or Dis
ontinuous mode), gives thesystem a 
omplex non-linear model.Stability analysis of the system 
an be performed both for its open and 
losedloop 
on�gurations. Using various te
hniques it is possible to identify instability is-sues, 
onstraints in operating 
onditions, and performan
e under faulty 
onditionsof operation. Frequen
y analysis, whi
h in
ludes methods su
h as Routh-Hurwitzstability 
riterion or Bode plot and Nyquist diagram have been preferred in manypubli
ations [37℄, while often regarding unidire
tional systems [45℄ or linearized mod-els [40℄. In parti
ular, stability issues for bi-dire
tional 
ir
uits, need to be analyzedin both power �ows dire
tions, sin
e 
ommon ways to improve the stability usually af-fe
t other dire
tion. Similarly, while ea
h bi-dire
tional 
onverter in the power systemis designed and optimized separately, when the 
onverters are 
as
aded, the systemmay reveal to be unstable [68℄.Other stability analysis te
hniques 
onsider for example Middlebrook Impedan
eCriterion [31℄, or linearization of the system around parti
ular load 
onditions, andLyapunov theory of the state spa
e model using state feedba
k 
ontrol to stabilizethe 
onverter.



18CHAPTER 3CONVERTER DESIGNCharging the battery of a Plug-in Hybrid Vehi
le from the AC outlet requiresrelatively high power 
apabilities. Allowing a universal input voltage range and in-verse power �ow for dis
harging operation of for in-grid appli
ations, are also impor-tant features. This 
hapter will provide a detailed des
ription of the 
ir
uits used inthe battery 
harger implementation. Their behavior and dynami
 response is ana-lyzed through the derivation of di�erential equations and simulating their response inthe MATLABr Simulink environment. Figure 3.1 shows a typi
al two-stage 
as
aded
onverter topology as it is used in [73℄. This is a typi
al 
hoi
e for PHEV battery
harger 
ir
uits. The basi
 s
heme of this 
on�guration 
onsists of two 
as
aded bi-dire
tional power ele
troni
 
onverters, an AC/DC re
ti�er/inverter and a DC/DC
onverter respe
tively. The 
onverter output is required to obtain a smooth 
ontrolled
urrent in order to 
harge the energy storage devi
e, whi
h requires stables 
onditionsand a �at waveform. Given its relatively simple stru
ture and well known design and
ontrol issues, as often des
ribed in literature [7℄, a PFC boost 
ir
uit is is the most
ommonly used 
ir
uit. It is found to have the most suitable 
on�guration for thisappli
ation, requiring high e�
ien
ies and power fa
tor 
orre
tion at the input. These
ond stage swit
hing 
onverter is typi
ally needed to eliminate the ripple at the DCbus voltage, whi
h is typi
ally at twi
e the input frequen
y and to regulate the out-put 
urrent for the large input voltage range. In this proje
t a simple bi-dire
tionalbu
k-boost 
ir
uit has been 
hosen.PFC Boost
(60 KHz)

Step DownDC/DC Converter
(60 KHz)

90 - 240 V50 - 60 HzAC Input 48 VDC OutFigure 3.1. Basi
 blo
k representation of the 
ir
uit s
hemati
.



19This 
hapter also des
ribes the 
ontroller implementation, using a 
lassi
alapproa
h of a simple analog 
ontrol 
ir
uit, both for the AC/DC and DC/DC 
on-verter. A multi-loop regulator is used to 
ontrol the DC bus voltage and the shape ofthe input indu
tor 
urrent, whereas a single 
ontroller is implemented for the se
ondstage output 
urrent regulation.For ea
h 
onverter a simple ideal model is derived and its mathemati
al equa-tions are 
al
ulated, 
onsidering the dynami
 behavior of 
ontinuous 
ondu
tion modeof operation. Furthermore, a more detailed 
ir
uit design in
ludes ESR resistors andON swit
hes resistors and provides more realisti
 simulation results.3.1 Boost ConverterThe boost 
onverter used here is des
ribed in 
ontinuous 
ondu
tion mode ofoperation. It is a basi
 DC/DC 
onverter that is used to get higher output voltagethan the input voltage Vin. This high e�
ien
y step-up DC/DC swit
hing 
onverter,
onne
ted to a DC power sour
e is able to 
hange the output DC value to a highervoltage level Vout. Boost 
onverter uses a swit
h, typi
ally a BJT or a MOSFET, tomodulate the voltage into an indu
tor. It has a simple 
ir
uit whi
h 
ontains twoswit
hing 
omponents: a diode and a transistor. The indu
tor and the 
apa
itive�lter manage the energy 
onversion and redu
e the ripple in the output 
urrent andvoltage. The main operating prin
iple 
an be explained as follows: the swit
h ispositioned su
h that the input sour
e 
harges the indu
tor, while the 
apa
itor at theoutput maintains the output voltage using energy stored a
ross its plates. When theswit
h 
hanges its state, both the DC sour
e and the stored energy supply power tothe load, hen
e the output voltage boosts. When swit
h is 
losed the indu
tor absorbsenergy from the input and the 
ir
uit is separated into two parts. This 
on�gurationallows the output signal to be 
ompletely independent of input values, as outputvoltage depends only on the energy stored while keeping rated power 
onstant. This
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ir
uit is des
ribed in greater detail later in the thesis.This se
tion analyzes ideal boost 
onverter, its voltage and 
urrent relation-ships, and derives a state spa
e model for the 
ir
uit. A se
ond 
ir
uit 
onsidersequivalent series resistan
es (ESR) of the 
omponents, and is des
ribed through statespa
e averaging method. This more pre
ise model is then built, making some im-portant 
onsiderations pertaining to the 
hoi
e of 
omponent values and de�nition ofthe design requirements. In the last part of the se
tion its behavior is observed andsimulated with the use of Simulink. Also a �rst rough 
ontroller is designed.3.1.1 Boost Converter State-Spa
e Model. Analysis of the Boost 
onverterneeds some general assumptions that will be 
onsidered also in the next se
tion forthe Bu
k model. Des
ribed 
ir
uit operates in the steady state, and all transientsand impulses 
onditions are negle
ted. This implies that all voltages and 
urrents areperiodi
 over one swit
hing period. The 
ir
uit is analyzed in an equilibrium state, inwhi
h the indu
tor 
urrent never rea
hes zero (Continuous Condu
tion Mode - CCM).Swit
h S has a swit
hing frequen
y of fs, and is 
onsidered to be open (swit
h OFF)for the time toff = (1−D)Ts, where Ts = 1/fs is the swit
hing period and D indi
atesthe Duty Cy
le expressed as a per
entage of the 
ommutation period during whi
hthe swit
h is ON. Besides the ideal swit
h remains 
losed for time ton = DTs. Ea
h
omponent in this 
ir
uit, as shown in �gure 3.2, is 
onsidered ideal.Under these ideal assumptions, the simple Boost 
onverter 
ir
uit is presentedfor the two possible states of the swit
h. In the ON state the swit
h is 
losed andthe sour
e input results in an in
rease in the indu
tor 
urrent, whereas in the OFFstate the swit
h is open. In this situation the only path o�ered to indu
tor 
urrent isthrough the diode D, the 
apa
itor C and the load R. This results in transferring theenergy a

umulated by the indu
tor, into the 
apa
itor. Input 
urrent is the sameas the indu
tor 
urrent and it is not dis
ontinuous as will be in the bu
k 
onverter,
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+−Vin

L

C R

Figure 3.2. Ideal Boost 
ir
uit representation.thus requirements on the input �lter are relaxed. Two sets of equations des
ribing thedynami
s of voltage and 
urrent relationships are derived for both the 
losed swit
h
ir
uit and the open swit
h 
ir
uit as follows.Closed Swit
h (u = 0)
+−Vin

L

C R

Figure 3.3. Equivalent Boost 
ir
uit representation for S = ON , D = OFF , u = 0.When the swit
h S is 
losed, the diode is reverse biased and equivalent 
ir
uitis shown in �gure 3.3.Kir
hho�'s voltage law around the left path 
ontaining the sour
e, indu
torand 
losed swit
h, along with Kir
hho�'s 
urrent law on the leftmost upper node give



22the following set of equations:
L

diL
dt

− Vin = 0 (3.1)
C

dvc

dt
+

vc

R
= 0 (3.2)These equations, des
ribing the 
ir
uit for u = 0, 
an be written in terms of statesvariables vc and iL as

dvc

dt
= − 1

RC
vc (3.3)

diL
dt

=
Vin

L
(3.4)Open Swit
h (u = 1)

+−Vin

L

C R

Figure 3.4. Equivalent Boost 
ir
uit representation for S = OFF , D = ON , u = 1.While the swit
h is open, the indu
tor 
urrent 
annot 
hange instantaneously,so the diode D be
omes forward biased to provide a path for iL. Assuming that theoutput voltage Vout is a 
onstant, again with Kir
hho�'s voltage law around the outerloop and Kir
hho�'s 
urrent load in the same node, following equations are derived.
Vin = L

diL
dt

+ vc (3.5)
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iL = ic + iR = C

dvc

dt
+

vc

R
(3.6)Di�erential equation (3.5) 
an be rearranged in terms of 
apa
itor's voltageand indu
tor's 
urrent, and substituted in equation (3.6), leading to system equationsfor u = 1.

dvc

dt
=

iL
C

− Vin

RC
− vc

RC
(3.7)

diL
dt

=
Vin

L
− vc

L
(3.8)These two models 
an be now 
ombined together with the use of a binaryinput variable u ∈ {0, 1} as the value of the swit
hing input. It assumes either value

u = 0 when the swit
h is 
losed, or the value u = 1 when opened, as s
hematizedin the 
ir
uits. Equations (3.4), (3.7) and (3.5), (3.8) respe
tively are 
ombined toobtain following di�erential global system, written using vc and iL state variables.
dvc

dt
= − 1

RC
vc +

[

iL
C

− Vin

RC

]

u (3.9)
diL
dt

=
Vin

L
− vc

L
u (3.10)3.1.2 Boost Converter State-Spa
e Model with ESR. In previous analysisonly ideal elements are 
onsidered, that is input power is transferred to the loadwithout any losses. In real 
ir
uits, due to intrinsi
 properties of the materials,parasiti
 resistan
es are always present. For this reason a fra
tion of the input poweris dissipated, produ
ing power losses and heat. Even though some e�orts need to bedone in maximizing e�
ien
y issue through a 
orre
t dimensioning of 
omponents and



24a good design, it is also important to analyze the 
ir
uit 
onsidering the more general
ase of non-ideal 
omponents. As it has been done for the ideal Boost 
onverter,at �rst 
omplete 
ir
uit is presented, analyzing general fun
tioning prin
iples andthen the two di�erent swit
h states are dis
ussed, deriving di�erential equations forthe 
losed swit
h and open swit
h 
ases. The non-ideal behavior of indu
tor and
apa
itor is here modeled using Equivalent Series Resistan
es (ESR): RL as indu
torbody resistor and Rc as 
apa
itor body resistor. Similarly BJT swit
h S and diode
D are modeled through an ON resistor Rs and RD. Boost more detailed 
ir
uit isshown in �gure 3.5.

+−Vin

L RL

Rs

RD

C

Rc

R

Figure 3.5. Non-Ideal Boost 
ir
uit representation.Closed Swit
h (u = 0)As before, when the swit
h is ON, diode is reversed biased and the equivalent
ir
uit is represented in �gure 3.6. Two sets of di�erential equations 
an be writtenfor the system, 
onsidering the Kir
hho�'s voltage law around the leftmost and right-most loops respe
tively, as follows:
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+−Vin

L RL

Rs

C

Rc

R

Figure 3.6. Equivalent Boost 
ir
uit representation for S = ON , D = OFF , u = 0.
Vin = RLiL + RsiL + vL (3.11)

Vout = vc + icRc (3.12)These equations, des
ribing the 
ir
uit for u = 0, 
an be written in terms of statesvariables vc and iL as
dvC

dt
= − 1

C(R + Rc)
vc (3.13)

diL
dt

= −(RL + Rs)

L
iL +

Vin

L
(3.14)Open Swit
h (u = 1)When the swit
h is open (S = OFF ) the diode is forward biased and itsinternal resistan
e be
omes RD; equivalent 
ir
uit for the value of u = 1 is representedin �gure 3.7. State spa
e equations are derived from Kir
hho�'s voltage law for
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+−Vin

L RL RD

C

Rc

R

Figure 3.7. Equivalent Boost 
ir
uit representation for S = OFF , D = ON , u = 1.external loop, Kir
hho�'s voltage law for the rightmost loop and from Kir
hho�'s
urrent law on the upper right node as follows:
Vin = RLiL + vL + RDiL + Vout (3.15)

iL = ic + iout (3.16)
Vout = vc + icRc (3.17)Di�erential equation (3.15) and (3.16) 
an be rewritten in terms of indu
tor's 
urrentand 
apa
itor's voltage. Equation (3.16) is substituted in equation (3.17), leading tofollowing system equations for u = 1.

dvC

dt
= − 1

C(R + Rc)
vc +

R

C(R + Rc)
iL (3.18)

diL
dt

= − R

L(R + Rc)
vc −

(

RL + RD

L
+

RRc

L(R + Rc)

)

iL +
Vin

L
(3.19)Obtained system, des
ribed by di�erential equations (3.13), (3.14) and (3.18),(3.19) is the equivalent state spa
e model for boost 
ir
uit. This is 
hara
terized by



27a bilinear behavior due to the nature of the 
ontrol input, assuming binary values
u ∈ {0, 1}. Global system 
an be written using a two set of equations. Values ofdiode ON resistor and swit
h ON resistor are assumed to be Rs ≃ RD with a veryreasonable approximation, obtaining

dvC

dt
= − 1

C(R + Rc)
vc +

[

R

C(R + Rc)
iL

]

u (3.20)
diL
dt

= −RL + Rs

L
iL +

Vin

L
+

[

RRc

L(R + Rc)
iL − R

L(R + Rc)
vc

]

u (3.21)The highly non-linear model resulting from the 
ombination of the two 
ir-
uits 
an now be simpli�ed and made suitable for simpli�ed 
ontrol analysis. Theswit
h is repla
ed by repla
ing a 
ontinuous element, using the te
hnique of systemaveraging. In parti
ular, in following page average behavior is modeled, su
h as onlyinformation about low-frequen
y a
tion of the 
onverters is 
onsidered, ignoring rip-ple, 
ommutations and other fast e�e
ts. For this averaged model the two swit
hes
on�gurations 
an be rearranged, 
onsidering system equations 3.13, 3.14 and 3.20,3.21. Here the state is 
hanging linearly from its initial value at the beginning of theswit
hing period, until time instant t = DTs. This approximation 
onsiders deriva-tives to be almost 
onstant, in the 
ondition of a triangular ripple waveform or witha high swit
hing frequen
y fs, whi
h usually holds in reality. The value for the xve
tor, representing state variables x1 = vc and x2 = iL, 
an be written as
x(DTs) ≃ x(0) + ẋ(0)DTs ≃ x(0) + (A0x + B0u)DTswhile, at time t = Ts, se
ond 
on�guration matri
es are utilized as follows

x(Ts) ≃ x(DTs) + ẋ(DTs)(1 − D)Ts ≃ x(DTs) + (A1x + B1u)(1 − D)TsTherefore, global state evolution be
omes
x(Ts) ≃ x(0) + [(DA0 + D1A1)x + (DB0 + D1B1)u)]Ts



28where D1 = 1−D indi
ates time interval in whi
h the se
ond 
on�guration is a
tive.In equation above, averaged matri
es Ā = DA0 + D1A1 = DA0 + (1 − D)A1 and
B̄ = DB0 + D1B1 = DB0 + (1−D)B1 are de�ned, as averages of the 
on�gurations,weighted by the fra
tion of the duty 
y
le spent in every 
on�guration. Then it ispossible to simplify and produ
e the general form of averaged system (equation 3.22),whi
h 
an be adopted also for further modeling of other 
onverters explained later.

ẋ = Āx + B̄u (3.22)This approximate model gives exa
t results when swit
hing period Ts is mu
h shorterthan any other time 
onstant of the 
ir
uit. It has been proved in literature [31℄ thatthe new averaged states do tra
k the average behavior of x. In the in�nite frequen
ylimit the values mat
h, avoiding the time dependen
e and the non-linearity typi
al ofthe swit
hing systems.In order to obtain a single state spa
e system it is possible to des
ribe the modelthrough matri
es Ā, B̄ and to rearrange equations using the duty ratio D. Here thedynami
 of the system swit
hes therefore between Σ0 = (A0, B0, C0) obtained by thevalue u = 0, in the interval D1 = (1 − D)Ts and the system Σ1 = (A1, B1, C1) whenthe input 
orresponds to u = 1 in the interval D1Ts.The two spa
e state subsystems 
orrespond to derived di�erential equations.They 
an then be represented using 
anoni
al model form for State Spa
e Linear Sys-tems, in whi
h states depend on the value of the duty 
y
le D as per
entage in theswit
hing period Ts.
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Ā = DA0 + (1 − D)A1 =









− 1
C(R+Rc)

R(1−D)
C(R+Rc)

− R(1−D)
L(R+Rc)

−RL+Rs

L
− RRc(1−D)

L(R+Rc)









(3.23)
B̄ = DB0 + (1 − D)B1 =









0

1
L









(3.24)



303.2 Bu
k ConverterThe Bu
k DC/DC 
onverter 
an be used for step down operation. It redu
esthe input voltage Vin to the desired output voltage level of Vout suitable for examplefor battery 
harger appli
ations. Exa
tly like Boost 
onverter it is a swit
hed-modepower supply that uses two swit
hes (a BJT or MOSFET and a diode), an indu
torand a 
apa
itor, whereas the load 
an be assumed simply resistive. Although itstopology is fairly simple, a bu
k 
onverter 
an be highly e�
ient (easily up to 95%)and it is preferred over linear regulators.Its operating prin
iple takes advantage of the high 
ommutation frequen
y ofthe swit
h that alternates between 
onne
ting the indu
tor to sour
e voltage to storeenergy, and dis
harging the indu
tor into the load. Thanks to the very short transitiontime, and a pre
ise 
hoi
e of indu
tor and 
apa
itor values output ripple is minimizedand the dynami
 transfer of power from the input to its output is regulated. Swit
hingfrequen
y is maintained 
onstant to the value fs, while its duty 
y
le is varied througha Pulse Width Modulation. In this way the ratio D = ton/Ts between the time ton inwhi
h the swit
h is 
losed and the period Ts = 1/fs determines the desired DC levelat the output. The low-pass stru
ture of the 
onverter, as explained in next se
tion,guarantees a low frequen
y noise spe
trum for this modulation s
heme.In this 
hapter Bu
k's ideal 
ir
uit is �rst presented and then its dynami
equations are derived with the fundamental Kir
hho�'s 
urrent and voltage laws, inorder to get a state spa
e model. Non-ideal 
omponents are then used to des
ribe astate-spa
e model for 
ontinuous 
ondu
tion mode of operation of the 
ir
uit, whi
his also implemented in MATLABr Simulink. The end of the 
hapter analyzes its
ontrol design, evaluating 
hoi
es of indu
tor and 
apa
itor values and provides somesimulation results.



313.2.1 Bu
k Converter State Spa
e Model. Analysis of the ideal Bu
k 
on-verter represented in �gure 3.8 requires some ideal assumptions. As before the 
ir
uitoperates in the steady state, in 
ontinuous 
ondu
tion mode of operation (CCM),that is indu
tor 
urrent is always positive and never rea
hes zero. Output voltage is
onsidered almost 
onstant Vout, while all 
omponents are ideal and body resistor arenegle
ted.

+−Vin

L

C R

Figure 3.8. Ideal Bu
k 
ir
uit representation.The swit
h S is 
losed in the interval DTs and open for time (1 −D)Ts. Thisleads to the following two equivalent 
ir
uits.Closed Swit
h (u = 0)

+−Vin

L

C R

Figure 3.9. Equivalent Bu
k 
ir
uit representation for S = ON , D = OFF , u = 0.



32Figure 3.9 shows equivalent Bu
k 
ir
uits when the swit
h S is 
losed. Diode
D is reversed biased and following voltage and 
urrent relationships 
an be obtainedusing Kir
hho�'s voltage law for inner and outer loops and Kir
hho�'s 
urrent lawfor upper node

Vin = L
diL
dt

+ vc (3.25)
vc = vout (3.26)

iL = C
dvc

dt
+ iR (3.27)These equations des
ribe the 
ir
uit for u = 0 and 
an be written in terms of statesvariables vc and iL:

dvc

dt
= − 1

RC
vc +

1

C
iL (3.28)

diL
dt

= − 1

L
vc +

Vin

L
(3.29)Open Swit
h (u = 1)

+−Vin

L

C R

Figure 3.10. Equivalent Bu
k 
ir
uit representation for S = OFF , D = ON , u = 1.When the swit
h is open the diode be
omes forward biased and equivalent
ir
uit is represented in �gure 3.10. Kir
hho�'s voltage law around leftmost and



33rightmost loops, together with Kir
hho�'s 
urrent law on upper node give the follow-ing di�erential equations.
0 = L

diL
dt

+ vc (3.30)
vc = vout (3.31)

iL = C
dvc

dt
+ iR (3.32)Equations (3.30) and (3.32) 
an be rewritten in terms of indu
tor's 
urrent and 
a-pa
itor's voltage. Substituting equation (3.31) following equivalent system for u = 1is obtained.

dvc

dt
= − 1

RC
vc +

1

C
iL (3.33)

diL
dt

= − 1

L
vc +

Vin

L
u (3.34)3.2.2 Bu
k Converter State Spa
e Model with ESR. A further step in mod-eling the Bu
k 
onverter is assuming non-ideal 
omponents su
h as indu
tor and
apa
itor, as well as the diode and the swit
h. In its 
ir
uit representation parasiti
values are s
hematized as equivalent series resistors (ESR): RL, RC , RD and RS, asshown in 
ir
uit s
hemati
 in �gure 3.11.Two di�erent sets of equations are derived for the 
ir
uit with either open or
losed swit
h, based on the binary values of u.Closed Swit
h (u = 0)When the non-ideal swit
h is 
losed the diode D is o�, be
ause it is reversedbiased. The DC voltage sour
e at the input supplies power to the 
ir
uit and results
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+−Vin

Rs

RD

L RL

C

Rc

R

Figure 3.11. Real Bu
k 
ir
uit representation.an output voltage a
ross the resistor. Figure 3.12 shows equivalent Bu
k 
ir
uit forthe 
losed swit
h. Writing Kir
hho�'s 
urrent law for the upper node, and Kir
hho�'svoltage law in the inner and outer loops we obtain
iR = iL − iC = iL − C

dvC

dt
(3.35)

Vin = L
diL
dt

+ (RS + RL)iL + RiR (3.36)
Vin = L

diL
dt

+ (RS + RL)iL + iCRC + vC (3.37)
RiR = vC + iCRC (3.38)Thus with some simple algebrai
 manipulations we get

dvC

dt
= − 1

(R + RC)C
vC +

R

(R + RC)C
iL (3.39)

diL
dt

= − R

(R + RC)L
vC −

[

RRC

(R + RC)L
+

RL

L
+

RS

L

]

iL +
Vin

L
(3.40)These are the state spa
e equations for the 
ir
uit, assuming iL and vC as state'svariables.
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+−Vin

Rs L RL

C

Rc

R

Figure 3.12. Equivalent Bu
k 
ir
uit representation for S = ON , D = OFF , u = 0.
Open Swit
h (u = 1)

RD

L RL

C

Rc

R

Figure 3.13. Equivalent Bu
k 
ir
uit representation for S = OFF , D = ON , u = 1.While the swit
h is open the diode D be
omes forward biased to 
arry theindu
tor 
urrent and the energy stored in the indu
tor and 
apa
itor will dis
harge



36through the resistor. Bu
k 
onverter equivalent 
ir
uit is shown in �gure 3.13. Usingthe same strategy this 
onverter 
an be des
ribed with the following pair of di�erentialequations:
dvC

dt
= − 1

(R + RC)C
vC +

R

(R + RC)C
iL (3.41)

diL
dt

= − R

(R + RC)L
vC −

[

RRC

(R + RC)L
+

RL

L
+

RD

L

]

iL (3.42)Before 
ombining the two pairs of equations in one single spa
e state system,it is useful to make some 
onsiderations about real parameters, in order to simplifythe system stru
ture. As usually happens in real 
ir
uits, both diode and swit
hresistan
es are quite small, and 
an be 
onsidered as RS = RD. Body resistors of theindu
tor and the 
apa
itor may have a signi�
ant e�e
t on the output ripple, andon the e�
ien
y issue for this 
onverter, therefore they must be 
onsidered into theabove model.Using this assumptions equation (3.42) 
an be simpli�ed and then 
ombinedwith equation (3.37) introdu
ing the binary input u. Along with equations (3.40-3.42)it leads to the following overall swit
hing model:
dvc

dt
= − 1

(R + Rc)C
vC +

R

(R + Rc)C
iL (3.43)

diL
dt

= − R

(R + RC)L
vC −

[

RRC

(R + RC)L
+

RL

L
+

RD

L

]

iL +
Vin

L
u (3.44)The swit
hing position u is taken as input variable, assuming values in the dis
reteset {0, 1}.This model 
an be written in the typi
al state spa
e system representation.Here the input ve
tor is given by the 
ontrol input u that indi
ates the swit
h states,whereas the output ve
tor must be 
al
ulated through equations (3.38) and (3.36)in order to get the output 
urrent and voltage of the 
onverter. In terms of state



37variables we get:
vo = RiR = R(iL − IC) = R

(

iL − vo − vc

Rc

) (3.45)
io = iR = iL − ic = iL − C

dvc

dt
(3.46)Solving equation (3.46) produ
es the output voltage vo as

vo = (
RRc

R + Rc

) iL + (
R

R + Rc

) vc ≃ RciL + vc (3.47)It 
an be further simpli�ed as Rc value is usually negle
table 
ompared to the loadresistan
e R, obtaining a simples expression for the two outputs of the system
vo = vc

io =
vo

R
=

vc

ROutput matrix C, for whi
h we have vo = CTx, is valid for both swit
h positions and
an be expressed as
C =









R
R+Rc

RRc

R+Rc

1
R+Rc

Rc

R+Rc









Therefore �nal system des
ription, for general 
ase 
onsidering Rc 6= 0, is givenby


























































v̇c

i̇L









=









− 1
(R+Rc)C

R
(R+Rc)C

− R
(R+Rc)L

−
[

RRC

(R+RC )L
+ RL

L
+ Rs

L

]

















vc

iL









+









0

1
L

















0

Vin · u

















vo

io









=









R
R+Rc

RRc

R+Rc

1
R+Rc

Rc

R+Rc

















vc

iL











38A Pulse Width Modulation 
ir
uit is used to determine the swit
h positionboth in simulation and modeling. The 
ontrol input signal is spe
i�ed as the followingduty ratio:
µ(t) =















1 ti ≤ t < ti + µ(ti) Ts

0 µ(ti) Ts ≤ t < ti + Ts

ti is sampling instant in the �xed swit
hing period Ts.The model derived 
an be represented by a state spa
e averaging simply lettingthe swit
h states taking values in the 
lose interval of the real axes, u ∈ [0, 1], andaveraging the equations over the swit
hing period Ts. State spa
e averaging model issimilar to the previous one and 
an be des
ribed as follows:














ẋ = Āx + B̄u

y = C̄xIn this 
ase the input ve
tor is u =

[

0 Vin · u
]′, with the values of the matri
es

A = Ā, B = B̄ and C = C̄.



393.3 Bi-dire
tional Bu
k-Boost ConverterThe use of a bi-dire
tional DC/DC 
onverter in power ele
troni
 appli
ationsallows the 
ontrol and management of the power �ow in both dire
tions. It is es-pe
ially suitable for battery 
harging appli
ations. During 
harging operation of abattery a DC/DC 
onverter is used to adjust the output 
urrent su
h as to follow thereferen
e signal and maintain desired output power. A bi-dire
tional arrangement ofthe 
onverter is needed for the reversal of the power �ow in order to dis
harge thebattery or for in-grid appli
ations. Sin
e power 
an �ow in both dire
tions the outputof a bu
k-boost 
an also be 
onne
ted to a voltage sour
e and thus bi-dire
tional op-eration requires a dire
tion 
hange in output 
urrent, in order to re
over the energy.In this se
tion a traditional unidire
tional form of bu
k-boost 
ir
uit topology is mod-i�ed in order to a

ommodate bi-dire
tional operations. This results in a new designof a bi-dire
tional bu
k-boost system. This 
onverter topology operates either in bu
kor boost mode and therefore has the ability of both step up and step down operations,as output voltage 
an be either higher or lower than the input voltage. To a
hievebi-dire
tional operations 
apability the standard 
ir
uit needs to be augmented. Twoother swit
hing elements are introdu
ed with anti-parallel diode 
on�guration and anew input 
apa
itor.3.3.1 Bi-dire
tional Bu
k-Boost Spa
e-State Model. Ideal bi-dire
tionalbu
k-boost 
ir
uit 
an be easily obtained with the 
ombination of ideal boost andideal bu
k 
ir
uits des
ribed in se
tions 3.1 and 3.2. The two swit
hes S1 and S2 withanti-parallel diodes 
on�guration D1 and D2 are here implemented using MOSFETsor BJTs and operate in an alternate 
omplementary fashion. When swit
h S1 is ONswit
h S2 is OFF and vi
e versa. A negative 
urrent is now possible through theindu
tor L and enables both the in
rease of the voltage from the battery to the DCbus and the 
harging of the storage system from the hi-voltage level DC input.



40As shown in the ideal bi-dire
tional bu
k-boost 
ir
uit (�gure 3.14) bu
k modeis a
tive when swit
h S1 is ON (and diode D1 is OFF) and swit
h S2 is OFF (anddiode D2 is ON). The 
ir
uit operates boost mode when swit
h S1 is OFF (diode
D1 ON) and swit
h S2 is ON (D2 is OFF). Two equivalent 
ir
uits have the samerepresentation of �gure 3.2 on page 21 and s
heme 3.8 on page 31. Two equivalent
ir
uits 
an be represented with the introdu
tion of an input 
apa
itor, whi
h 
an benegle
ted in the derivation of di�erential equations.

+−V1 R2

C2

D2S2

D1S1

L

C1

R1 V2Figure 3.14. Ideal bi-dire
tional Bu
k-Boost 
ir
uit representation.Bu
k ModeFirst 
ir
uit representation is equivalent to bu
k mode. It requires swit
h S1and diode D2 to be ON and lead to a transfer of power from the left side to the rightside of the 
ir
uit, as shown in �gure 3.15. In bu
k mode input 
apa
itor 
an benegle
ted sin
e in steady state analysis input voltage 
harges instantaneously 
apa
-itor Cin. It results in an immediate input voltage Vin a
ross it. This 
onsiderationsimpli�es drasti
ally following di�erential equations as they are the same as thosepresented in se
tion 3.2 for ideal bu
k 
onverter.
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+−V1 C2

S1

D2

L

C1 R1

Figure 3.15. Equivalent Bu
k 
ir
uit representation for bi-dire
tional 
ir
uit.
dvc,out

dt
= − 1

RCout

vc,out +
1

Cout

iL (3.48)
diL
dt

= − 1

L
vc,out +

Vin

L
u (3.49)Boost ModeEquivalently, boost mode 
ir
uit representation is shown in �gure 3.16 and
orresponds to swit
h S2 and diode D1 ON. Here whi
h power is transferred from theoutput to the input with the 
onstraint of 0 < Vout < Vin. Output 
apa
itor Cout isnegle
ted in deriving following di�erential equations due to its fast 
harging time.Di�erential equations of bi-dire
tional bu
k-boost 
onverter operating in boostmode are obtained exa
tly like equations 3.7 and 3.8 of ideal boost 
ir
uit represen-tation on page 23. The 
ir
uit transfers power from the output to the input side in arevers fashion, and its behavior is des
ribed by following equations.
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R2 C2

D1

S2

L

C1 V2

Figure 3.16. Equivalent Boost 
ir
uit representation for bi-dire
tional 
ir
uit.
dvcin

dt
=

iL
Cin

− Vout

RCin

− vcin

RCin

(3.50)
diL
dt

=
Vout

L
− vcin

L
(3.51)These two operating modes 
an be grouped into a single system des
ribed by aspa
e state representation's pair of di�erential equations. This new system 
onsidersfour state variables, vcin

, iL and vcout
, iL that are now written respe
tively as vc1, iL1 ,

vc2 and iL2 for simpli�
ation to indi
ate 
apa
itors' voltages and indu
tor 
urrent.3.3.2 Bi-dire
tional Bu
k-Boost Spa
e-State Model with ESR. As donebefore for bu
k and boost swit
hing 
onverters modeling, non-ideal 
omponents su
has ESR and on-state resistor are now 
onsidered. A more pre
ise model is then buildusing di�erential equations whi
h des
ribe its behavior in 
ontinuous 
ondu
ting modeof operation. The analyzed 
ir
uit is presented in �gure 3.17. This 
ir
uit in
ludesEquivalent Series Resistor RL, Rcin
and Rcout

. ON resistors Rs1 = Rs2 = Rs and
RD1 = RD2 = RD are 
onsidered in the model but omitted in the �gure for 
larity.Again, the 
ir
uit is analyzed for the four di�erent states of the two swit
hesand diodes. Di�erential equations are derived for bu
k mode (S1 and D2, ON) and



43boost mode (S2 and D1, ON) of operation.

+−V1 R2

C2

RC2
D2S2

D1S1

L RL

C1

RC1 R1 V2Figure 3.17. Non-Ideal bi-dire
tional Bu
k-Boost 
ir
uit representation.Bu
k Mode
+−V1

C2

RC,2

S1 Rs

RD

D2

L RL

C1

RC1

R1

Figure 3.18. Equivalent Non-Ideal Bu
k mode 
ir
uit representation for bi-dire
tional
ir
uit.



44Pi
ture 3.18 represents equivalent 
ir
uit of bi-dire
tional bu
k-boost in bu
kmode of operation. Input 
apa
itor Cin = C1 along with its ESR resistor Rc1 areassumed to be negligiThis 
hapter will provide a detailed des
ription of the 
ir
uitsused in the battery 
harger implementation. Their behavior and dynami
 response isanalyzed through the derivation of di�erential equations and simulating their responsein the MATLABr Simulink environment. Its spa
e state equations are the same asthose derived for non-ideal bu
k 
onverter in se
tion 3.2. Considering vc2 = vcout
and

iL as state variables,
dvc2

dt
= − 1

C2(R + Rc2)
vc2 +

[

R

C2(R + Rc2)
iL

]

u (3.52)
diL
dt

= −RL + Rs

L
iL +

Vin

L
+

[

RRc2

L(R + Rc2)
iL − R

L(R + Rc2)
vc2

]

u (3.53)Boost Mode
R1

C2

RC2

RD D1

Rs

S2

L RL

C1

RC1

V2

Figure 3.19. Equivalent Non-Ideal Boost mode 
ir
uit representation for bi-dire
tional
ir
uit.In boost mode of operation, general bi-dire
tional bu
k-boost 
ir
uit is rep-resented in �gure 3.17. It is 
onsidered when swit
h S2 and diode D1 are both ON,implying S1 and D2 to be OFF. Equivalent 
ir
uit representation is given in �gure



453.19. It is almost identi
al to the non-ideal boost 
ir
uit des
ribed in se
tion 3.1.2.Only basi
 di�eren
es are the inversion of input and output ports and the presen
e ofthe 
apa
itor C1 with its Equivalent Series Resistor RC1 . The 
apa
itor at the inputof the boost 
ir
uit 
an be negle
ted sin
e steady state behavior is studied. Followingequations 
an be derived.
dvC2

dt
= − 1

C2(R + RC2)
vC2 +

[

R

C2(R + RC2)
iL

]

u (3.54)
diL
dt

= −RL + Rs

L
iL +

V2

L
+

[

RRC1

L(R + RC1)
iL − R

L(R + RC1)
vC1

]

u (3.55)3.3.3 Design Considerations. One fundamental step of the design of the 
ir
uitand the overall system is the ratings of the 
omponents of the 
onverter. Signi�
antresear
h has been done 
onsidering rigorous mathemati
al approa
hes [43℄, whi
husually work better for ideal models, as well as more pra
ti
al te
hniques by examiningthe real system response.Criti
al 
omponents have been identi�ed in this system. They are extremelyimportant in terms of stability and robustness of the system and in terms of 
ost,reliability and size. Major issues are related to the energy storage 
omponents of thesystem that are the indu
tor and the 
apa
itors. All following equations provide aguideline for the design of the 
onverter and have been analyzed in details in [3℄. Herethey are used as a fundamental basis for the sizing of 
omponents.First 
riti
al element, espe
ially for battery 
harger 
ir
uits, is the output
urrent ripple. It has to be limited a

ording to manufa
turer spe
i�
ations in ordernot to damage the storage pa
k. Assuming a 
onstant output voltage V2 determinedby battery voltage the peak-to-peak ripple on the output 
urrent is given by the rippleon the indu
tor L as follows:
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∆IL =

VindDC(1 − dDC)

fsL
=

V2 −
V 2

2

Vin

fsL
(3.56)In equation 3.56 fs indi
ates the swit
hing frequen
y and dDC the instanta-neous value of the duty 
y
le of the DC/DC 
onverter. The input-output relationof the bu
k 
ir
uit is used to simplify �nal expression. Magnitude of Vin, either theinput voltage of the 
onverter or the voltage output of the previous stage, in�uen
esthe amplitude of the output 
urrent ripple and in
rease its value proportionally. Onthe other hand, in
reasing the swit
hing frequen
y will de
rease the amplitude of theripple, whereas the indu
tor value assumes an important role in the design, de
reasing

∆IL for high values. Considering a 
onstant output voltage value V2 for the battery atradeo� between the swit
hing frequen
y fs and the value of the indu
tan
e has to befound. A large indu
tor, while desirable to de
rease the output ripple amplitude, willbe
ome larger and heavier. Moreover, the 
onverter will be working with relativelylow duty 
y
les values in order to satisfy output battery voltage. The in
rease of theswit
hing frequen
y will a�e
t the overall e�
ien
y of the 
onverter due to in
reasedswit
hing losses. High swit
hing of the high 
urrent IL will also 
ause signi�
ant EMIissues that will a�e
t the performan
e of the 
ir
uit together with eventual otherstages.3.3.4 Simulink Model and Simulations. The bi-dire
tional Bu
k-Boost 
ir
uitis implemented in MATLABr Simulink environment and its behavior is simulated.Further stability analysis and 
ontrol design are performed. Cir
uit presented in �g-ure 3.17 is modeled using the SimPower System toolbox, in
luding Equivalent SeriesResistan
es and non-ideal elements as swit
hing devi
es. MOSFET semi
ondu
tors
onsider internal resistan
e Ron and in
lude a diode in anti-parallel 
on�guration. Onthe other hand, manual swit
hes are used for 
ommuting between the two modes ofoperation, the bu
k 
onverter and the boost 
onverter respe
tively. The metal-oxide



47semi
ondu
tor �eld-e�e
t transistor (MOSFET) is a semi
ondu
tor devi
e 
ontrol-lable by the gate signal (g > 0). The MOSFET devi
e is 
onne
ted in parallel withan internal diode that turns on when the MOSFET devi
e is reverse biased (Vds < 0)and no gate signal is applied (g = 0). The model is simulated by an ideal swit
h
ontrolled by a logi
al binary signal (g > 0 or g = 0) 
oming from the 
ontroller.The MOSFET devi
e turns on when a positive signal is applied at the gateinput (g > 0) whether the drain-sour
e voltage is positive or negative. If no signalis applied at the gate input (g = 0), only the internal diode 
ondu
ts when voltageex
eeds its forward voltage Vf . With a positive or negative 
urrent �owing throughthe devi
e the MOSFET turns o� when the gate input be
omes zero. If the 
urrent isnegative and �owing in the internal diode (no gate signal or g = 0) the swit
h turnso� when the 
urrent be
omes zero. In the ON state voltage a
ross MOSFET be
omesinstead Vds = Ron · I when a positive signal is applied at the gate input.Also passive elements like 
apa
itors and indu
tors are modeled in
luding theirseries resistan
e. DC voltage sour
es are 
onsidered to be ideal. Battery, at therightmost end of the 
ir
uit, is simply modeled as a resistor, or a 
onstant DC voltagesour
e. Storage pa
k State of Charge (SOC), temperature varying parameters and
harging/dis
harging 
hara
teristi
s are negle
ted.Bu
k-boost 
onverter is 
ontrolled using a 
urrent feedba
k for output 
urrent.Its error is 
al
ulated through following equation,
ie = i∗out − iout (3.57)and is pro
essed by a simple Proportional Integral (PI) 
ontroller that eliminatessteady-state error. PI regulator fun
tioning is des
ribed by following expression; 
ur-rent error ie is multiplied by a 
onstant proportional gain KI and integrated (integral



48term):
iPI = KP · ie + KI ·

∫

ie. (3.58)Output of PI 
ontroller is then used to 
reate the binary pattern of theswit
hes, whi
h is used as a gate signal for both MOSFETs. Pulse sequen
e is thusreversed, using the logi
al NOT operator, in order to guarantee the alternate fun
-tioning of the swit
hes, either ON swit
h (short 
ir
uit) or OFF swit
h (reverseddiode). PWM is generated through a 
omparator between the 
urrent PI signal iPIwhi
h is logi
ally 
ompared with a pulsating saw-tooth waveform. This repeatingfrequen
y, at fs, indi
ates the swit
hing frequen
y of the 
onverter.Even if for designed 
ir
uit a bi-dire
tional behavior is simulated, some realisti

onstraints have to be veri�ed. In order to guarantee a universal input voltage,a di�erent approa
h has to be 
onsidered for a pra
ti
al implementation. Voltage
onversion between the battery level and the DC bus value has to be done withshown DC/DC 
onverter. However, due to pra
ti
al issues, boost 
onverter gainshould not ex
eed three. Stability problems and other issues related to 
omponents
an be 
aused by higher gains. Therefore, simulations provided are given only for the
110 V grid voltage.Some design 
onsiderations 
an be done in order to adapt the behavior of the
ir
uit to a wider operating range in the inverse power �ow. A larger voltage 
an be
onsidered for the battery pa
k, thus limiting the gain of the DC/DC bi-dire
tionalbu
k-boost in boost mode of operation. Furthermore, an isolated topology 
an be usedto in
rease the voltage level with the use of a transformer. Future works may in
ludesome 
onsiderations on di�erent spe
i�
ations for the system in order to optimize thebi-dire
tional power �ow.



49Signi�
ative simulation results are shown in �gures 3.20 and 3.21, where outputvoltage and indu
tor 
urrent are given for both ways of fun
tioning. PID 
ontrollerspreviously 
ommented are used, whereas also a digital approa
h as will be explainedlater is of easy implementation.
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Figure 3.20. Output voltage and 
urrent of Bu
k-Boost 
onverter, in Bu
k mode ofoperation.
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513.4 Boost Re
ti�er and Power Fa
tor Corre
tionBasi
 Swit
hing Mode Power Supply design requires, other than the re
ti�erstage, a Power Fa
tor Corre
tion 
ir
uit. Power fa
tor is de�ned as the ratio, usuallyexpressed in per
entage, of the average power �owing to the load, to apparent power
pf =

P

S
=

P

VrmsIrms

= cos(φ) (3.59)The last expression holds for sinusoidal AC 
ir
uits and φ is the phase anglebetween 
urrent and voltage sinusoidal waveforms. Non-linear loads su
h as re
ti�ersor swit
hing 
ir
uits produ
e a large Total Harmoni
 Distortion. It is modeled asnoise that distorts the sinusoidal wave shape of the 
urrent 
oming from the ACsour
e. This results in apparent power that 
an be greater than the real power, and
onsequently a low Power Fa
tor. Power Fa
tor Corre
tion (PFC) allows thus powerdistribution to operate e�
iently. It minimizes losses and maximizes the real poweravailable from the line. Ideally a PFC 
ir
uit appears purely resistive to its sour
e and
onsequently the rea
tive power drawn from the devi
e is zero. This implies that theinput 
urrent must di�er from the sinusoidal sour
e voltage by only a s
aling fa
torand must be exa
tly in phase with it. In 
ase of purely rea
tive loads power fa
tor
an be 
orre
ted. It is possible to add either an indu
tor, in the 
ase of a 
apa
itiveload, or a 
apa
itor in the 
ase of an indu
tive load. On the other hand, for non-linearload like the full wave bridge re
ti�er at the input port a passive PFC �lter is note�
ient. In fa
t, for this design purpose the preferable type of PFC is a
tive PowerFa
tor Corre
tion sin
e it provides a lighter and more e�e
tive power fa
tor 
ontrol.An a
tive PFC 
ir
uit is an ele
troni
 system that 
ontrols the input 
urrent of theload so that the 
urrent waveform is proportional to the main voltage waveform. Itkeeps power fa
tor as 
lose as possible to unity (φ = 0) and rea
hes high e�
ien
ies.A
tive PFC 
ir
uit 
hosen design is 
omposed by a full bridge diode re
ti�er followedby a swit
hing boost regulator. It operates at a high frequen
y fs and it is 
apable



52of a wide range of input voltage.The 
hoi
e for the a
tive power ele
troni
 
onverter for 
urrent shaping, isbased on pra
ti
al 
onsiderations about this pe
uliar design. Ele
tri
al isolation be-tween the utility input line and the output of the power supply is not needed. It isalso desirable to stabilize the DC voltage at the input of the bi-dire
tional Bu
k-Boost
onverter optimizing the universal input feature. Sin
e power �ow in this devi
e 
anbe bi-dire
tional some pe
uliar te
hni
al solutions must be used for the Boost step-up
onverter in this appli
ation.3.4.1 Input Re
ti�er. The �rst stage in this model design is the bridge re
ti�er.Given universal AC input voltage, a simple full wave re
ti�er 
onverts sinusoidalinput to purely DC voltage. It uses four diodes in a bridge 
on�guration to providethe same polarity of output voltage for both polarities of input voltage, as shown in�gure 3.22.
Vac

+

−

Vout

Figure 3.22. Full Wave Bridge Re
ti�er 
ir
uit representation.As a feature of this power supply universal input from nominally 90V to 240Vpasses through the simple 
ir
uit represented above. It 
onsists in 4 diodes 
onne
tedin a typi
al bridge 
on�guration on a resistive load. Output voltage is alternativelythe positive or negative voltage 
oming from the input. Similarly output 
urrent is



53re
ti�ed by the 
ir
uit and it is therefore s
aled by a √
2 fa
tor. Equations for thefull wave bridge re
ti�er represent output voltage a
ross a general resistive load asshown in the 
ir
uit s
hemati
. As follows:

vout(ωt) =















Vmsin(ωt) 0 ≤ ωt ≤ π

−Vmsin(ωt) π ≤ ωt ≤ 2πValue of average output DC voltage 
an be 
al
ulated by following equation:
Vout =

1

π

∫ π

0

Vmsin(ωt) d(ωt) =
2Vm

π
(3.60)The re
ti�er produ
es an unregulated DC voltage that is sent to the DC/DCboost step-up 
onverter. The 
urrent drawn from this re
ti�er 
ir
uit o

urs in shortpulses around the AC voltage peaks. These pulses have signi�
ant high frequen
yenergy that redu
es the power fa
tor. In next paragraph a Power Fa
tor Corre
tion
ir
uit will be designed.3.4.2 A
tive Power Fa
tor Corre
tion Cir
uit. A boost step-up 
onverter isused together with a full wave bridge re
ti�er for 
urrent shaping. Basi
 prin
iple ofoperation of the 
ir
uit is represented in the s
heme of �gure 3.1 and it is straight-forward. At the utility input the 
urrent is desired to be sinusoidal and in phasewith Vin. Full bridge re
ti�er output voltage and 
urrent waveforms are given by there
ti�ed version of the input s
aled of a √

2 fa
tor.In the step-up 
onverter 
ir
uit is shown in �gure 3.23. Some general as-sumptions are ne
essary before pro
eeding with the analysis: output 
apa
itor C is
onsidered to be fairly large, in order to get an almost 
onstant DC output voltage
vout. Input power of the ideal 
ir
uit equals output power on instantaneous basis.
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Vac

L

C
S

+

−

Vout

Figure 3.23. Power Fa
tor Corre
tion 
ir
uit representation.Be
ause the input 
urrent of the step-up 
onverter is to be shaped it operatesin 
urrent-regulated mode. Feedba
k 
ontrol measures both the input voltage andthe 
urrent. It also adjusts the swit
hing duty 
y
le to produ
e an in-phase voltageand input 
urrent. Current mode 
ontrol keeps a 
onstant swit
hing frequen
y toobtain that indu
tor 
urrent iL rea
hes the referen
e. Controlling the ON time tONin the swit
h S the 
urrent in the indu
tan
e in
reases as the input voltage in
reases.Swit
hing frequen
y of the boost 
onverter is required to be mu
h higher than theline frequen
y. For this appli
ation it is set to fs = 60 KHz allowing the indu
tor tobe very small and light. Feedba
k 
ontrol is done measuring output voltage that ismaintained almost at a 
onstant value Vout. Normally, the DC output voltage is setto 10 − 20 V higher than maximum input voltage. Thus the universal input powersupply appli
ation meets a 90 − 240 V rms input voltage at 50 − 60 Hz and a DCoutput voltage. Input of the DC/DC 
onverter that equals the DC bus voltage is setat the maximum value of Vout = 400V depending on the input amplitude. A real-time
al
ulation algorithm is developed spe
i�
ally to 
al
ulate the modulation index andthe bus voltage value.



55Another advantage of the PFC 
ir
uit in this power supply is that there is nohold-up 
apa
itor dire
tly a
ross the bridge re
ti�er. It is instead postponed to theoutput of the 
ir
uit where high frequen
y of operation permits a lower value andtherefore a smaller 
omponent.3.4.3 Bi-dire
tional Bu
k-Boost Power Fa
tor Corre
tion. As before, a bi-dire
tional 
ir
uit is now derived. Thus the 
onverter operates in both dire
tions, asan AC/DC boost 
onverter and as a DC/AC re
ti�er for a battery 
harge depletingmode. Diode re
ti�er previously illustrated is now substituted with an H-bridgere
ti�er, that lets energy �ow in either dire
tion. It is shown in 
ir
uit of �gure 3.24.With suitable 
ontrol, this 
ir
uit 
an operate as the boost PWM re
ti�er explainedabove. It is 
onne
ted to an AC sour
e whose waveform is re
ti�ed and boosted toa suitable value, while power fa
tor is hold to a value of around 95%. With the useof the swit
hes the output load 
an be swit
hed to a 
onstant DC voltage supplyand the AC input 
an work as a linear load. This reversed fun
tioning mode allowspower to �ow from the DC side to the AC side of the 
ir
uit to send energy to thedrive. Voltage 
onverter of �gure provides ex
ellent 
ontrol over power �ow in bothdire
tions. It 
an operate as an AC/DC 
onverter to generate regulated DC voltage ata high power fa
tor and the power �ow 
an be easily reversed to operate the 
onverteras a DC/AC inverter.This se
tion des
ribes a �rst ideal 
ir
uit. Its di�erential equation of a spa
estate model are derived and a non-ideal AC/DC 
onverter 
onsidering ESR and ONresistor is built and analyzed.3.4.3.1 H-Bridge PWM Re
ti�er. H-bridge 
ir
uit is used in the bi-dire
tionalbu
k-boost Power Fa
tor Corre
tion 
ir
uit as a reversible re
ti�er. It is 
apableof operating as both a PWM boost 
onverter and a DC/AC inverter, through thealternate use of the swit
hes. Two 
on�gurations are allowed, 
onsidering that only



56two opposite swit
hes are turned ON at the same time and that the 
urrent 
an �owin either dire
tion. Thus the basi
 operating mode of an H-bridge is fairly simple: if
S3 and S4 are turned on the left side of the 
ir
uit is 
onne
ted to ground, while theright side is 
onne
ted to the power supply. Current starts �owing through the bridgethat energizes in the forward dire
tion and results in an output voltage in the load. If
S1 and S2 are turned on the 
onverse takes pla
e and the load gets energized in thereverse dire
tion. It results thus in a negative 
urrent through the re
ti�er bran
h.This simple 
ir
uit (�gure 3.24) is 
omposed of a series of four solid-stateswit
hes su
h as BJTs or MOSFETs with anti-parallel diodes 
on�guration. Theswit
hes are fed by a sinusoidal AC input voltage and applied to an equivalent resistiveload.

Vac S4
S1

S2
S3 +

−

Vout

Figure 3.24. H Bridge Re
ti�er 
ir
uit representation.3.4.4 Bi-dire
tional Bu
k-Boost Power Fa
tor Corre
tion Spa
e-State Model.Power Fa
tor Corre
tion 
ir
uit of previous se
tion is now modi�ed in order to a
-
ommodate bi-dire
tional operations. As explained diode bridge is 
onverted in anH-bridge, a 
ir
uit that enables a voltage to be applied a
ross a load in either dire
-



57tion. It uses 4 BJT or MOSFET devi
es in a bridge 
on�guration.As shown in 
ir
uit s
hemati
 of �gure 3.25 the system 
onsists in a single-phase voltage sour
e V1 with AC side indu
tor L. The re
ti�er bridge, explained inprevious paragraph 
onsists of four bipolar transistors with anti-parallel diodes. It is
ontrolled by a voltage and 
urrent loop and provides a referen
e PWM signal for thesemi
ondu
tors. Manual swit
hes in the 
ir
uit are intended for the bi-dire
tional useof the 
onverter. They are used here to swit
h between the AC/DC boost 
onverterwith input 
urrent shaping and the reverse system of the DC/AC step-down inverter.

V1

L

C2

R2 S4
S1

S2
S3

C1

R1 V2

Figure 3.25. Ideal bi-dire
tional PFC 
ir
uit representation.Ideal 
ir
uit is here des
ribed and the behavior of ideal 
ir
uit is examinedwithout 
onsidering Equivalent Series Resistors and ON resistors for the swit
hes.Its di�erential equations are derived with the hypothesis of a large input and output
apa
itor and a 
onstant output voltage Vout.



583.4.4.1 AC/DC mode. Ideal equivalent 
ir
uit represented in �gure 3.26 showsthe AC/DC operating mode. The sinusoidal input voltage is re
ti�ed by the H-bridgere
ti�er and boosted to the desired value Vout by the boost step-up 
onverter. Boostre
ti�er's fun
tioning results to be very similar to simple boost 
onverter. Input volt-age is re
ti�ed by the use of the absolute value of the input Vin = |v1| = V1|sin(ωt)|.
V1

L

C2 S4
S1

S2
S3

C1 R1

Figure 3.26. Ideal bi-dire
tional PFC 
ir
uit representation, in AC/DC operatingmode.Re
alling ideal boost model di�erential equations 3.9 and 3.10, dynami
s ofthe system 
an be adapted 
onsidering the re
ti�ed input voltage, as follows:
dvc

dt
= − 1

RC
vc +

iL
C

u (3.61)
diL
dt

=
Vin

L
− vc

L
u (3.62)3.4.4.2 DC/AC mode. Inverter mode of operation for the bi-dire
tional 
onverterimplies the DC/AC mode of operation. The DC input voltage is PWM modulatedto obtain a sinusoidal output waveform with the desired amplitude and frequen
y.



59Inverter s
heme is represented in �gure 3.27 as the ideal equivalent 
ir
uit. It worksas a step-up 
onverter based on the simple bu
k 
onverter previously explained, wherethe output voltage is sinusoidal shaped by the H-bridge 
onverter.
L

C2R2 S4
S1

S2
S3

C1 V2

Figure 3.27. Ideal bi-dire
tional PFC 
ir
uit representation, in DC/AC operatingmode.Bu
k equations for the ideal 
ir
uit 3.7 and 3.8 are here modi�ed in order toa

ommodate the PWM generator whi
h 
reates the output voltage waveform. Asbefore 
onverter output voltage is 
onsidered as the re
ti�ed version Vout = |vC2 | =

VC2 |sin(ωt)|.
dvc

dt
=

iL
C

− Vin

RC
− vc

RC
(3.63)

diL
dt

=
Vin

L
− vc

L
(3.64)PWM swit
hing frequen
y to 
ontrol the H-bridge swit
hing pattern is 
al
u-lated 
omparing a sinusoidal at the desired output frequen
y and proportional to theoutput voltage magnitude with a triangular waveform at the swit
hing frequen
y fs.



603.4.5 Bi-dire
tional Bu
k-Boost Power Fa
tor Corre
tion Spa
e-State Modelwith ESR. Ideal 
ir
uit representation of previous se
tion is here modi�ed. Non-ideal elements are introdu
ed to provide a more 
omplete model of the system. Equiv-alent Series Resistor RL for indu
tor and RC1 , RC2 for 
apa
itors, ON resistors Ronfor BJTs and diodes are added, while diode voltage drop is negle
ted. This more 
om-plex 
ir
uit represented in �gure 3.28 will be simulated using MATLABr Simulinkin following se
tion.

V1

L RL

RC2

C2R2 S4
S1

S2
S3

RC1

C1 R1 V2

Figure 3.28. Bi-dire
tional PFC 
ir
uit representation.3.4.5.1 AC/DC mode. First mode of operation analyzed is standard boostre
ti�er PFC 
ir
uit. It is obtained 
onsidering a swit
h 
on�guration where thesinusoidal input V1 on the left side and the battery load R1 are 
onne
ted. Power�ows from the AC input to the load resulting in a voltage re
ti�
ation and regulationand in an input 
urrent shaping. Cir
uit s
hemati
 is shown in �gure 3.29. Usualassumption of negle
ting the input 
apa
itor 
an be made.For AC/DC boost Power Fa
tor Corre
tion operation mode state spa
e equa-tions 
an be derived for the two equivalent swit
hes states, S1, S2 = ON, S3, S4 =
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V1

L RL

RC2

C2 S4
S1

S2
S3

RC1

C1

R1

Figure 3.29. Bi-dire
tional PFC 
ir
uit representation, in AC/DC operating mode.
OFF and S1, S2 = OFF, S3, S4 = ON similarly to what has been done in se
tion 3.1.Sin
e the 
onverter is analyzed in 
ontinuous 
ondu
tion mode of operation only 2swit
hes states are possible. State spa
e equations are derived for ea
h of the possible
ir
uit 
on�gurations. Equivalent series resistors are 
onsidered for ea
h 
omponentand ON resistors are used to model the swit
h and diode ON state.Mode 1: S1, S2 = ON, S3, S4 = OFFWhen swit
hes S1 and S2 are in the ON state the respe
tive anti-parallel diodesare OFF and swit
hes S3, S4 are OFF, whereas diodes D3, D4 = ON . Following statespa
e equations, referring to state x = [vR1 iL]′ are given:

dvR1

dt
= − 1

C1(R + RC1)
vR1 (3.65)

diL
dt

= −RL + Rs

L
iL (3.66)



62Mode 2: S1, S2 = OFF, S3, S4 = ONSimilar analysis has been done for the alternate swit
hes states. Swit
hes S1and S2 are o� whereas their anti-parallel diodes D1, D2 and swit
hes S3 and S4 areON.
dvR1

dt
= − 1

C1(R + RC1)
vR1 +

R

C1(R + RC1)
iL (3.67)

diL
dt

= − R

L(R + RC1)
vR1 −

[

RRC1

L(R + RC1)
+

RL + RD

L

]

iL (3.68)Combined model 
an be obtained 
onsidering above state spa
e equations in
onjun
tion. Following typi
al spa
e state system representation is derived:
dvR1

dt
= − 1

C1(R + RC1)
vR1 +

[

R

C1(R + RC1)
iL

]

u

diL
dt

= −RL + Rs

L
iL −

[(

RRC1

L(R + RC1)
+

RL + RD

L

)

iL +
R

L(R + RC1)
vC1

]

u3.4.5.2 DC/AC mode. When manual swit
hes are positioned to work as aDC/AC inverter battery is used as a DC voltage sour
e V2 to allow power �ow to ACside equivalent resistor R2. Low voltage 
oming from the battery sour
e is boostedand 
onverted to an AC voltage thanks to a proper swit
hing s
heme of the H-bridge.In this operating situation no equations or simulations are derived but equivalent
ir
uit s
hemati
 is represented in �gure 3.30.3.4.6 Design Considerations. This se
tion dis
usses the 
hoi
e of the mostimportant 
omponents, 
onsidering the 
onverter to be working mainly as an AC/DCre
ti�er as a battery 
harger. Theoreti
al 
onstraints and pra
ti
al issues are derived,based on the 
onsiderations explained in [3℄, where the 
hoi
e of 
omponents for aunity power fa
tor 
orre
tion 
ir
uit is derived, providing a rigorous method.
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L RL

RC2

C2

R2 S4
S1

S2
S3

RC1

C1

V2

Figure 3.30. Bi-dire
tional PFC 
ir
uit representation, in DC/AC operating mode.As the main purpose of the power fa
tor 
orre
tion 
ir
uit is that to improvethe PF value, shaping input 
urrent to be perfe
tly in phase with the input voltage,and being a s
aled waveform of it, one of the most 
riti
al 
omponents is the AC sideindu
tor. In parti
ular, its ripple is 
onsidered for 
ontinuous 
ondu
tion mode ofoperation, and is given by following equation:
∆IL =

V1dAC

fsL
(3.69)whereas before, fs indi
ates the swit
hing frequen
y, and dAC the instantaneous valueof the duty 
y
le.Ripple in input indu
tor 
urrent, as shown in equation 3.69, is proportional toinput voltage amplitude, thus providing a design 
onstraint, whi
h has to be optimizedfor the maximum input voltage 
ase. On the other hand, a large value of the indu
tor

L will result in a lower 
urrent ripple, providing a 
loser referen
e tra
king, and alower Total Harmoni
 Distortion (THD). One major design issue, in the rating of theinput indu
tor, is given by the tradeo� between the ripple amplitude above explained



64and the drawn 
urrent rating 
apabilities of the 
omponent. In fa
t, for a low inputvoltage, the ripple is low while a higher 
urrent is drawn from the grid. Thus theindu
tor has to be sized 
onsequently. Regulation of the input indu
tor 
urrent, whi
his for
ed to tra
k a line frequen
y sine wave, is done through a very fast swit
hingsequen
e. While it in
reases the swit
hing losses and signi�
antly de
reases e�
ien
yof the 
onverter, it 
an be used as a design parameter to redu
e the amplitude of the
urrent ripple.Another important 
omponent in PFC 
ir
uit is given by the DC bus 
apa
-itor, responsible for the re
ti�ed DC bus voltage ripple, os
illating at twi
e the linefrequen
y as a perfe
t sine wave. Considering a 
onstant DC load power, the DC bus
apa
itor voltage in
reases when input power is higher than the load power, storingthe extra energy provided. On the other hand, when the input power is lower thanthe load power, the e�e
t is opposite, thus showing the regular os
illating wave in thevoltage waveform. As 
al
ulated in [3℄, DC bus voltage Vbus 
an be expressed as:
Vbus ≈

Pin

2ωC1Vbus

sin(2ωt) (3.70)where Pin indi
ates the input rated power and ω is the angular frequen
y of inputvoltage.As before, a se
ond ripple in the DC bus voltage is given by following relation,fun
tion of the duty 
y
le dAC and also of the equivalent load, or depending on thefollowing DC/DC 
onverter stage dDC in 
as
aded system.
∆Vbus =

ILDC
dDCdAC

fsC1

(3.71)Ripple amplitude is mu
h smaller than the previous 
ase, and has a higher frequen
y.It is highly dependent on the value of the DC bus 
apa
itor C1. It is rated su
hthat it minimizes the two identi�ed ripples, as an important issue for the stabilityperforman
e. Lowest input voltage and rated power 
onditions have to been used as



65the 
riti
al 
ase in the sizing of the 
omponent, as will be shown later in 
hapter 5whi
h deals with the stability analysis.3.4.7 Simulink Model and Simulations. The bi-dire
tional Power Fa
torCorre
tion re
ti�er 
ir
uit presented in the previous se
tions is now modeled usingMATLABr SimPower Systems toolbox in Simulink.All passive elements, in
luding the AC side indu
tor, input and output 
apa
-itors, are modeled as linear elements with a small valued Equivalent Series Resistor(ESR). Semi
ondu
tor devi
es are modeled using MATLABr MOSFET blo
ks, 
on-sidering the internal resistan
e Ron for the FET and internal resistan
e of the anti-parallel diode Rd. Swit
hes behavior is 
onsidered ideal, as pure ON-OFF swit
hes,where snubber resistan
e, snubber 
apa
itan
e and other non-idealities are not 
on-sidered. Output load of the 
ir
uit is modeled as a pure resistive one, whereas whenswit
hing to inverter mode, input DC voltage is 
onsidered 
onstant and modeled asan ideal voltage sour
e.Swit
hing between the two systems, 
orresponding to the AC/DC re
ti�er orDC/AC inverter 
ir
uits, is done using a series of manual swit
hes that 
onne
t ordis
onne
t respe
tively either load or voltage sour
e.PFC 
onverters, like most power ele
troni
s 
ir
uits, 
annot fun
tion withoutfeedba
k 
ontrol. As shown in �gure 3.31 and 3.32, whi
h represent unregulated PFCoperation, without a proper 
ontrol s
heme, output voltage and AC side indu
tor
urrent shape does not meet the requirements of unity power fa
tor. Output DCvoltage presents typi
al ripple os
illations while indu
tor 
urrent shows alternatingspikes with high harmoni
s 
ontent.
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Figure 3.31. Output voltage ripple of a Non-Power Fa
tor regulated Boost Converter.
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Figure 3.32. Indu
tor 
urrent waveform of a Non-Power Fa
tor regulated Boost Con-verter.



673.4.7.1 DC Voltage Controller. The outer loop in the 
ontrol s
heme is thevoltage feedba
k. The input to the voltage regulator is the referen
e DC voltage v∗

dcand the a
tual sensed output DC voltage vDC . The voltage error 
ompensator isdesigned to produ
e a 
ontrol signal su
h as the DC bus voltage remains 
onstant atthe desired level, regardless variations of the input or in the load 
urrent. Output ofthis outer loop is then used to determine the indu
tor 
urrent referen
e signal, thanksto the 
urrent 
ontroller for the inner loop.A simple proportional integral (PI) 
ontroller is sele
ted for DC voltage regu-lation, through error feedba
k of the sensed output voltage 
ompared with referen
evoltage. Voltage error ve, is 
al
ulated as
ve = v∗

dc − vDC (3.72)and pro
essed by the PI voltage regulator, whi
h output is given by
vPI = KP · ve + KI ·

∫

ve. (3.73)Controller parameters, given by gains KP and KI represent respe
tively proportionaland integral 
onstants.3.4.7.2 Average Current Control Loop. Average mode 
urrent 
ontrol operatesby dire
tly 
omparing the a
tual indu
tor 
urrent waveform to the referen
e signal,obtained as the voltage 
ontroller output. This high gain 
urrent error ampli�ertra
ks the 
urrent sinusoidal referen
e with a high degree of a

ura
y, enabling highpower fa
tor and providing ex
ellent noise immunity. Output 
urrent signal shouldmat
h as 
losely as possible the AC input voltage to have high power fa
tor.Output voltage, from the voltage 
ontrol loop, is used to 
ontrol the averagevalue of the 
urrent amplitude signal, while a sinusoidal referen
e signal, in phasewith AC input voltage, provides the shape. Current referen
e signal is 
al
ulated by
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al
ulating the produ
t between the s
aled input voltage vAC , the voltage 
ontrollederror vPI and the output of voltage feed-forward 
ompensator. When input voltagein
reases, the produ
t of vAC and vPI in
reases, and thereby in
reasing the referen
e
i∗AC . When the signal is divided by the square of the average voltage signal, it resultsin the 
urrent referen
e signal being redu
ed proportionally. The out
ome is thatalso the 
urrent is redu
ed proportionally to the in
rease in voltage, thus keeping theinput power 
onstant.If the voltage de
reases, the produ
t vAC · vPI , whi
h determines 
urrent ref-eren
e, also proportionally de
reases. However, to maintain a 
onstant output powerat redu
ed input voltage, the term i∗AC should proportionally in
rease. The voltagefeed-forward 
ompensator is essential to maintain a 
onstant output power be
ause it
ompensates for the variations in input voltage from its nominal value. This 
ompen-sator is implemented by 
al
ulating the RMS value of the input line voltage, squaringthis value and using the result as a divider for the input referen
e 
urrent, whi
h isfed to the 
urrent error 
ompensator. If vAC is the sinusoidal input voltage to thePFC 
ir
uit, the input voltage feed-forward term is 
al
ulated as shown in followingequation:

vFF = 1/(vAC · 2/pi)2. (3.74)As before, the input 
urrent error is given by the di�eren
e between the refer-en
e 
urrent 
al
ulated from the outer 
ontrol loop and the a
tual 
urrent, ie = i∗L−iL.It is pro
essed through a high gain PI 
ontroller as
iPI = KP · ie + KI ·

∫

ie. (3.75)Output of PI 
ontroller is then pro
essed through a PWM 
omparator inorder to obtain swit
hing pattern for semi
ondu
tor devi
es. Output signal is infa
t 
ompared with a �xed frequen
y saw-tooth waveform os
illating at swit
hing



69frequen
y fs, obtaining a binary valued square wave.Some simulation results are shown in �gures 3.33 and 3.34, in
luding indu
tor
urrent waveform perfe
tly in phase with the AC input voltage, and DC bus volt-age. Test results show Power Fa
tor improvements and 
urrent harmoni
 redu
tion,
ompared with unregulated waveforms in �gure 3.31 and 3.32.
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Figure 3.33. Output voltage waveform of a Power Fa
tor regulated Boost re
ti�er.
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Figure 3.34. Indu
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urrent waveform of a Power Fa
tor regulated Boost re
ti�er.



70DC/AC re
ti�
ation operation is fairly simple and 
ontrol stru
ture turns outto be less 
omplex. Referen
e AC voltage waveform is given by a sinusoidal sour
e,perfe
tly in phase with desired AC voltage, whi
h amplitude is s
aled as to meet therequirements. Sensed output voltage is then 
ompared with the referen
e, produ
ingthe error signal, whi
h is pro
essed through a PI 
ontroller and a pulse generator.PWM generator output is a series of pulses with values 0 or 1, for the upper swit
hesand for the lower swit
hes respe
tively, proportional to its input signal.Results of the DC/AC inverter operation mode are shown in following �gures,in
luding the generation of an AC sinusoidal voltage waveform and the 
orrespondingAC side indu
tor 
urrent.
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Figure 3.35. Output voltage waveform of a DC/AC PFC inverter.
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Figure 3.36. Indu
tor 
urrent waveform of a DC/AC PFC inverter.



723.5 Overall Battery Charger ModelThe se
tion des
ribes the modeling of the overall 
onverter using a state-spa
e system, whi
h is given as a 
as
aded 
on�guration of two 
ir
uits explainedabove. Swit
hing between linear 
ir
uits, 
onsisting of a series of storage elements,indu
tan
es and 
apa
itors, 
an be obtained by use of transistors, diodes and otherswit
hing devi
es. Under the assumption that 
ir
uits are working in ContinuousCondu
tion Mode of operation, in whi
h instantaneous indu
tor 
urrent never dropsto zero at any point has been 
hosen 
onveniently following usual adoption for ele
tri-
al networks. They 
an be represented by a set of linear state spa
e equations, whi
h
an be 
ombined together to form global state spa
e model.Non-linear 
ontinuous systems, su
h as those des
ribed, 
an be written inthe typi
al form of spa
e-state models using following system equations, where ann-dimensional ve
tor state x and an m-dimensional input u are 
onsidered as shown:
ẋ(t) = A(x, t) + B(x, t) u (3.76)
y(t) = C(x, t) + D(x, t) u (3.77)Furthermore, to repla
e the state spa
e des
riptions of equivalent linear 
ir
uitgiven by the di�erent swit
hes values a
ross the whole period T , a single system 
anbe derived. Di�erential equations for the two 
on�gurations are averaged by summingthe equations for interval d and (1− d). As before, resulting equations for equivalent
ir
uit during interval d, and its 
omplementary d′ = (1 − d), 
an be grouped in asingle expression, resulting in the following linear 
ontinuous system:
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ẋ = d(A1x + B1 u) + d′(A2x + B2 u)

= (dA1 + d′A2)x + (dB1 + d′B2)

y = dy1 + d′y2 = (dC1 + d′C2) + (dD1 + d′D2)xAs shown in above equation, system matrix A of the averaged model 
an beobtained by taking the average of the two swit
hed model matri
es A1 and A2, whi
hdynami
 is given by the average of the two state dynami
 matri
es weighted withthe duty 
y
le value. In this parti
ular appli
ation, whereas state spa
e averagingte
hniques have been largely adopted in many resear
h papers, it is 
hosen not to lin-earize the 
ir
uit, thus 
onsidering its large-signal model. In parti
ular high-frequen
ymodulation e�e
ts 
annot be seen using the small-signal model. Furthermore the 
ir-
uit is now analyzed 
onsidering its time-variant state spa
e representation, given bymathemati
al equations shown in following se
tion.Similarly, using linear system theory knowledge, input-output and input-staterelations 
an be derived from the dynami
 model as ve
tor transfer fun
tions. Com-plete des
ription of system behavior using t.f., adopted in parti
ular for stabilityanalysis as will be explained later, in the frequen
y domain, is simply given by thegeneral form:
X(s)

U(s)
= (sI − A)−1B (3.78)

Y (s)

U(s)
= C(sI − A)−1B + D (3.79)3.5.1 State-Spa
e Model. The illustrated te
hnique that was used for the twoseparate stages of the 
onverter in previous se
tions is now applied to overall system.Equivalent 
ir
uit of proposed battery 
harger, 
omposed of the 
as
aded 
onverters,is now simpli�ed in order to obtain a single input output relation.



74Re
ti�
ation operation, previously obtained using a four swit
hes devi
e, isnow s
hematized with a single swit
h whi
h provides already re
ti�ed input voltage.Sinusoidal indu
tor 
urrent is thus maintained by 
hanging the dire
tion of the 
urrentduring the negative half 
y
le of line voltage by 
hanging the pair of swit
hes. Parasiti
elements and on-state resistor are 
onsidered in the non-ideal model des
ription, whereswit
hing devi
es are represented by Sboost = S1 and Sbuck = S2. Equivalent resistorload for the PFC boost re
ti�er is now substituted with the DC/DC 
onverter andbattery load is 
onsidered to be simply resistive. PWM boost re
ti�er followed bybi-dire
tional bu
k-boost 
ir
uit is thus 
onsidered equivalent to 
ir
uit in �gure 3.37,where VS = |VAC| is the re
ti�ed version of the input voltage.
|VAC|

L1 RL,1

S1

RS

RD D1 S2

C1

RC,1

D2

RS

RD

L2 RL,2

C2

RC,2

Rout

Figure 3.37. Equivalent Non-Ideal 
ir
uit representation for 
harger.Two above des
ribed models 
an be 
ombined together in order to summarizebi-dire
tional bu
k-boost non-ideal 
ir
uit, writing a new system of four equations
onsidering following states variables vC,1, vC,2, iL,1 and iL,2. State ve
tor is given by
x =

[

vC,1 vC,2 iL,1 iL,2

]T

,while input is s
alar and 
onsisting in re
ti�ed version of sinusoidal AC voltagewaveform |VAC|. Matri
es of the system expressed in the form 3.76 and 3.77, wherematrix D(x, t) = 0, are the following:
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A =













0 0 1
C1

(1−dAC) −
1

C1
dDC

0 −
1

C2(Rout+RC,2)
0

Rout
C2(Rout+RC,2)

−
1

L1
(1−dAC ) 0 −

RL,1+2RS,1
L1

−

RC,1(1−dAC )

L1

RC,1(1−dAC )dDC

L1

1
L2

dDC −
Rout

L2(Rout+RC,2)

RC,1
L2

(1−dAC)dDC −

RoutRC,2
L2(Rout+RC,2)

−

RL,2+RDS

L2
−

RC,1
L2

dDC













B =





0
0
1

L1
0





C =

[

0
RoutRC,2

Rout + RC,2
0

Rout
Rout + RC,2

]As 
an be easily noti
ed, the time-variant 
hara
teristi
 of the 
ir
uit, is ex-pressed by the duty 
y
les instantaneous values dAC and dDC, representing the PFC
ir
uit and DC/DC 
onverter swit
hes respe
tively. In parti
ular, the 
on�gurationof the system, highly dependent on the binary values of the swit
hing devi
es, andnot on their averaged value, will be further analyzed in following se
tions.3.5.2 Simulink Model and Simulation Results. Simulation results fromthe overall model of the battery 
harger, working as a bi-dire
tional 
onverter isimplemented here in MATLABr Simulink, in both the 
ir
uital and mathemati
almodel are presented. Mathemati
al model previously derived, due to some basi
assumptions done to simplify the 
ir
uit behavior, is working only as a unidire
tional
onverter. In this study only 
harging simulations will be presented, re
alling previousse
tions for the DC/AC operation mode of the 
as
aded system.Important waveforms are shown here, and will be further dis
ussed in following
hapters where a detailed 
omparison with the novel digital approa
h and stabilityanalysis for the two di�erent strategies is done. Input indu
tor 
urrent, whi
h isshaped by the two-loop 
ontroller, is shown in �gure 3.38, where, after a small tran-sient, it follows the sinusoidal voltage referen
e, obtaining in the steady state an



76almost perfe
t sine waveform, as 
an be seen also from the FFT analysis in �gure3.39.
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e plots.
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77Se
ond important waveform is the response of the DC bus 
apa
itor volt-age, Vbus, whi
h is 
hara
terized by a ripple at twi
e the input frequen
y given, asexplained, by the imbalan
e of the AC input and DC output power. The voltagewaveform, shown in �gure 3.40 represents a stable operating point, where the tran-sient response is fast and desired output is easily obtained thanks to a pre
ise tuningof 
ontrollers' parameters.
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Figure 3.40. DC bus voltage waveform plot.Output stage, given by the DC/DC 
onverter, working as a bu
k, providesregulated output 
urrent at the battery 
onstant voltage Vb, thanks to the PI 
ontrolloop. Therefore, the output 
urrent settles to referen
e value after a small transientas shown in �gure 3.41.
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793.5.3 Transfer Fun
tions of the system. The derived spa
e state model is
ompletely des
ribed by matri
es Σ = (A, B, C, D) represents a highly non-linearand time-variant system. System 
on�guration depends on the di�erent states of theswit
hes dAC and dDC . Spe
i�
ally, sin
e ea
h swit
h 
an assume values in the dis
reteset d ∈ {0, 1}, possible states 
ombinations in
lude both swit
hes open, both swit
hes
losed, and the alternate 
ase. All possible s
enarios for this non-linear system arestudied providing the bases for a full analysis performed in next 
hapter, involvingdi�erent 
riteria. State spa
e mathemati
al model is therefore simpli�ed 
onsideringea
h di�erent 
on�guration separately. Mathemati
al analysis 
an be done for ea
hsystem, using four di�erent matri
es sets.In following pages, a preliminary mathemati
al representation of the system isprovided. Transfer fun
tions, whi
h 
an be easily used for the stability analysis andto analyze poles plots, are 
al
ulated. A more pre
ise and analyti
al approa
h 
an bepursued in order to 
on�rm pra
ti
al results obtained in this work.In parti
ular, a general ve
torial input-state transfer fun
tion WIS(s) for globalsystem is derived as follows:
WIS(s) =

X(s)

U(s)
= (sI − A)−1B (3.80)where A and B matri
es are given in previous se
tion.Using equation 3.80 four di�erent transfer fun
tions are derived for ea
h state

x as follows.3.5.3.1 S1 ON, S2 ON. When both swit
hes are in the ON state, duty 
y
le dACand dDC assume unit value, and equivalent matrix A is obtained:
A1,1 =













0 0 0 −
1

C1

0 −
1

C2(Rout+RC,2)
0

Rout
C2(Rout+RC,2)

0 0 −

RL,1+2RS,1
L1

0

1
L2

−
Rout

L2(Rout+RC,2)
0 −

RoutRC,2
L2(Rout+RC,2)

−

RL,2+RDS
L2

−

RC,1
L2















80Cal
ulating transfer fun
tion W1 we get following third grade rational expression, forgiven 
omponents values:
W1(s) =

X1(s)

U(s)
= (sI − A1,1)

−1B ≡ 0 (3.81)Similarly, transfer fun
tions W2, W3 and W4 are 
al
ulated, and their bodeplots and root lo
us diagrams are shown.
W2(s) =

X2(s)

U(s)
≡ 0 (3.82)

W3(s) =
X3(s)

U(s)
=

104L1

3(RL,1 + 2RS,1 + L1s)
=

3333

s + 133.3
(3.83)

W4(s) =
X4(s)

U(s)
≡ 0 (3.84)As 
an be easily noti
ed, all s
alar transfer fun
tions are 
hara
terized bysame poles position. Denominator analyti
al expression 
omes from the determinantof matrix (sI −Ai,i) and depends on parameters de�ned in Appendix. Bode plots forderived fun
tions are given, together with root lo
us graphs.
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823.5.3.2 S1 OFF, S2 ON. When swit
hes 
on�gurations 
orresponds to instanta-neous duty 
y
le values of dAC = 0 and dDC = 1, equivalent matrix A is obtained:
A0,1 =













0 0 1
C1

−
1

C1

0 −
1

C2(Rout+RC,2)
0

Rout
C2(Rout+RC,2)

−
1

L1
0 −

RL,1+2RS,1
L1

−

RC,1
L1

RC,1
L1

1
L2

−
Rout

L2(Rout+RC,2)

RC,1
L2

−

RoutRC,2
L2(Rout+RC,2)

−

RL,2+RDS

L2
−

RC,1
L2











Exa
tly as before the four s
alar transfer fun
tions are 
al
ulated using formula 3.80.
W1(s) =

X1(s)

U(s)
=

2.778 · 106s2 + 3.182 · 109s + 3.817 · 1012

s4 + 1279s3 + 5.863 · 106s2 + 1.373 · 108s + 2.095 · 1012
(3.85)

W1(s) =
[104L1(RDS + RL2 + Rout + L2s + C2L2RC2s

2 + C2L2Routs
2+

D(s)
· · · (3.86)

· · · +C2RC2RDSs + C2RC2RL2s + C2RC2Routs + C2RDSRouts + C2RL2Routs)]

D(s)

W2(s) =
X2(s)

U(s)
=

8.815 · 108s + 3.673 · 1012

s4 + 1279s3 + 5.863 · 106s2 + 1.373 · 108s + 2.095 · 1012
(3.87)

W2(s) =
104L1Rout(C1RC1s + 1)

D(s)
(3.88)

W3(s) =
X3(s)

U(s)
=

3333s3 + 6.04 · 106s2 + 1.499 · 1010s + 4.783 · 1012

s4 + 1279s3 + 5.863 · 106s2 + 1.373 · 108s + 2.095 · 1012
(3.89)

W3(s) =
104L1[C1RC1s + C2RC2s + C1RDSs + C1RL2s + C1Routs + C2Routs+

D(s)
· · ·(3.90)
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· · · +C1L2s

2 + C1C2L2RC2s
3 + C1C2L2Routs

3 + C1C2RC1RC2s
2 + C1C2RC2RDSs2+

D(s)
· · ·

· · · +C1C2RC2RL2s
2 + C1C2RC1Routs

2 + C1C2RC2Routs
2 + C1C2RDSRouts

2+

D(s)
· · ·

· · · +C1C2RL2Routs
2 + 1]

D(s)

W4(s) =
X4(s)

U(s)
=

2.222 · 106s2 + 1.041 · 1010s + 4.783 · 1012

s4 + 1279s3 + 5.863 · 106s2 + 1.373 · 108s + 2.095 · 1012
(3.91)

W4(s) =
104L1(C1RC1s + 1)(C2RC2s + C2Routs + 1)

D(s)
(3.92)

D(s) = 3[RDS −2RC1 +RL1 +RL2 +2RS1 +Rout +L1s+L2s−2C1R
2
C1

s+ · · · (3.93)
· · ·+C1L1L2s

3+C1L1RC1s
2−C1L2RC1s

2+C2L1RC2s
2+C1L1RDSs2+C2L2RC2s

2+· · ·

· · ·+C1L1RL2s
2+C1L2RL1s

2+2C1L2RS1s
2+C1L1Routs

2+C2L1Routs
2+C2L2Routs

2+· · ·

· · · − 2C2RC1RC2s − C1RC1RDSs + C2RC2RDSs + C1RC1RL1s + C2RC2RL1s + · · ·

· · ·+ C2RC2RL2s + C1RDSRL1s + 2C1RC1RS1s + 2C2RC2RS1s + 2C1RDSRS1s + · · ·

· · · + C1RL1RL2s + 2C1RL2RS1s − C1RC1Routs − 2C2RC1Routs + C2RC2Routs + · · ·

· · ·+ C2RDSRouts + C1RL1Routs + C2RL1Routs + C2RL2Routs + 2C1RS1Routs + · · ·

· · · − C1RC1RL2s + C1C2L1L2RC2s
4 + C1C2L1L2Routs

4 + C1C2L1RC1RC2s
3 + · · ·

· · · + 2C2RS1Routs − 2C1C2R
2
C1

RC2s
2 − 2C1C2R

2
C1

Routs
2 − C1C2L2RC1RC2s

3 + · · ·

· · ·+C1C2L1RC2RDSs3+C1C2L1RC2RL2s
3+C1C2L2RC2RL1s

3+2C1C2L2RC2RS1s
3+· · ·

· · ·+C1C2L1RC1Routs
3+C1C2L1RC2Routs

3−C1C2L2RC1Routs
3+C1C2L1RDSRouts

3+· · ·

· · ·+C1C2L1RL2Routs
3+C1C2L2RL1Routs

3+2C1C2L2RS1Routs
3−C1C2RC1RC2RDSs2+· · ·
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· · ·+ C1C2RC1RC2RL1s

2 − C1C2RC1RC2RL2s
2 + C1C2RC2RDSRL1s

2 + · · ·

· · ·+ 2C1C2RC1RC2RS1s
2 + 2C1C2RC2RDSRS1s

2 + C1C2RC2RL1RL2s
2 + · · ·

· · · + 2C1C2RC2RL2RS1s
2 − C1C2RC1RC2Routs

2 − C1C2RC1RDSRouts
2 + · · ·

· · · + C1C2RC1RL1Routs
2 − C1C2RC1RL2Routs

2 + C1C2RC2RL1Routs
2 + · · ·

· · ·+ C1C2RDSRL1Routs
2 + 2C1C2RC1RS1Routs

2 + 2C1C2RC2RS1Routs
2 + · · ·

· · ·+ 2C1C2RDSRS1Routs
2 + C1C2RL1RL2Routs

2 + 2C1C2RL2RS1Routs
2]Bode plots and root lo
us are shown for the 
ase S1 OFF, S2 ON.
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863.5.3.3 S1 ON, S2 OFF. Alternate 
on�guration of the swit
hes is here studied.AC side swit
h is 
onsidered to be in the ON state, whereas DC side swit
h is OFF.System A matrix modify as follows:
A1,0 =











0 0 0 0

0 −
1

C2(Rout+RC,2)
0

Rout
C2(Rout+RC,2)

0 0 −

RL,1+2RS,1
L1

0

0 −
Rout

L2(Rout+RC,2)
0 −

RoutRC,2
L2(Rout+RC,2)

−

RL,2+RDS

L2











W1(s) =
X1(s)

U(s)
≡ 0 (3.94)

W2(s) =
X2(s)

U(s)
≡ 0 (3.95)

W3(s) =
X3(s)

U(s)
=

104L1

3(RL,1 + 2RS,1 + L1s)
=

3333

s + 133.3
(3.96)

W4(s) =
X4(s)

U(s)
≡ 0 (3.97)Transfer fun
tions 
orresponding to dAC = dDC = 1 and dAC = 1, dDC = 0,even if matri
es A1,1 and A1,0 are di�erent, due to some 
an
elations, result identi
al,thus also zeros and poles positions 
orrespond. Therefore, bode plots and root lo
irepresented in following �gures are identi
al to �gures 3.42 and 3.43.
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us diagram for the four transfer fun
tions 
orresponding to
dAC = 1 and dDC = 0.



883.5.3.4 S1 OFF, S2 OFF.
A0,0 =













0 0 1
C1

0

0 −
1

C2(Rout+RC,2)
0

Rout
C2(Rout+RC,2)

−
1

L1
0 −

RL,1+2RS,1
L1

−

RC,1
L1

0

0 −
Rout

L2(Rout+RC,2)
0 −

RoutRC,2
L2(Rout+RC,2)

−

RL,2+RDS

L2













W1(s) =
X1(s)

U(s)
=

(C2L2RC2 + C2L2Rout) · s2 + (L2 + C2RC2RDS + C2RC2RL2+

D(s)
· · ·(3.98)

· · · +C2RC2Rout + C2RDSRout + C2RL2Rout) · s + (RDS + +RL2 + Rout)

D(s)
=

=
5.808 · 10−7s2 + 0.0006653s + 0.798

2.091 · 10−13s4 + 1.28 · 10−10s3 + 7.403 · 10−7s2 + 0.0005121s + 0.798

W2(s) =
X2(s)

U(s)
≡ 0 (3.99)

W3(s) =
X3(s)

U(s)
=

(C1C2L2RC2 + C1C2L2Rout) · s3 + (C1L2 + C1C2RC2RDS+

D(s)
· · ·(3.100)

· · · +C1C2RC2RL2 + C1C2RC2Rout + C1C2RDSRout + C1C2RL2Rout) · s2+

D(s)
· · ·

· · · +(C1RDS + C1RL2 + C1Rout) · s
D(s)

=

=
6.97 · 10−10s3 + 7.983 · 10−7s2 + 0.0009576s

2.091 · 10−13s4 + 1.28 · 10−10s3 + 7.403 · 10−7s2 + 0.0005121s + 0.798

W4(s) =
X4(s)

U(s)
≡ 0 (3.101)
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D(s) = (C1C2L1L2RC2 + C1C2L1L2Rout)(C1L1L2 − C1C2L2RC1RC2 + · · · (3.102)
· · ·+ C1C2L1RC2RDS + C1C2L1RC2RL2 + C1C2L2RC2RL1 + 2C1C2L2RC2RS1 + · · ·

· · ·+ C1C2L1RC2Rout − C1C2L2RC1Rout + C1C2L1RDSRout + C1C2L1RL2Rout + · · ·

· · · + C1C2L2RL1Rout + 2C1C2L2RS1Rout)(−C1L2RC1 + C1L1RDS + C2L2RC2 + · · ·

· · ·+C1L1RL2 +C1L2RL1 +2C1L2RS1 +C1L1Rout +C2L2Rout−C1C2RC1RC2RDS + · · ·

· · ·−C1C2RC1RC2RL2 +C1C2RC2RDSRL1 +2C1C2RC2RDSRS1 +C1C2RC2RL1RL2 +· · ·

· · ·+2C1C2RC2RL2RS1−C1C2RC1RC2Rout−C1C2RC1RDSRout−C1C2RC1RL2Rout+· · ·

· · ·+C1C2RC2RL1Rout+C1C2RDSRL1Rout+2C1C2RC2RS1Rout+2C1C2RDSRS1Rout+· · ·

· · · + C1C2RL1RL2Rout + 2C1C2RL2RS1Rout)(L2 − C1RC1RDS + C2RC2RDS − · · ·

· · ·−C1RC1RL2 +C2RC2RL2 +C1RDSRL1 +2C1RDSRS1 +C1RL1RL2 +2C1RL2RS1 · · ·

· · ·−C1RC1Rout+C2RC2Rout+C2RDSRout+C1RL1Rout+C2RL2Rout+2C1RS1Rout) · · ·

· · · (RDS + RL2 + Rout)
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dAC = 0 and dDC = 0.



913.5.4 Considerations on Transfer Fun
tion Stru
ture. The transfer fun
tionsderived fully des
ribe the dynami
 behavior of the system. Equation for every 
on�g-uration explains the relations between the input signal and the state variables. Thisrelation 
an lead to a di�erent implementation of the equivalent state spa
e systemin Simulink. Transfer fun
tion stru
ture is here analyzed and their implementation isexplained in terms of system dynami
s analysis. Simple 
onsiderations are also madein terms of stability and relations between system variables.As 
an be seen from previous se
tions, stru
ture of the tf follows a straight-forward s
heme. Independen
e of the state variable with respe
t to the input isexpressed by an identi
ally zero relation. In parti
ular, output voltage and output
urrent are only 
ontrollable with the swit
hes in position S1 OFF and S2 ON. Simi-larly, DC bus 
apa
itor results to be independent from the input in the 
on�guration
dAC = dDC = 1.Stability margins 
an be read in the bode plot or through the 
rossing pointof the imaginary axis in the root lo
us. Open loop system, separated into four equiv-alent states, does not meet stability requirements. This 
an be easily seen from thesimulation results provided in previous se
tions. For a PFC 
ir
uit an a
tive 
ontrolis required thus open loop responses result to be unstable.Through the use of derived transfer fun
tions, an alternative implementationis built in MATLABr Simulink. Exploiting the non-linear nature of the system, aswit
hing s
heme is studied to resemble the alternation between the four equivalent
on�gurations [18℄. Control input sele
ts whi
h system to swit
h to. Also initial
onditions, depending on previous step, are implemented in the model. Therefore,based on the instantaneous duty 
y
les' values and on initial 
onditions, the systemmoves towards the next state.



92Logi
al de
ision blo
k is built for the automati
al swit
hing based on the duty
y
le values at ea
h step of iteration. Corresponding system matri
es are sele
tedand employed for the 
al
ulation of the dynami
s through the state-spa
e implemen-tation. Obtained waveforms and 
ontrol design mat
hes those of the spa
e stateimplementation des
ribed in previous se
tion.



933.5.5 Di�erential Equations Model Implementation. An alternative wayto implement the system in the MATLABr Simulink environment is 
hosen to usethe solving of di�erential equations given by the state spa
e system, at ea
h sam-pling instant. Results of 
al
ulations are used to feedba
k the initial 
onditions forthe following sampling instant. The swit
hing between the four di�erent systems
on�gurations are managed with the sele
tion of one of the four di�erent equationssets. Simulink model uses atomi
 sub-systems to syn
hronize the operation at ea
hstep. It 
onsiders four di�erent swit
hes 
ombinations for the solving of four di�erentdi�erential equation sets, in the form of state-spa
e blo
ks. Output of the blo
kfun
tion gives the values of the four states at ea
h step, whi
h is also used for theimplementation of the initial 
ondition 
al
ulation algorithm. Controllers uses theoutput value of the states to elaborate the error signal and to 
ommand the swit
hingfor the following step.The main issue here is similar to the transfer fun
tion model, whi
h is thedependen
e of the system by the previous state. In parti
ular, the transition of the
ir
uit from a state to another, is based on 
omplex intera
tions between the 
ontrollerand the previous instant state. Swit
hing patterns therefore stri
tly depends onStability analysis and analyti
al 
onsideration 
an therefore be made sepa-rately for ea
h di�erent swit
h 
on�guration. As it has been proven in literature [42℄,mathemati
al equations and resulting model are simpler to be treated.



94CHAPTER 4DIGITAL CONTROLAn alternative approa
h for the average 
urrent mode 
ontrol, with respe
tto the 
lassi
al analog 
ontrol, uses a state of the art te
hnique [24℄. Digital 
ontrolstrategy 
an be used in the power ele
troni
 
onverter for power fa
tor regulation and
ontrol of the output voltage level [23℄.Digital 
ontrollers o�er several advantages 
ompared to 
onventional analogregulators, owing to their simple 
ontrol stru
ture and 
apability to implement severalalgorithms [33℄. They o�er the �exibility to design 
omplex and non-linear 
ontrolte
hniques [17℄. Moreover the 
ontrol se
tion 
an be easily integrated in a largersystem with diagnosti
 
apabilities and they are espe
ially suitable for swit
hing-mode power ele
troni
 
onverters. This simple stru
ture redu
es both the numberof 
omponents and provides high reliability and low sensitivity to 
omponents' agingor other variations. On the other hand, typi
al drawba
ks are the limitation of the
ontrol bandwidth due to the sampling issues. This 
an now be over
ome to somedegree by utilizing modern mi
ro 
ontrollers, whi
h are now available at a relativelylow 
ost.Previous approa
hes, based on analog 
ir
uit design, used hysteresis 
ontrolor used analog 
omponents su
h as 
omparators, multipliers and op amps. StandardPID 
ontrollers 
an be also applied as shown for the PFC 
ir
uit voltage and 
urrentloops, as well as for the output 
urrent 
ontrol [35℄. Their standard 
ontrol stru
turehas been largely used in a variety of appli
ations. Good results, as those shownabove, 
an be obtained with a pre
ise tuning of the parameters and gains. On theother hand, analog 
ontrol gives a minor �exibility to the system, whi
h might needto be re-tuned for parti
ular 
ases. Reliability and robustness of the system are not
onsidered among primary advantages of this te
hnique.



95Signi�
ant resear
h has been done in the use of the well known UC1854 or
UC3854A enhan
ed high power fa
tor pre regulator integrated 
ir
uit, distributedby Unitrode in [7℄ and [64℄. This integrated 
ir
uit has been widely used over thelast few years in dual stage 
as
aded swit
hing 
onverter appli
ations [39℄. The ICuses average 
urrent mode 
ontrol, maintaining a stable low-distorted sinusoidal input
urrent, without the need for slope 
ompensation. Line voltage feed-forward is alsoimplemented using this 
omponent along with a PWM swit
hing regulator for the
onverter.Other 
ommon te
hniques involve the dis
retization of 
ontinuous 
ontrollers,produ
ing a digital implementation. This is not 
onsidered as pure digital 
ontroland usually adds 
omplexity to the overall design. Moreover, the operation in thedis
rete domain introdu
es design and stability issues to the original analog regulatorsystem. Among these, the most important are the 
orresponden
e between stableareas in the s-domain and the z-domain, and sampling time de�nition.Classi
 
ontrol and linear system theory are well known and have widely beeninvestigated, but their high 
omplexity requires a deep 
ontrol theory ba
kground.A sophisti
ated 
ontroller has to be designed ad-ho
 for ea
h appli
ation, in orderto obtain good performan
es. Digital 
ontrol theory, on the other hand, allows the
ontroller to be designed as a more �exible and 
ost-e�e
tive solution. Also its im-plementation in mi
ro-
ontrollers or DSPs makes this approa
h preferable.Lately, digital 
ontrol te
hniques have been developed and used in many re-sear
h areas, su
h as power ele
troni
s or ele
tri
al drives. Digital Pulse WidthModulation (PWM) 
ontrol in parti
ular exploits the binary nature of pure digital
ontrol. Several te
hniques 
an be adopted 
onsidering the digital 
ontrol strategyand some of them will be analyzed in the following pages.



964.1 Digital Control for Swit
hing ConvertersAs brie�y dis
ussed, digital 
ontrol approa
h for power ele
troni
s swit
hing
onverters is a growing area, whi
h is gaining growing interest owing to the advantagespreviously listed. Moreover, highly non-linear stru
ture of SMPS, and their not verydemanding dynami
 performan
es, make digital 
ontrol the perfe
t appli
ation forthese systems [69℄.The 
ontrol strategy is usually based on 
onventional analog 
ontrollers, andwidely dis
ussed in literature. Basi
 stru
ture 
onsists of a multi loop 
ontrol for thePFC 
ir
uit and a simple single 
ontroller for the 
as
aded DC/DC 
onverter. Controlalgorithm is essentially based on an outer voltage loop, determining the referen
esignal for the inner 
urrent 
ontroller by multiplying a signal proportional to theinput sinusoidal voltage waveform.Digital 
ontrol te
hniques 
an be used to exploit all advantages 
oming fromthis implementation. For instan
e di�erent 
ontrol strategies are generally possibleto improve the system dynami
s. Digital �ltering or other te
hniques 
an be used forexample to remove the DC bus voltage ripple at twi
e the line frequen
y. Similarlyalgorithms 
apabilities 
an be used for �ltering appli
ations, also using auto-tuningdigital �lters, or to avoid input voltage sensing with estimators.Digital 
ontrol proposed here uses a 
ompletely di�erent approa
h, in whi
ha novel design is 
onsidered, using a very simple hardware stru
ture and obtainingvery impressive results. Digital 
ontrol stru
ture is des
ribed in following pages,providing a simple mathemati
al analysis along with some pra
ti
al 
onsiderations inthe 
onverters.



974.2 Sliding Mode ControlOne of the most used 
ontrol te
hniques for non-linear systems, and espe
iallyfor swit
hed-
ontrolled 
ir
uits, is Sliding Mode [32℄. Essentially, the sliding-mode
ontrol utilizes a high-speed swit
hing 
ontrolled law to drive and maintain the non-linear state traje
tory onto a spe
i�ed sliding surfa
e in the state spa
e.The main bene�t of the sliding mode is the robustness of the system againstdisturban
es in the load and in the input voltage. This makes Sliding Mode 
ontrola good option for 
ir
uits 
ontrolled by swit
hing devi
es where the 
ontrol vari-able 
an assume only a binary or dis
rete set of values. Power 
onverters su
h asthose implemented in this design, inherently in
lude swit
hing devi
es and hen
e itis straightforward to design sliding mode dis
ontinuous 
ontrol law.The fundamental idea of the design is to 
al
ulate a swit
hing sequen
e thatwill drive and maintain the system state to the swit
hing surfa
e. Lyapunov method,whi
h is usually used to determine the stability properties of an equilibrium point,
onsiders a s
alar fun
tion V (x), 
alled Lyapunov fun
tion without solving the stateequations. Let V (x) be a 
ontinuously di�erentiable s
alar fun
tion de�ned in adomain D that 
ontains the origin into real values R. Lyapunov fun
tion V (x) is saidto be positive de�nite if V (0) = 0 and V (x) > 0 ∀x. It is said to be negative de�niteif V (0) = 0 and V (x) > 0 for all x. Lyapunov method assures the system to bestable if the fun
tion is positive de�nite and its di�erential is negative. A generalizedLyapunov fun
tion is de�ned in terms of the surfa
es and 
hara
terizes the motion ofthe state traje
tory onto the sliding surfa
e. Swit
hing 
ontrol strategy 
hooses the
ontrol sequen
e su
h as the derivative of the Lyapunov fun
tion is negative de�niteand the motion follows the surfa
e. First step in the 
ontroller design is the de�nitionof the sliding surfa
e, whi
h has to be 
onstru
ted to lead to an equilibrium pointand whi
h de�nes the rules for proper swit
hing.



98Thus, 
onsidering a non-linear model su
h as the one analyzed, represented bystate spa
e equation in 4.1, where time dependen
e of swit
hing s
heme is in
ludedin matrix f(x, t) and input ve
tor is given by u(t) ∈ R
m.

ẋ(t) = f(x, t) + B(x, t)u(t) (4.1)In sliding-mode 
ontrol, system traje
tories expressed by 4.1, are for
ed toremain into a subspa
e of the states, and then hold so that they slide along it providinga stable 
onstraint [69℄. This redu
ed-order subspa
e is referred to as a sliding surfa
e.When 
losed-loop state feedba
k for
es traje
tories to slide along it, it is referred toas a sliding mode of the 
losed-loop system. Traje
tories along this subspa
e 
an belikened to traje
tories along eigenve
tors and modes of LTI systems. However, thesliding mode is enfor
ed by in
reasing the ve
tor �eld with high-gain feedba
k.In order to attra
t systems' traje
tories to the hyper surfa
e, a swit
hingfun
tion σ : R
n → R

m is de�ned, to represent the swit
hing 
riteria. A state outsidethe sliding surfa
e is 
hara
terized by having σ(x) 6= 0, whereas a state lying inthe surfa
e has σ(x) = 0. The sliding mode 
ontrol law swit
hes from one state toanother based on the sign of this distan
e, in a dis
rete fashion, thus the traje
toryapproa
hes the surfa
e in a �nite time. On
e the traje
tory has rea
hed the surfa
e,it slides along it and may, for example, move toward the equilibrium point.Mathemati
ally, above relations 
an be easily expressed 
onsidering the de�-nition of the Lyapunov fun
tion 
andidate as
V (σ(x)) =

1

2
||σ(x)||22 (4.2)

V (·) is a quadrati
 fun
tion of the sliding surfa
e σ(·), where || · || indi
ates theEu
lidean norm, whi
h 
onsists in the distan
e from the sliding surfa
e 
orrespondingto σ(x) = 0. As explained, the attra
tion of system traje
tories to the surfa
e is



99possible when the derivative of the Lyapunov fun
tion is negative de�nite, that is
dV

dt
=

∂V

∂σ

dσ

dt
< 0 (4.3)In the simple s
alar 
ase, when m = 1, this 
orresponds to a 
ontrol input u(x) that is
hosen su
h as to a
hieve σσ̇ < 0. A

ording to Lyapunov theory the system is alwaysmoving towards the surfa
e. In parti
ular, when σ(x) is positive, u(x) makes σ̇(x)negative and when σ(x) is negative, the input produ
es a positive σ̇(x). Moreover, ifthe 
ondition to be rea
hable, given by

dV

dt
≤ −µ(

√
V )α (4.4)where µ > 0 and 0 < α ≤ 1 are 
onstants, is satis�ed, the sliding mode surfa
e willbe attained in �nite time.From the hardware point of view, whereas the simple SMC stru
ture 
an beeasily implemented in a DSP through a series of if-then loops and with very few linesof 
ode, an alternative 
lassi
al system 
an be also used. In parti
ular, basi
 stru
tureof the sliding mode 
ontroller involves simple elements whi
h 
an be also designedusing analog 
omponents su
h as 
omparators and multipliers. Main disadvantagesresult in a more 
ompli
ate stru
ture and less �exibility for future improvements ormodi�
ations.On the 
ontrary, sliding mode 
ontrol approa
h 
onsiders a mathemati
alknowledge of the system and of its traje
tories. De�nition of the sliding surfa
ealso needs a quite 
omplex analysis of the system and some pe
uliar assumption tosimplify its design. Also the stability of the ideal swit
hing-motion stability and ofthe designed 
ontroller has to be proven. For the sake of simpli
ity, both from thetheoreti
al design and hardware implementation point of view, a di�erent te
hniqueis here explained.



1004.3 True Digital ControlA novel approa
h in digital 
ontrol is presented here, for the spe
i�
 
ase ofswit
hing mode power ele
troni
 
onverters, whi
h are well suited for this te
hnique.This new solution treats the system to be 
ontrolled as a digital system, in whi
h thestates are alternating in a binary fashion. In parti
ular, given its swit
hing nature,it only operates in two di�erent prede�ned states for ea
h swit
h. Furthermore the
ontrol only manages the swit
hing between the di�erent 
on�gurations of the system[24℄. Controller a
tion is aimed to de
rease the error fun
tion, given as the di�er-en
e between desired signal and the a
tual one. Its operating prin
iple 
ommandsthe system to swit
h to either a state that will in
rease the value of the measuredsignal or redu
e it. One 
on�guration, 
orresponding to a positive error, will in
reasea
tual signal thus de
reasing and bringing to zero the error. On the other hand, in
orresponden
e to a negative sign of the error signal, the 
ontrol swit
hes the systemto a so-
alled low-energy state. In this situation it will produ
e a de
rease in thefeedba
k signal.Control s
heme, des
ribed above, 
an be easily s
hematized, and thereforedigitally implemented, as follows:
sref(·) − smes(·) = e(·) →















e > 0 ⇒ low energy state

e < 0 ⇒ high energy state

(4.5)Therefore, thanks to the appli
ation of this swit
hing fashion, the system is 
ontrolledto zero error, through a variable swit
hing frequen
y. Following simple if-then state-ments, whi
h 
an be easily implemented in a digital integrated 
ir
uit, summarizes
ontrol operation:



101- If a
tual measured signal is greater than the referen
e signal, then swit
h or stay atlow-energy state;- If a
tual measured signal is less than the referen
e signal, then swit
h or stay athigh-energy state.Given the 
omplexity of the des
ribed battery 
harger system to whi
h puredigital 
ontrol is applied, regulator stru
ture is presented only for the general 
ase.In following se
tions, it is des
ribed for ea
h 
onverter 
ir
uit. A parti
ularly simple,thus e�e
tive representation of the prin
iple of true digital 
ontrol hereby des
ribed, isprovided through following blo
k s
heme (�gure 4.1). System stru
ture 
onsists alsoin a possible implementation of the real 
ontroller in terms of analog 
ir
uit designor Simulink modeling.

Figure 4.1. S
hemati
 
ir
uit of proposed true digital 
ontrol.The proposed s
heme, whi
h 
onsists in a very simple stru
ture, takes advan-tage of the swit
hing feature of the 
onverters. Its working prin
iple is based on thegeneration of a binary output PWM pattern of zeros and ones for the swit
hes, basedon the sign of the input signal. Mathemati
ally, 
ontrol sequen
e is 
al
ulated fromthe error between the referen
e signal and a
tual measured values. Control signal iselaborated through a sign fun
tion, given output values {−1, 0, 1}, based on the signof the error. Controller output is given by a sequen
e of binary values {0, 1} for
ed



102by a saturator blo
k, in order to obtain dire
t swit
hing patterns.Hardware stru
ture is either simple and of easy implementation in any of
ommon 
ommer
ial mi
ro 
ontrollers, in whi
h a sign fun
tion is implemented. ItsSimulink realization, obtained 
as
ading a sign blo
k followed by a saturator is rep-resented in �gure 4.2.
Figure 4.2. Simulink blo
k s
heme of True Digital Control.



1034.4 True Digital Control for Swit
hing ConvertersConventionally swit
hing mode power supplies and power ele
troni
s 
onver-ters have been 
ontrolled using analog integrated 
ir
uit te
hnology and linear systemdesign te
hniques [50℄. Analog 
ontrol te
hniques have been so far predominant due totheir simpli
ity as well as their low implementation 
ost. However, they are sensitiveto environmental disturban
es su
h as noise, temperature and 
omponents' aging.Besides, implementation of sophisti
ated advan
ed 
ontrol te
hniques is inherentlydi�
ult employing analog 
ir
uits.A novel approa
h in 
ontrol design is here dis
ussed, introdu
ing advan
eddigital 
ontrol te
hniques, su
h as True Digital Control, whi
h provide numerous ad-vantages over 
lassi
al analog methods and is be
oming the new standard for swit
hing
onverters.Even if digital 
ontrol 
ompensation development and design tends to be lessintuitive than analog methodologies, however, with the de
reasing 
ost and size ofdigital 
ir
uits exponentially shrinking, digital 
ontrol is beginning to repla
e analog
ontrollers. Thus, re
ent resear
h has been 
ondu
ted on digital 
ontrollers, whi
hperform fun
tions that are not realizable in the analog domain [12℄. Most importantfeatures are 
ommuni
ation and system-level integration, 
ontroller auto tuning, on-the-�y e�
ien
y monitoring and optimization, and 
omplex nonlinear 
ontrol forimproved dynami
 performan
e.Advantages of digital design te
hniques are numerous, dealing with implemen-tation simpli
ity, hardware �exibility and robustness of the s
heme. Digital 
ontrolassures a simpler and more e�e
tive stru
ture with respe
t to 
lassi
 analog 
ontrolapproa
h. In parti
ular modern integrated 
ir
uits o�er low implementation 
ost anda simple design with theoreti
ally in�nite resolution. Moreover 
omponents' drift and



104noise are one of the primary disadvantages for analog 
ir
uits. Nevertheless in orderto obtain high performan
es, 
omplex 
ir
uits are needed and analog implementationfor advan
ed 
ontrol s
hemes results di�
ult and expensive.On the other hand, true digital 
ontrol o�ers a series of fundamental ad-vantages whi
h make it a desired 
hoi
e for power ele
troni
 systems' 
ontrol. Es-pe
ially it is very well suited for swit
hing mode 
onverters, due to their intrinsi
non-linearities. High noise immunity, along with a less sus
eptibility to parametervariations make digital 
ontrollers desirable for ele
troni
 
ir
uits. Digital 
ontrols
heme results also in a simpler approa
h, dealing with very few hardware 
hanging.This important advantage is mainly due to an easy implementation of the algorithmon a simple mi
ro 
ontroller. In fa
t, a 
hanging in the 
ontroller s
heme does notusually require an hardware modi�
ation. Also the ability to interfa
e with an ex-ternal host 
omputer or a user friendly display has led to a wide spread of digital
ontrollers. On the other hand, a limited resolution due to analog-to-digital 
onver-sion, and an inherent time delay for 
omputational tasks are the main disadvantagesof this te
hnique.4.4.1 True Digital Control for PFC Cir
uit. First appli
ation of True DigitalControl, in this thesis is provided by the two regulation loops for the �rst powerele
troni
 
onverter, the PFC boost re
ti�er. As explained above, instead of the
anoni
al analog 
ontrol design, a digital approa
h is here dis
ussed, whereas in thisparagraph, the inner PID 
ontrol loop is maintained.Control stru
ture is based on previously explained prin
iple of digital average
urrent 
ontrol, now applied to swit
hing mode 
onverters. In the �rst implementationthe basi
 stru
ture of the 
lassi
al 
ontroller 
onsists in a double feedba
k loop, inwhi
h two regulators are operating at the same time. External loop is 
hara
terizedby a large bandwidth and therefore by a high operating frequen
y. Its purpose is to



105tra
k the sinusoidal 
urrent referen
e signal, whi
h is provided by the inner 
ontrolloop. On the other hand, inner loop requires mu
h slower operation. It only hasto provide the 
orre
t amplitude of the sinusoidal signal, s
aled a

ordingly to theerror in the voltage. Therefore, for the voltage 
ontrol loop the highly rea
tive digital
ontrol is not suitable. In following se
tions several alternatives are presented in orderto 
ompletely digitalize and thus simplify the feedba
k 
ontrol stru
ture.A 
lassi
al PID 
ontroller is implemented in this study. Feed-forward 
om-ponent, while it is ne
essary for the analog 
ontrol te
hnique [72℄ due to instabilityproblems espe
ially at low input voltages, 
an be negle
ted here. This simpler designallows a simpli�ed hardware stru
ture, whi
h will redu
e both 
osts and the need formaintenan
e.DC bus voltage measured at the PFC 
ir
uit output is shown in �gure 4.3and is 
ompared to the desired voltage level. Through a simple 
al
ulation the errorsignal to the PID 
ontroller is provided. Here only the proportional gain is 
onsidered.Controller output is proportional to the error with the 
oe�
ient Kp, and representsthe indu
tor 
urrent referen
e signal, as follows:
iref (·) = Kp · [vref(·) − vmes(·)] = Kp · ev(·) (4.6)On the other hand, features of the true digital 
ontrol perfe
tly �t the needs offast rea
ting and robust regulation for the 
urrent 
ontrol loop [37℄. Thus previouslyexplained stru
ture of the true digital 
ontrol is adopted here for the outer feedba
kloop. In parti
ular, swit
hing pattern for the digital 
ontroller is provided by sensingthe sign of the error in the 
urrent waveform. The di�eren
e of desired referen
e andmeasured indu
tor 
urrent produ
es 
ontrol signal as follows:

eiL(·) = iref(·) − imes(·) (4.7)
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Figure 4.3. Regulated DC bus voltage waveform with typi
al os
illations at twi
e theline frequen
y.where iref is the output of the inner 
ontrol loop of equation 4.6. Then, digital 
ontroloperates following the de
ision rule explained in previous se
tion, analyzing the errorsign and produ
ing the output signal a

ordingly. Thus, re
alling equation 4.5, thesystem is swit
hed to either a low state, 
orresponding to 1 
ontrol output, or a highstate with 0 as PWM value.Di�erent high and low duty 
y
les values have been tested, based on re
entresear
h papers. Usually the swit
hing of the system is done between two 
onstantmodulated signals at a �xed frequen
y. High and low duty 
y
les are then used to
orre
t the error of 
ontrolled signal. The two duty 
y
les values 
an be adjustedby the designer in order to obtain the best performan
e for the 
ir
uit. In the 
aseof this pe
uliar appli
ation, the 
omplex intera
tion between the two 
ontrol loopsmakes the design 
hoi
e of the duty 
y
les easier. In parti
ular, stability of the system
an be obtained only with a faster operating 
urrent 
ontroller. Therefore the 
hoi
eof DH and DL is given to be the two 
onstant values 0 and 1.



107This swit
hing fashion produ
es a signal whi
h 
ompensates the error sign,allowing the 
ontroller to tra
k desired sinusoidal waveform (�gure 4.4). In parti
u-lar, when the error signal is positive, the referen
e is bigger than a
tual 
urrent andthe 
ontrol produ
es an output whi
h will 
orrespond to a low energy state. An highswit
hing 
ommand for the dire
t swit
h signal and a zero for the 
omplementaryswit
h are provided. Those PWM signals will be applied to the gates of the semi-
ondu
tor devi
es in the original 
ir
uit and will 
onsequently produ
e an output to
ompensate the error.
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Figure 4.4. Power fa
tor 
orre
ted sinusoidal input 
urrent.In 
orresponden
e with a negative error signal the system will be swit
hedto a high energy state, again to eliminate the di�eren
e between desired and sensed
urrent.Inverse mode of operation 
onsiders the PFC 
ir
uit as an inverter. Previouslyimplemented 
ontrol 
ir
uit result to be simple and e�e
tive. True digital 
ontrol



108may also be used to further simplify it. However, in this thesis its design it is not
onsidered. Therefore, all simulation results for following se
tions in
lude only the
harging mode of operation. AC/DC behavior of the 
ir
uit is investigated.4.4.2 True digital 
ontrol for DC/DC 
onverters. True digital 
ontrol inDC/DC 
onverter is easily applied without any drawba
k with respe
t to presentedPID 
lassi
al solution [23℄. Adopted strategy 
onsiders the basi
 stru
ture explainedabove. Its working prin
iple is again based on the simple de
ision rule given by thesign of the error signal.Several digital implementations 
onsider the swit
hing between two di�erentstates, based on the sign of the error. Those states are usually a high and low duty
y
le PWM sequen
es as in [52℄. The alternation between two 
onstant-modulatedpatterns will 
ontrol the system as explained. Moreover, swit
hing frequen
y of the
ontroller will result to be at the �xed value given by the modulation, thus eliminatinghigh and variable frequen
y issues.A di�erent approa
h is here used to get a faster response for the system. Highand low duty 
y
les values are substituted as before with 
onstant values. Stabilityand performan
es of the system result to be optimized for 
hosen 
onstant values andwaveform results will be shown later.Future work on the 
ontroller design might add a varying high and low duty
y
les values. It will be able to optimize its behavior for di�erent voltage levels atthe input or in the DC bus. E�
ien
y of the 
ontroller, as well as its response 
an bedesigned spe
i�
ally for the di�erent 
onditions. Considered design, however, showsgood results for the full range required by this appli
ation.As before MATLABr Simulink implementation is given by the 
as
ade of thesignum fun
tion blo
k and a saturator in �gure 4.2. Its input is the error between



109the desired signal and the a
tual measure whi
h will produ
e either a positive or anegative value. This signal is then saturated in order to obtain a suitable range forswit
hing states. In parti
ular, swit
hing rule evaluates the di�eren
e between desired
urrent referen
e and measured output as follows
eiL(·) = iLref(·) − iLmes(·) (4.8)Sign of the error signal is then 
al
ulated by the sign fun
tion. Saturation blo
ksaturates the signal as to assume only the binary set of values {0, 1}, whi
h are usedto 
ontrol the gates of the swit
hing devi
es. In 
orresponden
e of a negative errorthe a
tual measured 
urrent value is greater than the referen
e signal. This meansthat the 
ontroller will provide a zero valued signal to the MOSFET 
orrespondingto an OFF swit
h. On the other hand, a positive error applied to the 
ontroller willprovide and high output signal to make the semi
ondu
tor devi
e 
ondu
t, a
ting asa small valued resistor. With su
h a swit
hing fashion output 
urrent of the DC/DC
onverter will be adjusted to balan
e the error and minimize the di�eren
e betweenthe desired and the a
tual signal.Global 
ontrol stru
ture also in
ludes the slow PID 
ontrol loop for the voltageregulation. In parti
ular, while the stru
ture from the previously mentioned approa
his maintained, its gains have to be modi�ed. Tuning of the PID parameters is donea

ordingly to pra
ti
al simulation results that 
onsider the settling time as well asstability issues. Several simulations were 
arried out to optimize the 
hoi
e of Kpand Ki. Unstable phenomena have been re
orded for higher values of proportionalgain, whereas low values will 
ause a slower settling time. Similarly, a redu
tionin the integral gain will produ
e unstable behavior for the 
ir
uit. Total Harmoni
Distortion will drasti
ally in
rease. A higher Ki will 
ause a faster response buthigher frequen
y 
omponents in the sinusoidal input 
urrent.



110Digital 
ontroller here implemented works very well in the bi-dire
tional bu
k-boost 
ir
uit des
ribed, showing a fast response and optimal performan
es. Betterwaveforms are obtained here, with respe
t to the 
lassi
al analog 
ontrol strategy, as
an be seen from the output 
urrent and voltage plots in �gure 4.5.
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Figure 4.5. Regulated output 
urrent and voltage waveforms.Digital 
ontrol te
hnique 
an here be used also for inverted operation of the
onverter. DC/DC bi-dire
tional bu
k-boost 
an be easily 
ontrolled by the 
ir
uitof �gure 4.2 when it is operating in boost mode. E�e
tiveness of the 
ontroller 
anbe easily veri�ed with some simulation results that are not shown in this thesis.4.4.3 Swit
hing Frequen
y Issues. In this se
tion an important issue relat-ing to the swit
hing frequen
y of the 
onverters is dis
ussed. Novel digital 
ontrolte
hnique introdu
es a di�erent swit
hing strategy with respe
t to 
lassi
al PWM
ontrol. Conventional Pulse Width Modulation 
ontrol takes advantage of the �xedfrequen
y fs used for the modulation of the signal. Thus the 
ontrol stru
ture and



111system behavior are simpler but maximum bandwidth and rea
tivity of the systemare limited.On the other hand, digital 
ontrol approa
h is based on the evaluation of thesign of the error signal. Swit
hing frequen
y and 
ommand signals for the devi
es aregiven only by the output of the digital regulator, without any modulation. Thereforeswit
hing frequen
y of the generated sequen
e results to be highly variable in time.Theoreti
al maximum pulse period is given by the inverse of the sampling time ofthe model Ts = 1/fs, whereas in simulated appli
ation is mu
h slower. However,in order to limit maximum swit
hing frequen
y and allow a proper response for thea
tual 
ir
uit 
omponents, some expedients need to be employed. Considering theease of implementation on the DSP used in the 
ir
uit, a �xed frequen
y approa
his here preferred. In parti
ular, a simple modulation is added at the output of thedigital 
ontroller. This will 
ause the swit
hing signal to be modulated at desiredrate without a�e
ting visibly system performan
es.Simulations driven in MATLABr Simulink have shown a high maximum valueof the fs produ
ed by the digital 
ontroller, of around fs ≃ 5 · 105 Hz. In pra
ti
e,even if some high frequen
y peaks are present, the average is mu
h lower. Also onlyin parti
ular time instants the digital 
ontrol needs to be rea
tive and requiring interms of bandwidth.Redu
ing the sampling time of the system, or of the digital 
ontroller, does notprovide desired solution. The main drawba
k was found to be a noti
eable in
reasein the ripple in input and output 
urrent waveform. Bandwidth of the system is thenredu
ed, for safety issues and to assure a good performan
e to the a
tual 
ir
uit. As
an be seen in the model of �gure 4.6, swit
hing frequen
y of the digital 
ontrolleris here modulated at the �xed frequen
y of fs = 60 kHz. Even if this redu
es therea
tivity of the 
ontroller slowing down transient responses, �nal performan
es are



112satisfa
tory. Minor di�eren
es 
an be seen from previous modeled regulator, as shownin the 
omparisons of �gure 4.7 and 4.8.
Figure 4.6. Simulink model of �xed frequen
y True Digital Controller.
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Figure 4.7. Comparison of input 
urrents for �xed and variable frequen
y PWM.
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1144.5 Comparison With Conventional Analog ControllerIn this se
tion a detailed 
omparison between the two 
ontrol approa
hes isprovided. Major advantages of the true digital 
ontrol over the 
onventional PID
ontroller are also explained. Both theoreti
al and pra
ti
al 
onsiderations are pre-sented to show the improvements in terms of stability and performan
e. Reliabilityof the system and the hardware implementation are dis
ussed whereas more detailedstability analysis will be 
ondu
ted in the following 
hapter.4.5.1 Performan
e and Waveform Analysis. This se
tion presents the 
ompar-ison of digital 
ontrol design approa
h with the results obtained in previous 
hapter,where 
onventional analog design was implemented. Output waveforms and FFTanalysis are used to 
ompare the two di�erent 
ontrollers showing the better perfor-man
es of the digital approa
h.Cas
aded 
on�guration of the two power ele
troni
 
onverters is simulated withMATLABr Simulink, using the mathemati
al model previously derived. It presentsa useful tool for analyti
al 
onsiderations in terms of stability and robustness of thesystem. Re
orded waveforms are then showed and 
ommented in details, both in thesteady state and the transient response. Input and output 
urrent waveforms areanalyzed together with the DC bus voltage and the output 
urrent.It must be mentioned that the following 
onsiderations and pra
ti
al results areexplained for the most restri
tive 
ase, that is the lowest input voltage 
orrespondingto the highest input 
urrent. In this parti
ular appli
ation, Vs = 90 V rms is used, atthe line frequen
y of 60 Hz.Input 
urrent is regulated under average 
urrent mode 
ontrol in order toobtain a near unity power fa
tor and a perfe
t sinusoidal shape. Using both 
ontrolte
hniques good performan
e is obtained at steady state. In �gure 4.9 the two sine



115waveforms are 
ompared. Cusp distortion in 
urrent waveform at the zero 
rossingpoint is minimum and 
annot be seen without a very large zoom in the plot (�gure4.10). Using FFT analysis at the steady state the harmoni
 
ontent of the 
urrentsignal is shown in �gure 4.11. High frequen
y 
omponents are almost zero (�gure4.12) sin
e the regulator tra
ks the waveform very well and shapes a 60Hz sine wavewith little distortion.
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usp distortion in the input 
urrents.
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118DC bus voltage waveform 
hara
teristi
s have been dis
ussed in previous 
hap-ter regarding the design of the PFC 
ir
uit. A basi
 feature is the ripple shown in�gure 4.13 at twi
e the line frequen
y. Both 
ontrollers follow the referen
e value inthe steady state whereas the analog PID 
ontroller shows some high os
illations inthe transient. A detailed transient analysis will be performed and 
ommented later.A se
ond ripple is present in the DC voltage but 
an be redu
ed with a proper designand a good performan
e of the 
ontrollers. As 
an be seen in �gure 4.14 it is notvisible and the voltage waveform satis�es the stable operation 
ondition of the PWMboost re
ti�er.
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Figure 4.13. Comparison between the two DC bus voltage waveforms and inputvoltage.Control for the output 
urrent provides a �xed value of IL = 62.5 A andperforms well in both 
ases. In fa
t it provides a value that is nearly 
onstant atthe output. Current ripple is minimized through the 
orre
t 
hoi
e of the output
apa
itor and results in a very small ripple (less than 0.5 %). An os
illation at twi
e
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Figure 4.14. Comparison of the two DC bus voltage waveforms.
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Figure 4.15. Comparison of the two output 
urrent waveforms.



120the line frequen
y is seen from the un-re
ti�ed bus voltage and 
an also be observedin the output 
urrent. The 
ontroller operation drasti
ally redu
es its amplitude.Output 
urrent waveform of the digital 
ontrolled system is 
ompared with the PID
ontroller output in �gure 4.15.A detailed explanation of simulation results has been done for the transient
onditions during whi
h the system rea
hes the steady state operation. In parti
ular,the performan
e of the digital 
ontroller des
ribed above results in a mu
h betterthan the analog PID 
ontroller showing a smoother and faster response. As before,input and output waveforms are shown 
onsidering also FFT analysis and the DCbus voltage waveform as a quality parameter.Input sinusoidal 
urrent is tra
ked by the multi-loop 
ontroller, either digitalor analog, and shaped with a quite fast settling time, of around 0.4 s. During thistime the error between a
tual and desired 
urrent is almost reset to zero. Mostnoti
eable advantage of the digital 
ontroller in this situation is given by its limited
urrent spikes in the transient. This does not require any stri
t prote
tion system andfurther simpli�es the hardware implementation and the stru
ture of the 
ontroller.The amplitude of the �rst os
illations is shown in �gure 4.16.Better performan
e of the digital 
ontrol 
an also be seen from the DC busvoltage whi
h is an important element in the stability of the 
ir
uit. Its waveform isalready shown in �gure 4.14 for the steady state 
ondition and results in a mu
h morestable operation with the use of the digital 
ontrol. As 
an be seen from �gure 4.17digital 
ontrol rea
hes the referen
e signal mu
h faster than the standard PID multi-loop 
ontroller thanks to the optimization of the inner loop and the e�e
tiveness of the
ontroller design. In parti
ular, the large os
illations present in the PID-
ontrolled
ir
uit settle fast and a smooth and more stable waveform is rea
hed.
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Figure 4.16. Comparison of the two input 
urrent transients.
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Figure 4.17. Comparison of the two DC bus voltage transients.Further, improved performan
e and stability of digital 
ontrol are also noti
e-able in the output waveforms. In parti
ular a very fast response and the absen
eof signi�
ant os
illations in the 
urrent plot 
an be observed. Figure 4.18 presents



122the 
urrent response of the output DC/DC 
onverter. It rea
hes the referen
e signalafter merely 0.0015 s in the digital-
ontrolled 
ir
uit whereas the PID-based design isaround 100 times slower. Moreover, analog 
ontroller 
ir
uit is 
hara
terized by largeos
illations during transients. A longer settling time is also the result of a slower a
-tion of the 
ontroller. Large spikes in the 
urrent waveform 
ould damage the batteryor shorten its life-time without any prote
tion 
ir
uit or pe
uliar design expedient.Thus a more 
omplex design or prote
tion solution is required.
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Figure 4.18. Comparison of the two output 
urrent transients.



1234.5.1.1 Robustness of the Controllers. In this subse
tion the response of thetwo 
ompared systems to slight variations of their parameters in the steady state ispresented. Using this pra
ti
al simulation approa
h, important results 
an be seen.Robustness of the system to parameter variations and e�e
tiveness of the 
ontrollerto tra
k desired signal regardless the system modi�
ation are shown.Variation of 
riti
al parameters will be performed in the MATLABr Simulinkmodel, as will be done in following 
hapter to show stability regions and instabilitiesphenomena. The output waveforms are shown and obtained results are explained.Two variations are performed in sele
ted 
omponents. Starting from optimum andstable 
ase parameters will be 
hanged at instants t′ = 2 s and t′′ = 4 s respe
tively.All the transient 
an be observed in the simulation time T = 5 s.The �rst set of simulations address a typi
al series of issues that 
an happenwhen the input voltage level is not 
onstant and 
hanges with slight �u
tuations ofaround 5 − 10%. This 
ondition is usual in 
ountries like India where amplitudeof the utility voltage is not �xed and variations o

ur. On the other hand, theline frequen
y usually remains 
onstant. System response is simulated and some
onsiderations about performan
e and stability issues are done. Input voltage at thenominal value of 90 V rms is varied to respe
tively 85.5 V rms and 81 V rms.Input waveforms is modi�ed by the voltage drop but shows a very stable be-havior espe
ially for the digital-
ontrolled system, as 
an be seen from �gure 4.19.Transitions between di�erent voltage levels are done very fast and without show-ing signi�
ant os
illations. A longer settling time with some dumped os
illations isre
orded for the analog-
ontrolled 
ir
uit.On the other hand, DC bus voltage waveform shows more visible e�e
ts ofthe variation of the input voltage. The system is still stable and with a good output
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Figure 4.19. Comparison of the two input 
urrent waveforms for a 
hange in the inputvoltage.response. In parti
ular, digital-
ontrolled system is 
hara
terized by unilateral os
illa-tions that lead the waveform to settle after a small time interval. Small voltage peaksof around 15% of the steady state value 
an also be seen. Analog-
ontrolled 
ir
uitshows a better behavior whi
h is probably due to a better tuning of the parametersof the regulator. Waveform variations are shorter and with smaller amplitude. Bothresponses show anyway a good performan
e for the overall system (�gure 4.20) andthe 
ontroller seems to work as desired.Output waveforms are represented in �gure 4.21. They also involve the DC/DC
onverter 
ontrol se
tion whi
h works very well for both 
on�gurations. Only a smallvariation of the output 
urrent in 
orresponden
e with the input voltage 
hange 
anbe noti
ed. In parti
ular, transitions between di�erent levels are smooth even if asmall settling time for the PID regulated system 
an be seen.
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Figure 4.20. Comparison of the two DC bus voltage waveforms for a 
hange in theinput voltage.
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Figure 4.21. Comparison of the two output waveforms for a 
hange in the inputvoltage.



126Se
ond series of simulations has been done 
onsidering faulty or un-regularoperating 
onditions, 
orresponding to a lower voltage in the storage pa
k, whi
h
ould be 
onsidered as a result of an over-heated battery. In parti
ular, for a typi
albattery 
ell at the varying of the temperature rapid 
hanging in the internal equivalentresistor 
an be seen. Nominal value of the resistor Rout = 0.768 Ω, 
hosen su
h as toguarantee a transferred power of 3 kW , is de
reased to R′

out = 0.7 Ω and further to
R′′

out = 0.6 Ω 
orresponding to a variation of around −20%. Similarly waveforms andresponses of the systems 
hange a

ordingly to the lower input and 
ontroller rea
tionto these variations is here re
orded and explained. As 
an be seen from �gure 4.22,input 
urrent is not widely a�e
ted by the 
hange in the load and it only showslarger sinusoidal amplitude. Transition between the three di�erent load values resultsto be smooth with both the 
ontrol strategies, whereas digital 
ontrolled 
ir
uit isfaster. Some os
illations 
an be seen in the waveform of the 
lassi
al PID multi-loop
ontroller system.
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Figure 4.22. Comparison of the input 
urrent waveforms for a 
hange in the outputload.



127DC voltage waveform, measured a
ross the DC side 
apa
itor, is a�e
ted by thevariation in the output load. It shows a slightly larger ripple at twi
e the line frequen
yunder stable 
onditions. Due to the sudden load 
hange, some os
illations 
an be seenin the �gure 4.23. Digital implementation of the 
ontroller has a unidire
tional anddumped os
illation whereas the 
lassi
al analog 
ontrol strategy shows a series ofos
illations of smaller amplitude. Both 
ir
uits operate under stable 
onditions, evenwith a load variation of around 20%.
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Figure 4.23. Comparison of the two DC bus voltage waveforms for a 
hange in theoutput load.Regulated output 
urrent is a�e
ted by the 
hange of the input load. As itin
reases linearly rated power also in
reases. The 
ir
uit shows a fair behavior interms of the variation in the load due to the se
ond stage 
ontroller whi
h regulatesthe output DC level very well. Neither transients nor large settling time 
an be seenin the waveform of �gure 4.24, whi
h shows the 
omparison between the two 
ontrolstrategies.
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Figure 4.24. Comparison of the two output waveforms for a 
hange in the outputload.



129CHAPTER 5STABILITY ANALYSIS AND ISSUES5.1 System AnalysisThe double-stage power ele
troni
 
onverter is 
hara
terized by universal volt-age input and is a 
ost e�e
tive solution for battery 
hargers. The proposed 
ir
uitprovides PFC 
orre
tion and tight output power regulation either using the 
onven-tional PID multi-loop regulator or the novel digital 
ontrol approa
h.Re
ent studies on the dynami
s of swit
hing power 
onverter 
ir
uits haverevealed the possibilities of several s
enarios for unstable operations showing bothat fast-s
ale and slow-s
ale [43℄. Slow-s
ale instability problem may worsen the har-moni
 distortion of input 
urrent, whereas the fast-s
ale instability may impose higher
urrent stresses on swit
hing devi
es [45℄.An in
orre
t design of the 
omponents of the system may give rise to su
hproblems, in parti
ular due to an improper 
hoi
e of parameters su
h as the DC bus
apa
itor, input indu
tor value and the sizing of the battery load. A pre
ise tuningof the parameters of the 
ontroller 
an be done in order to minimize instabilities forall working 
onditions. However, espe
ially for low voltage and high 
urrent inputsinstability issues are to be found in the power supply. This 
hapter also 
ites examplesof several unstable 
onditions are provided.5.2 Instability IssuesDi�erent instability 
onditions 
an be found in the analysis of the two 
as
aded
onverters. They 
an be divided into di�erent 
ategories based on the waveformsobtained. Several studies [46℄ and [47℄ have identi�ed period-doubling bifur
ationsfor input 
urrent in 
ertain parameter ranges. Chaoti
 instability phenomena 
analso be seen from a non-sinusoidal input indu
tor 
urrent and an unstable DC bus



130voltage.Stable operation for the �rst stage PFC boost 
onverter is a periodi
 sinusoidalinput 
urrent perfe
tly in phase with the line frequen
y as shown in �gure 5.1. Aperiodi
 ripple at twi
e the line frequen
y has to be present in the DC bus voltage(�gure 5.2). Similarly, instability issues 
an be seen by the observation of these keywaveforms or through the presen
e of higher harmoni
s 
omponents in FFT analysis.Sinusoidal input 
urrent shows bifur
ations and 
usp distortion for a slight variationof the parameters but rea
hes a 
ompletely non-periodi
 response for lower values ofDC bus 
apa
itor or lighter loads. Also DC bus voltage shows random waveformsunder 
haoti
 instability 
ase in this situation.
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Figure 5.1. Stable mode of operation seen in the sinusoidal input 
urrent.
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132Similar results indi
ating stability-instability regions at the varying of theparameters 
an be identi�ed using the te
hnique of the phase plane traje
tories. Phaseplane 
urves, also 
alled Lissajous 
urves, are a simple method to dete
t unstablephenomena. These traje
tories are drawn between the output voltage ripple on theverti
al axis and the input 
urrent on the horizontal axis and 
onsider a steady stateoperation for the 
ir
uit. Stable 
onditions, as well as period-doubling operation and
haoti
 instability 
an be easily dedu
ed from these plots. In fa
t in the stable 
ase,they must show two equal symmetri
al loops su
h as in �gure 5.3. Asymmetri
al
y
les 
an be seen for period-doubling bifur
ation 
ase or 
haoti
 phenomena.
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Figure 5.3. Stable mode of operation seen in the DC bus voltage and output 
urrentand voltage waveforms.Phase plane 
urves form a very powerful tool in the stability analysis of the
ir
uit. A more detailed explanation for parti
ular instabilities 
onditions as a 
on-�rmation of what has been shown through simulation results will be provided later.



1335.2.1 Stability Analysis through Cir
uit Simulations I. In this se
tion adetailed stability analysis will be done 
onsidering designed 
ir
uit responses. Inparti
ular, input indu
tor 
urrent, DC bus voltage and output 
urrent waveformswill be analyzed. A series of stability 
onditions and boundaries will be derived forimportant parameter of the 
ir
uit as well as for di�erent 
ontroller parameters andte
hniques.All system simulations are done using previously derived state spa
e equationsfor the 
ombined two-stage 
onverter. The 
ir
uit is 
ontrolled using the PID analogfeedba
k loop explained in previous 
hapters. A �nal 
omparison with the noveldigital 
ontrol approa
h is also done in following se
tion. Most stri
t 
ase of low-voltage high-
urrent input is 
onsidered. A n input voltage Vin = 90 V rms, at theline frequen
y of 60 Hz is used. Component values and 
ontroller gains are indi
atedin tables A.1 and A.2 in Appendix.Cir
uit behavior is studied by varying only one parameter at a time and rele-vant plots will be shown. Then more spe
i�
 instability issues are empiri
ally derivedand will be deeply analyzed with some mathemati
al referen
es. It must be notedthat the AC/DC re
tifying operating mode is tested here for the worst 
ase s
enario.Instability issues for the 
harging of the battery from the grid and power fa
tor 
or-re
tion problems for input 
urrent are shown.5.2.1.1 Variation of Load Resistor Value. First study regards variation inthe equivalent resistor load Rout intended to be internal battery resistor. Its voltage
Vout remains 
onstant. Current referen
e signal is 
hanged 
onsequently to maintain
onstant output voltage for the DC/DC 
onverter when load resistor is 
hanging.Variations in the load resistor will lead to an in
rease or de
rease in drawn powereither from the grid or the battery. By the observation of the respe
tive waveformsinteresting stability 
onsiderations 
an be made. In parti
ular, optimum operating



134point in terms of stability is set to output resistor value of Rout = 0.768 Ω, whi
h
orresponds to a nominal 3 kW of power. However, variations around this value 
anshow undesirable behavior for the 
ir
uit. An in
rease in the load resistor 
orrespondsto a de
rease in the referen
e 
urrent and in drawn power as shown in �gures 5.4 and5.5. This would not result in instability issues and thus phase plane traje
tory shownin �gure 5.6 is 
hara
terized by a perfe
t symmetry around the two axes. On theother hand, unstable phenomena 
an be seen when lighter loads and therefore higherpower is applied.
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Figure 5.4. Input 
urrent waveform and FFT analysis for Rout = 1.2 Ω.
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Figure 5.5. DC bus voltage and output 
urrent and voltage waveforms for Rout =
1.2 Ω.
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Figure 5.6. Phase plane traje
tories for Rout = 1.2 Ω.



136Lowering the value of output resistor below a 
ertain threshold will produ
ea double e�e
t in analyzed plots, as shown in �gure 5.8. The presen
e of undesiredos
illations in the DC bus voltage transient whi
h is also 
hara
terized by a greatersettling time 
an be re
ognized. Cusp distortion in the zero-
rossing point of thesinusoidal input 
urrent is shown in �gure 5.7. Similarly, those os
illations will a�e
tthe phase plane 
urve plot (�gure 5.9) whi
h will lose its symmetry around horizontalaxis. Input indu
tor 
urrent for light load variations of around −25% will still givean almost perfe
t sinusoidal waveform as 
an be seen from FFT analysis of �gure 5.7.
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Figure 5.7. Input 
urrent waveform and FFT analysis for Rout = 0.5 Ω.
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Figure 5.8. DC bus voltage and output 
urrent and voltage waveforms for Rout =
0.5 Ω.
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Figure 5.9. Phase plane traje
tories for Rout = 0.5 Ω.



138For higher variation of the order of −35% or higher e�e
t of instability 
anbe seen. The bifur
ation e�e
t is visible in the asymmetri
al phase-plane plot (�gure5.12), and larger os
illations in the DC bus voltage waveform (�gure 5.11). Alsooutput waveforms are a�e
ted by this in
reasing instability, showing a larger settlingtime as 
an be seen in �gure 5.11. Input indu
tor 
urrent be
omes non-sinusoidaland starts showing the presen
e of higher frequen
y harmoni
s (�gure 5.10). Chaoti
instability is rea
hed with a 
ompletely asymmetri
al behavior of the phase-plane
urve and the input indu
tor 
urrent with a variation of the load of around −50%.
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Figure 5.10. Input 
urrent waveform and FFT analysis for Rout = 0.3 Ω.
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Figure 5.11. DC bus voltage and output 
urrent and voltage waveforms for Rout =
0.3 Ω.
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Figure 5.12. Phase plane traje
tories for Rout = 0.3 Ω.



1405.2.1.2 Variation of Input Indu
tor Value. The se
ond set of simulationspresented regards the variation in the value of the input indu
tor of the PFC 
ir
uit.This very important 
omponent has several reper
ussions in the input indu
tor 
ur-rent waveform, as well as the DC bus voltage and the output 
urrent and voltage.Exa
tly as before, from the analysis of the phase plane plot and the study of re
ordedwaveforms some instability patterns are re
ognized.Indu
tor value is 
hosen to be 300 mH in the optimal 
ase and is variedfrom 50 mH to 1100 mH nominal values. Other 
omponents are kept as 
onstantparameters. Two di�erent behaviors are noti
ed for an in
rease or de
rease in thevalue and they both a�e
t stability and phase margin for the system. In parti
ular,a de
rease in the input indu
tor value will produ
e a series of os
illations in thesinusoidal 
urrent waveform whi
h 
an be easily seen from the phase-plane plot. Anin
rease in the parameter value will 
orrespond to some more visible unstable e�e
twhi
h will lead to asymmetri
al phase-plane 
urves and 
usp distortion.For lower values of input indu
tor, the system is still stable even if a smallripple 
an be seen in the sinusoidal shape of indu
tor 
urrent (�gure 5.13). Also smallos
illations around the symmetri
al shape of the Lissajous 
urve (�g. 5.15) and somehigh frequen
y 
omponents in the FFT analysis (�g. 5.13) are present.
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Figure 5.13. Input 
urrent waveform and FFT analysis for L1 = 150 µH .
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Figure 5.14. DC bus voltage and output 
urrent and voltage waveforms for L1 =
150 µH .
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Figure 5.15. Phase plane traje
tories for L1 = 150 µH .For a further de
rease in the indu
tor, this ripple visibly in
reases leadingto lower performan
e of the system. The 
ir
uit will start showing relevant 
uspdistortion and high frequen
y harmoni
s (�g. 5.16) but still a near stable behavior
an be seen as veri�ed with the phase-plane plots (�gure 5.17).
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Figure 5.16. Input 
urrent waveform and FFT analysis for L1 = 50 µH .
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Figure 5.17. Phase plane traje
tories for L1 = 50 µH .



144A di�erent e�e
t is produ
ed by the in
rease of the indu
tor value whi
hwill maintain a low ripple in the input 
urrent waveform and the absen
e of highfrequen
y harmoni
 
omponents. For larger values 
orresponding to around twi
ethe original value the DC bus voltage response be
omes faster and smoother (�gure5.19). Some asymmetri
al behavior 
an be seen in the lower region of the phase-planeplot with the beginning of the 
usp distortion phenomena in the sinusoidal waveform(�gure 5.18). In 
orresponden
e with the zero-
rossing point of the 
urrent, the 
uspdistortion e�e
t will 
ause a non-perfe
t sine wave. This is due to the fa
t that rightafter the input voltage 
rossover point there is very limited voltage a
ross the boostindu
tor and a signi�
ant magnitude of 
urrent. As the result, the indu
tor 
urrentmay not be able to follow the referen
e for a short time period after the zero 
rossing,
ausing 
urrent distortion. As explained, this e�e
t will in
rease with the value ofthe indu
tan
e used in the PFC boost 
onverter and with the in
reasing of the linefrequen
y, whi
h does not represent an extreme issue in this appli
ation.
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Figure 5.18. Input 
urrent waveform and FFT analysis for L1 = 500 µH .
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Figure 5.19. DC bus voltage and output 
urrent and voltage waveforms for L1 =
500 µH .
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Figure 5.20. Phase plane traje
tories for L1 = 500 µH .



146Figure 5.22 presents the unstable operation for higher values of the indu
tor.It 
an be espe
ially seen from the phase-plane highly asymmetri
al 
urve (�g. 5.23)and from the shape of the input 
urrent waveform (�gure 5.21). Indu
tor 
urrent isno more sinusoidal and 
ontains high frequen
y harmoni
s.
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Figure 5.21. Input 
urrent waveform and FFT analysis for L1 = 1000 µH .
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Figure 5.22. DC bus voltage and output 
urrent and voltage waveforms for L1 =
1000 µH .
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Figure 5.23. Phase plane traje
tories for L1 = 1000 µH .



1485.2.1.3 Variation of DC Bus Capa
itor Value. In this subse
tion, simulationswere run to highlight the e�e
ts of the variation of the DC bus 
apa
itor in smoothingthe DC voltage bus and shaping the input 
urrent. As before, 
ir
uit's behavior issimulated in MATLABr Simulink by varying the value of the 
apa
itor around itsnominal value of 2000 µF .Several di�erent e�e
ts 
an be seen from the analysis of the input 
urrentwaveform, the DC bus voltage and output 
urrent and voltage, as well as with thephase-plane 
urves. Instability issues for small values of the parameter are shown anddesign 
onsiderations are made. DC link 
apa
itor has to be 
hosen as a trade-o�between size and performan
es.As explained, the system be
omes unstable for small values of the DC bus
apa
itor. A highly distorted input 
urrent waveform (�g. 5.24) is 
learly visible 
or-responding to a redu
tion of only 50% from the nominal value. Similarly, smoothinge�e
t of the 
apa
itor is lowered leading to a higher ripple in the DC bus voltage(�gure 5.25).
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Figure 5.24. Input 
urrent waveform and FFT analysis for C1 = 1000 µF .
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Figure 5.25. DC bus voltage and output 
urrent and voltage waveforms for C1 =
1000 µF .



150High instability patterns 
an be re
ognized for even lower values of the pa-rameter. As a result a highly asymmetri
al phase-plane 
urve and non-sinusoidalinput 
urrent with high frequen
y 
omponents 
an be seen in �gure 5.28 and 5.26.As before, high ripple is present in the DC voltage bus of �gure 5.27.On the other hand, in
reasing the value of the 
apa
itor the system remainsstable with a smoother DC bus voltage output and a perfe
tly symmetri
al phase-plane 
urve. Similarly the input 
urrent has the sinusoidal shape required to haveunity power fa
tor. The only drawba
k 
onsidered is the size of the 
apa
itor; dimen-sion and pri
e in
rease largely with the 
apa
itan
e.
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Figure 5.26. Input 
urrent waveform and FFT analysis for C1 = 500 µF .
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Figure 5.27. DC bus voltage and output 
urrent and voltage waveforms for C1 =
500 µF .
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Figure 5.28. Phase plane traje
tories for C1 = 500 µF .



1525.2.2 Stability Analysis through Cir
uit Simulations II. Similar to se
tion5.2.1, stability analysis has been performed in this 
hapter and some 
onsiderationsare done for the SimPower System 
ir
uit, whi
h is now 
ontrolled by the True Digital
ontroller. Cir
uit response and waveforms are here shown and a detailed 
omparisonis made with respe
t to the analog PID 
ontroller. In parti
ular, input indu
tor
urrent, DC bus voltage and output 
urrent waveforms will be shown and eventualinstability issues are 
ommented and explained.All simulations involve a battery 
harger 
ir
uit implemented with state spa
eequations. They 
onsider a digital feedba
k loop whi
h uses the designed digital
ontroller. On the other hand, the outer voltage 
ontrol loop for the PFC boostre
ti�er still remains a PI 
ontroller. Its parameters need to be readjusted withrespe
t to the previous design. 90 V rms input voltage at the line frequen
y of 60 Hzis examined, varying one parameter value at a time and showing unstable behaviors.As a 
onsequen
e of the digital 
ontrol stru
ture, a general robustness andbetter performan
es are re
orded in this 
ase, showing the advantages of this relativelynew and simple 
ontrol te
hnique. Unstable phenomena, even if always present,are usually less strong and are visible only for larger variations in the parameters.All these features of the new 
ontrol loop will be further dis
ussed in the followingparagraphs.5.2.2.1 Variation of Load Resistor Value. The �rst set of simulation regardsthe variation of the equivalent resistor load Rout at the output port. Battery voltagehas to remain 
onstant and therefore the value of output 
urrent referen
e 
hangesalso a�e
ting the power drawn from the 
ir
uit.



153Stable 
ase 
orresponds to the nominal value of Rout = 0.768Ω and a nominal
3kW of power. It shows the desired behavior for the 
ir
uit waveforms. In parti
ular,�gures 5.30 and 5.29 show that system stability is related to the perfe
t symmetry ofthe phase plane plot (�gure 5.31), a stable DC voltage and a �at output waveform of
urrent and voltage. Performan
e of the 
onverters is better than the one des
ribed inprevious se
tion, both in terms of stability and settling time. In parti
ular, amplitudeof the os
illations in the DC bus voltage is less and therefore the settling time isredu
ed. Also waveforms of output 
urrent and voltage have a very short risingtime without the os
illations that were present in previous situation. Input indu
tor
urrent is shaped by the sliding mode 
ontroller and results in a perfe
t sine wavewith no high frequen
y harmoni
s, as shown in �gure 5.29 from the FFT analysis.
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Figure 5.29. Stable mode of operation seen in the sinusoidal input 
urrent.
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Figure 5.30. Stable mode of operation seen in the DC bus voltage and output 
urrentand voltage waveforms.
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Figure 5.31. Stable mode of operation seen in the DC bus voltage and output 
urrentand voltage waveforms.



155An in
rease in the load resistor and a redu
tion in the 
urrent value and powerdrawn will not lead to instabilities, as 
an be seen in �gures 5.33, 5.32, and 5.34. Onthe other hand, unstable phenomena 
an be seen when lighter loads and thereforehigher rated power is applied.
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Figure 5.32. Input 
urrent waveform and FFT analysis for Rout = 1 Ω.
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Figure 5.33. DC bus voltage and output 
urrent and voltage waveforms for Rout = 1Ω.
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Figure 5.34. Phase plane traje
tories for Rout = 1 Ω.



157For a lower value of the output resistor, doubling e�e
t and visible os
illationsstart 
hara
terizing the input indu
tor 
urrent and DC bus voltage waveforms respe
-tively (�gures 5.35 and 5.36). Os
illations present in the DC bus voltage will 
ause anon-symmetri
al phase-plane 
urve (�g. 5.37), also for small de
rease of the resistorload. Cusp distortion phenomena 
an be seen in the sinusoidal 
urrent waveform,whi
h will show also higher frequen
y harmoni
s.
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Figure 5.35. Input 
urrent waveform and FFT analysis for Rout = 0.5 Ω.
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Figure 5.36. DC bus voltage and output 
urrent and voltage waveforms for Rout =
0.5 Ω.
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Figure 5.37. Phase plane traje
tories for Rout = 0.5 Ω.



159Large os
illations are present in the output 
urrent and voltage waveforms,whi
h settling time will in
rease as the parameter value de
reases. In parti
ular,for a variation of around −40%, the sinusoidal input 
urrent remains stable and thesystem only requires longer time to rea
h the steady-state. For higher variationsinstead, highly asymmetri
al phase-plane plots 
an be seen (�gure 5.40). It will alsoshow a more visible 
usp distortion in the sinusoidal waveform (�g. 5.38) and higheros
illations for the DC bus voltage (�g. 5.39).
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Figure 5.38. Input 
urrent waveform and FFT analysis for Rout = 0.3 Ω.
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Figure 5.39. DC bus voltage and output 
urrent and voltage waveforms for Rout =
0.3 Ω.
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Figure 5.40. Phase plane traje
tories for Rout = 0.3 Ω.



1615.2.2.2 Variation of Input Indu
tor Value. Another important parameterin terms of the stability of the system is the input indu
tor. It largely a�e
ts theresponse of the power fa
tor 
orre
tion 
ir
uit. Instability 
onditions and boundariesare dete
ted analyzing the phase plane plots and some key waveforms of the 
ir
uitsimulated in MATLABr Simulink.Chosen optimal value of 300 mH is varied as before from 50 mH to 1000 mHnominal values, while other 
omponents are maintained 
onstant. Instability issuesare present for variations in both dire
tions and lead to di�erent phenomena whi
hanyway result to be less evident than the PI-
ontrolled 
ir
uit analyzed before.A de
rease in the indu
tor value will still maintain a relatively stable behavior,as shown in pi
tures for a variation of around −80% with respe
t to the original value.A small ripple is present in the indu
tor 
urrent as 
an be seen from the pi
ture 5.41.Phase-plane 
urve (�g. 5.43), even if it is still symmetri
al with respe
t to both axes,shows some ripple whi
h be
omes more visible for further variations. On the otherhand, even for small values of the indu
tor, no visible e�e
t of instability 
an be seenin DC bus voltage waveform, due to the e�e
tiveness of the digital 
ontroller whi
halso guarantee a very smooth output 
urrent and voltage waveforms like those shownin �gures 5.42.



162
0.97 0.975 0.98 0.985 0.99 0.995 1

−100

−50

0

50

100

Sampled Input Current (I
S
)

Time (s)

M
ag

ni
tu

de

0 100 200 300 400 500
0

20

40

60
FFT Results

Frequency (Hz)

M
ag

ni
tu

de

Figure 5.41. Input 
urrent waveform and FFT analysis for L1 = 50 µH .
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Figure 5.42. DC bus voltage and output 
urrent and voltage waveforms for L1 =
50 µH .
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Figure 5.43. Phase plane traje
tories for L1 = 50 µH .



164If the input indu
tor value is in
reased, the bifur
ation phenomena 
an bere
ognized, together with the 
usp distortion problem in the sinusoidal 
urrent. DCbus voltage remains almost unmodi�ed showing a slight in
rease in the ripple andtherefore in the settling time (�gure 5.45). Most visible e�e
t is the shape of theindu
tor 
urrent and the phase-plane 
urves. In parti
ular, Lissajous 
urves startshowing a non-symmetri
al response with a variation of around 100%. A deformationin the lower part of the plot, that be
omes asymmetri
al with respe
t to the horizontalaxis, 
an be re
ognized in �gure 5.46. This e�e
t is mainly due to the presen
e ofthe 
usp distortion in 
orresponden
e of the zero 
rossing point of the 
urve. Thatintrodu
es some high frequen
y harmoni
 
ontents, as 
an be seen in �gure 5.44.On
e again, the noti
ed instability phenomenon is less evident due to the betterperforman
e of the digital 
ontrol loop.
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Figure 5.44. Input 
urrent waveform and FFT analysis for L1 = 1000 µH .
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Figure 5.45. DC bus voltage and output 
urrent and voltage waveforms for L1 =
1000 µH .
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Figure 5.46. Phase plane traje
tories for L1 = 1000 µH .



1665.2.2.3 Variation of DC Bus Capa
itor Value. This subse
tion presentssimulation results and 
omments to show the e�e
ts of the variation in the DC bus
apa
itor value, with respe
t to the stability of the system. From a nominal value of
2000 µF , an in
rease of the parameter up to 100% and a de
rease of −75% will showthe presen
e of evident instability.In 
orresponden
e to a de
rease of the DC 
apa
itor value an in
rease in theripple in the DC bus voltage 
an be easily seen in �gure 5.48 and it is due to the minor�ltering e�e
t of the 
apa
itor. Even if for small variations the system remains stable,quite high os
illations are present in both DC bus voltage waveform and DC outputs.On the other hand, their amplitude is smaller with respe
t to the standard PID
ontrolled system. Main instability issue is registered for the input indu
tor 
urrentwaveform. High frequen
y harmoni
s and espe
ially the third harmoni
 
an be seenin both the sinusoidal waveform and the FFT analysis of �gure 5.47. Similarly, due tothis instability phenomena, the phase-plane 
urve results to be highly asymmetri
al,highlighting the poor power fa
tor 
orre
tion result (�g. 5.49).
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Figure 5.47. Input 
urrent waveform and FFT analysis for C1 = 1000 µF .
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Figure 5.48. DC bus voltage and output 
urrent and voltage waveforms for C1 =
1000 µF .



168

−60 −40 −20 0 20 40 60
110

120

130

140

150

160

170

180

190
Phase−plane curves

 i
L

V
B

us

Figure 5.49. Phase plane traje
tories for C1 = 1000 µF .If the DC bus 
apa
itor value is in
reased, no parti
ular unstable phenomena
an be seen, sin
e it �ltering e�e
t only smoothes the DC bus voltage waveform. Pri-mary issue in this situation is the size of the 
apa
itor, whi
h drasti
ally in
reases withits value. Therefore it is 
hosen to be 2000 µF as a 
ompromise between satisfa
tory
ir
uit response and its dimension and 
ost.



1695.2.3 Cusp Distortion in Input Indu
tor Current. One of the most importantindi
ators of unstable operation of a PFC 
onverter is 
usp distortion. It has beenwidely observed [21℄ that the input 
urrent in single-phase PFC 
onverters almostalways 
ontains some residual distortions. In parti
ular, the zero-
rossing distortionis 
onsidered one of the primary issues for the meeting of regulatory requirements inmid-high power appli
ations with 50 − 60 Hz input.High performan
e is required for power fa
tor 
orre
tion 
ir
uits owing tostringent 
urrent harmoni
s emission limits. Distortion e�e
t in
reases signi�
antlyat higher frequen
ies and is a 
ru
ial aspe
t in PFC design and 
ontrol.Cusp distortion o

urs right after the zero-
rossing point of the sinusoidal input
urrent waveform. In this situation a very limited voltage 
an be seen a
ross the boostindu
tor, and a very high 
urrent is required. As a result, the indu
tor 
urrent maynot be able to shape the line 
urrent whi
h therefore develops distortion. E�e
t of
usp distortion and thus harmoni
 
ontent of input 
urrent in
reases with in
rease inthe value of the indu
tor. It must be noted that dis
ontinuous indu
tor 
urrent orvery small amplitude does not ne
essarily imply the presen
e of low-frequen
y input
urrent distortion, espe
ially when the swit
hing frequen
y is mu
h higher than theline. Rather, the low gain of the 
urrent loop 
ontroller deteriorates the input 
urrentresponse.Rigorous mathemati
al analysis has been done in order to determine the mag-nitude and the duration of the 
usp distortion. In parti
ular in [34℄, the dependen
eof the phenomena on 
ir
uit parameters is shown. In this 
ontext, an alternative
ontrol method has been developed to 
ompensate the distortion issue.On the 
ontrary, for battery 
harger 
ir
uit purposes obtained results are sat-isfa
tory. Even if a small 
usp distortion is present in the input 
urrent, as shown



170in �gure 5.50, with a pre
ise tuning of the parameters of the 
ontroller and proper
ir
uit design, the problem 
an be minimized.

4.9415 4.9416 4.9417 4.9418 4.9419 4.942
−7

−6

−5

−4

−3

−2

−1

0

1

2

3

4
Cusp distortion in input current waveform

Time [s]

C
ur

re
nt

 [A
]

 

 
Digital Control
PID Controller

Figure 5.50. Cusp distortion detail in the sinusoidal input 
urrent.As 
an be seen from previous analysis and simulation results, the phenomenonof 
usp distortion 
onstitutes an important element in the performan
e of the 
ir
uit.In parti
ular, the presen
e of the distortion in the 
urrent waveforms 
omes alongwith the introdu
tion of higher harmoni
s in the sinusoidal shape.In PFC 
ir
uits, input 
urrent distortion is mainly due to the 3rd harmoni
arising from two sour
es. Input 
urrent might fail to tra
k perfe
tly with the sine wavereferen
e signal inside the 
urrent 
ontrol loop. Se
ond disturban
e sour
e is givenby the se
ond harmoni
 
oming from the DC bus voltage and from the feed-forwardvoltage.Input indu
tor 
urrent behavior 
an therefore be analyzed in terms of 
uspdistortion providing further stability and performan
e 
onsiderations. Small indu
tor
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hoi
e is also based on the distortion phenomena. Final indu
tor value is 
hosen as atrade-o� between the presen
e of the 
usp distortion and the higher ripple obtainedin the 
urrent.



172CHAPTER 6CONCLUSIONImportan
e of Hybrid Ele
tri
 Vehi
les and Plug-in Ele
tri
 Vehi
les has beengrowing over the last de
ades and as a result, these areas have re
eived signi�
antinterest. From the power ele
troni
s point of view, the power 
hain has two 
ir
uitsthat have to be designed- the re
ti�er and the DC/DC 
onverter. The 
as
aded bi-dire
tional 
on�guration of an AC/DC re
ti�er with power fa
tor 
orre
tion and aDC/DC 
onverter is an e�
ient interfa
ing 
ir
uit that 
onne
ts the energy storagedevi
e of the PHEV to the grid.The main obje
tive of this resear
h has been to develop an new integrated
ontrol strategy using the digital 
ontrol approa
h. The motivation for 
hoosing this
ontrol strategy was to simplify the hardware stru
ture, redu
e 
omplexity of the
ontrol algorithm as well as enhan
e the overall operation of the system.This thesis des
ribes a simpli�ed version of the multi-loop 
ontrol for thePFC 
ir
uit and the DC/DC 
onverter. It is developed based on the 
on
ept ofa truly digital 
ontrol with a �xed swit
hing frequen
y. Performan
e of the novelregulator has been veri�ed with respe
t to standard PID 
ontrol loop. A 
ompletestability analysis is done to verify the robustness of the system and to identify majorstability issues. Operating boundaries are identi�ed investigating various fun
tioning
onditions. The design of 
riti
al 
omponents of the 
ir
uit is therefore modi�eda

ording to obtained results.Its operating mode is simulated and results are dis
ussed. A 
omplete stabilityanalysis is done to verify the robustness of the system and to identify major stabilityissues. Operating boundaries are identi�ed investigating various fun
tioning 
ondi-tions. The design of 
riti
al 
omponents of the 
ir
uit is therefore modi�ed a

ording



173to obtained results.Simulation results indi
ate that proposed design not only redu
es the 
om-plexity of the 
ontroller but also improve the transient response. Stability and per-forman
e of the system, on the other hand, are 
omparable to the equivalent analog
ontrol stru
ture.



174CHAPTER 7FUTURE WORKSFuture works in this area in
lude further simpli�
ation of the 
ontroller stru
-ture for the PFC 
ir
uit. Its multi-loop stru
ture 
an be modi�ed a

ording to re
entdevelopments. Inner voltage regulator 
an be erased and substituted with a sensor-less stru
ture. The ripple present in the DC voltage at twi
e line frequen
y 
an alsobe minimized by using an enhan
ed 
ontrol algorithm. Furthermore, digital �lteringand other 
omplex 
ontrol stru
tures 
an be used to eliminate AC residue in the busvoltage.Sensor-less 
ontroller might be designed in order to further simplify the stru
-ture of the 
ir
uit. Number of sensors required will also de
rease. Soft-swit
hingalgorithms 
an be implemented for the 
ontrol stru
ture. Performan
es of the 
ir-
uit will drasti
ally improve, even if a more 
omplex 
ontrol se
tion will be required.Future works will 
onsider also a real implementation of the 
ir
uit and of the 
on-troller. True digital 
ontrol te
hnique will be implemented in a mi
ro 
ontroller andperforman
es of the 
ir
uit will be veri�ed. A
tual battery 
harger behavior 
an besimulated 
onsidering State Of Charge of the storage pa
k, as well as a non-
onstantvoltage.Important resear
h 
an be done also in the power ele
troni
s �eld. Bi-dire
tionalfun
tioning of the battery 
harger has to be veri�ed for all possible voltage range.Reverse power �ow will need therefore a di�erent DC/DC 
onverter design to a
-
ommodate the high voltage step for high input voltages. Pra
ti
al 
onsiderationshave been done regarding the boost fun
tioning mode. Voltage boost from the lowbattery voltage level is not feasible in pra
ti
e. Therefore an alternative design has tobe 
onsidered. Ele
tri
al isolation 
an be implemented in this appli
ation, with theadvantage of an easy step-up of the voltage with a transformer. New bi-dire
tional



175isolated 
onverter topology 
an be designed and investigated for this appli
ation.



176

APPENDIX ACIRCUIT AND CONTROLLER PARAMETERS



177Table A.1. Values of the parameters for the 
ir
uit 
omponents.Component Symbol ValueInput Indu
tor L1 300 µHInput Indu
tor Straw Resistor RL41 0.02 ΩDC Bus Capa
itor C1 2000 µFDC Bus Capa
itor Straw Resistor RC1 0.2 ΩDiode ON Resistor RD 0.01 ΩSwit
h ON Resistor RS 0.01 ΩOutput Indu
tor L2 100 µHOutput Indu
tor Straw Resistor RL2 0.02 ΩOutput Capa
itor C2 1500 µFOutput Capa
itor Straw Resistor RC2 0.2 ΩOutput Resistor Rout 0.768 Ω



178Table A.2. Values of the parameters for the 
ontroller gains.Parameter Symbol ValueCurrent Controller for PWM Re
ti�erProportional Gain P1 0.025Integral Gain I1 5Voltage Controller for PWM Re
ti�erProportional Gain P2 200Integral Gain I2 100000Feed-Forward Controller for PWM Re
ti�erProportional Gain P4 2.2Integral Gain I4 0Current Controller for DC/DC ConverterProportional Gain P3 100Integral Gain I3 5000Voltage Controller for DC/AC InverterProportional Gain P 15Integral Gain I 5Voltage Controller for PWM Re
ti�er Hybrid LoopProportional Gain P1 0.15Integral Gain I1 50
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