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ABSTRACT

This Ph.D. thesigocuseson the active power decoupling techniques to eliminate the
inherent doubldine frequency power mismatch between the DC side and the AC side in

singlephase inverter systems.

Three new singlphase inverter topologies with active power decoupling comel
proposedon three streamsf singlephase inverter systems: singlbase differential
inverters, singleohase bridge inverters, and tstage singlghase bridge inverter$he
salient features of the proposed topologies arehd )drge electrolytic apacitorsin the
order of mF have been replaced by smalin capacitors of around 100uF; 2) the
absence/mitigation of secomadder ripple power enables higher efficiency of photovoltaic
(PV) parel; 3) the boost/buctboost capabilitiegicrease DC voltagetilization; and4) the
small number of power electronic devicesmpared with the existing inverters that have

both voltage boosting and active power decoupling capabilities.

Pulse energy modulatioi?EM) andhybrid modulationare proposed and applied to the
differential inverters and bridge inverters, enabling the inverters to operate under both
discontinuous conduction mod®¢M) and continuous conduction mod€CM), and
switch between DCM and CCM seamlesslye inverters haveezo-current switching
under DCM when the instantaneous power is,lamd small ripple current under CCM

when the instantaneous power is high.



Smal-signal modelinganalysesreconducted to show the characteristics of the proposed
inverter topologies and modulation techniques. Simulation and experimental egsults
presented to demonstraémd verify the successof power decoupling with substantial
mitigation of seconeorder rpple power, and the feasibility of inverters with PEM and

hybrid modulation working under both DCM and CCM.
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1 l ntroducti on

1. 1Background

In recent years, interest in exploring renewable energy has grown in response to increased
global energy demand and concern for the environmergstablished technologies, wind

and photovoltaic (PV) systems experienced rapid growth over paatids due to their
abundance and low emissiofi$ie intermittent nature of renewable resources like wind
and solar energy also brings issues regarding the grid reliability, flexibility and power
quality. Therefore, energy storage systems (ESS) are bairogluced to address these
issues.For electrical energy conversion renewableenergysystems and ES$ower

converters aracritical component.

As a type of power convertersingle-phaseinverters are widely used in electric
distribution systembelow 10kilowatts. These inverters interface a DC input with an AC
output. In singlephaseinverter systemsuch as batterSSand PV systems constant
input powerto the inverteis desired whereagulsating instantaneous power is required
by asinglephase AC load as produced by the sinusoidal voltage and casrahbwn in
Fig. 1L1. The pulsating power creates a seconder ripple on the DC voltage or current,
which, in the case of a PV systemeduces the PV conversion efficienéyot decaipled
from the PV panebutput This problem also exists gingle phasepulsewidth modulation
(PWM) rectifiers,asthe PWM rectifierscan be regarded &NM inverterswith areverse
power flow The differencebetweenthe desiredconstant instantaneous povaithe DC

side and the pulsating instantaneous poaténe AC sideas shown in Fig..1 must be



handled by an energy storage circuit within an invettegugha mechanisngenerally
callediipower decoupling Many power decopling technologies have been developed for
singlephase power converge(inverters and PWM rectifierglL]-[5]. In general power
decouplingcan be accomplishethrough passive power decouplingmethods based on
passive energy storage components such as capacitors & indactdractive power

decoupling methods usirgpmbinedactive switches and energy storage components.

vl g
Vgrid

Lgrid

Fig. 11. Instantaneous power at AC (grid) side and DC side.

Passive power decouplintgchniguesgenerally involveparalleling a large electrolytic
capacitor(or a combination of capacitors and inductaas)the DClink to buffer the
pulsating powerimplementation of he passive power decouplingethod issimple
however electrolytic capacit@haveashort lifespann the rangef 10067000hours only
a small fraction of the expected lifespan fof example PV systems. Efforts have been
made o eliminatelarge electrolytic capaciterActive power decouplintechniquesitilize

auxiliary power decoupling circuits to pump the secamder power into small film
2



capacitorsor inductorswhich have a lifespan of 10 times that of electrolytic capacitors
The life expectancy of electrolytic and film capacitors also depends on the temperature and
operating currentwhere the operating current has a more significant effect on the
electrolytic capacitors than film capacitors as the electrolytic capacitwes thgher
equivalent series resistance (ESR). The power loss due to ESR leadsh&atel that
affects c ap Adivetpaver@eacouplingftecmigueshave evolved along with
thedevelopnentof powerconvertettopologieq1]-[5], which, together witimprovemens

in control algorithmshavecontributel to enhancedonverter performanceeliability, and

efficiency.

The research in thiBh. D. thesidocuseson theactive power decoupling techniques that
buffer the secondrder ripple power by using small film capacitors instead of large
electrolytic capacitorsThe essential part of the research is about thogelsinglephase
inverter topologies that have both buo#ost/boost and active power decoupling
capabilities.Meanwhile the pulse energy modulation (PEM) technique is applied to
control the differential inverter and the bridge inverter for the finsé tiwhich enables the
inverters to operate under both discontinuous conduction mode (DCM) and continuous
conduction mode (CCM)A hybrid modulation technique (PEM at DCM and SPWM at

CCM) is proposed and applied to the bridge inverter.

1.2 Operating Principles ofSingle-PhasePower Decoupling Techniques

In a gridconnected singiphasePV-fed inverteror gridfed PWM rectifierunder unity

power factor operatiorthegrid voltage and current aexpressed as
3



b o o WAEIO PP
N o0 O WVEHIO pg
wherew andO are thepeakvalues of the grid voltage and current respectivayl

1 is the grid angular frequency. The instantanegigside power is presented as:

n o 0 030 6 Mw O p Aigdo o)

which contains a DC power as well as a seewmtr ripple power

Power decoupling techniques are generally classified as passive power decoupling
techniques and active power decoupling techniques. The active power decoupling
techniques are further divided into the currefiérence DC voltagereferenceand AC
voltagereference activpowerdecouplingtechniques according to the references used in

the control strategies, as presented in Fig. 1.2

Passive Decoupling
Techniques
CurrentReference
— —
Techniques
Active Decoupling AC VoltageReference
B . +— .
Techniques Techniques
__| DC VoltageReference
Techniques

Fig. 1.2. Classification of power decoupling techniques.



Passive power decplinggenerallyparallek a large electrolytic capacitor with the [k

of a singlephase power converter to mitigate the power pulsafibis.technique is simple
to implement, but cannot totally eliminate the power pulsadiotihe DC inputVarious
control strategies have been proposed to divert all the pulsating power to tekDC
capacitor[6], [7]. The value of theslectrolytic capacitors designed usingl@), which

leads to a large value the ordemF with small range of rippleoltage[1].

0 p8

0
1 a0 Yo
wherg is the angular grid frequency, is the average DC powafy andY® are the

average DC voltage ameakto-peakripple voltage acrod3C-link capacitor respectively.

Currentreference active power decoupling techniques divert the serdedcomponent

of the DC currento energy storage componentstsas film capacitors by controlling the
DC current withauxiliary power decoupling circuif.hese techniques are mainly utilized

in currentsource inverters or flyback invertddg, as shown in ig. 1.3,where the flyback
transformer is charged to reach a certain input reference ci@regtring each switching
cycle while the output reference curré@dt 0 is sinusoidal. The excessive current will
flow into the decoupling capacitorwh& "Q 0, and out of the decoupling capacitor
when'O  "Q 0. High ripple voltage across the decoupling capacitors is tolerated so

that the capacitance can $mall
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Fig. 1.3.Curreni reference active power decouginircuit [1].

AC voltagereferenceactive power decoupling techniqueancel outthe seconebrder
ripple powerby controlling he voltage across the decoupling capacitoa aine wave at
line frequency[2]. As anexamplein Fig. 1.4 when the voltagecross the decoupling
capacitor is expressed as (1.5):

0 0 wXDEHIO — (1.5)
wherew is the amplitude of sine wave, is the angular line frequency, ands the phase
angle. The energy in the power decoupling capaditaran be calculated as:

5
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The power of the capacitor is the derivative of the energy, as presented in (1.7):
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From (1.7), the power diverted to the decoupling capacitor is fluctuating at dmeble
frequency, and it can be controlled to compensate the secdadripple power on the AC
side.Since the decoupling capacitor is not directly connected at the DC sadlewis a

wide range of variation in the voltage across the decoupling capacitor, thus the capacitance
can be much smaller according to (1.Koreover,the pure sine wave igasy for the

controller to track anthe nonpolarity of film capador is fully utilized.
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Fig. 1.4.AC voltagé reference active power decoupling circ@i [

DC voltagereferenceactive power decouplingechniqus cancel outthe seconebrder
ripple powerby controlling he voltage across tlecouplingcapacitorasa rectified sine
wave or a Dcbiased sine wavéds anexamplein Fig. 1.5 whenthe voltage across the
decoupling capacitor is controlled as a rectiete wave atloubleline frequency in1.8),
the energy and power equations are expressed as (1.9) and (1.10):

0 0 wXEBTO —s (1.8

6D p, e, P, .
c Ewi)@OE}Io—s ;ooo:)p Al @ 0o ¢— pdo




. OO0 P pEF ¢
90 cWooo d o ¢— PP T

According to(1.10), the powedivertedto the capacitohasdoubleline frequency, and can

be controlled to compensate the secordkerripple power on the AC side.

NAA

Fig. 1.5.DC voltagé reference active power decoupling circdi [

The rectified sine wavas in (1.8)is difficult for a controller to trackoecausehe sharp
turns at the bottom contain riefmount of harmonics'he voltage across the capacitor is
thencontrolled as a D®iased sine wavat doubleline frequency. Voltag&nergyPower

equations are expressed as follows:

0D 0 o wIDEJ o0 — (1.12)
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wherew is the DC offset used to ensureis always positivelt is also clear in (1.3) that
the power diverdto the capacitor has a doubllee frequencyomponent thatan be used

to compensate the seceadder ripplepower At the same time, howevyet introduces a



fourth-order ripple power DC voltagereferenceactive power decouplingechniques
usuallyneed to compromse between the complexity tdie controller and théntroduction

of the fourth-orderharmonic

1.3 Research Objective

1.3.1 Problem Overview

As discussed in Sections 1.1~1gdwer decoupling is a necessary part of shpylase
power converters. In recent years, many active power decoupling techniques have been
proposed to replace the shbftspan electrolytic capacitors with small film capacitors,

increasing the lifespan tiie overall power converters.

Moreover, singlgphase bridge inverters usually have low DC voltage utilization and
require an extra DDC converter stage to adapt to the variation and intermittency of

renewable energy systems.

Finally, as will be discused in Section 2.5, most modulation techniques restrict single
phase inverters to operate under only one current conduction mode of either DCM or CCM
In a singlephase bridge inverter with existing modulation techniques under unity power
factor operationthe inverter current is continuous even around the-azegsing point of

the output voltage, which causes hawdtching and higher current rifgp

1.3.2 Objectives



The main objective of thiBh. D. research is to develsmglephase inverter topolags
that have both boost/budioostand active power decoupling capacities, Watl number
of power electronic devices and small film capacitors instead of large electrolytic

capacitos.

The second objective is to apgAEM to the singlephase differendl inverter as well as

the singlephase bridge invertéo enable them to operate under both DCM and CCM

The third objective is to develop a hybrid modulation technique to the ghgke bridge
inverter so that it can operate under both DCM and CCMowitsensing inductor current

at switching time instast

14 Thesis Outline

This dissertation is structured as follows

1) Chapter 1 presents the backgrounfl singlephase inverters and the power

decoupling principles in singlehase inverter systems

2) Chapter 2 presents the existing power decoupling techniques and modulation

techniques for singiphase inverters and PWM rectifiers.

3) Chapter3 proposes a singlphase differential buekoost inverter with inherent

active power decoupling capability. Twypes of operating principles (unipolar and
10



4)

5)

6)

bipolar) are discussed, where PEM and endaged power decoupling control are
applied to each operating principle, respectively. Simulation and experimental results
are shown to verify the feasibility of PEM Binglephase differential buckoost

inverter and successful power decoupling.

Chapterd proposes a singlphase bridge inverter that has both voltage boosting and

active power decoupling capabilities within one stage. The PEM technique is applied
to thebridge inverter to enable the bridge stage to operate under both DCM and CCM.
Comparison has been made between PEM and SPWM, together with the simulation

and experimental results showing successful power decoupling.

Chapter5 proposes a twstage bridgenverter with active power decoupling based

on the buckboost stage. A hybrid modulation technique is proposed to the bridge
inverter to operate under both DCM and CCM, and it saves a current sensor compared
with PEM. Simulation and experimental results shown to verify the feasibility of

the proposed topology as well as the proposed hybrid modulation technique.

Chapter6 describes the conclusions and future work.

11



2 Literature Review

2.1 General

Instead of paralleling largeelectrolytic capacitoat the DC side,@ive power decoupling
techniquesusually employauxiliary power decoupling circuitand control strategie®
pump the secondrder ripple powemito small film capacitorpt], [5], [8], [9]. The active
power decoupling techniques are classified as the cenearenceAC voltagereference
andDC voltagereference activpowerdecouplingtechniques according to the reference

signalsin the control strategies

This sectiordescribes théechniquesand control strategies in each type of active power

decoupling techniques.

2.2 Current-ReferenceActive Power Decoupling Techniques

Based on the traditional flyback inverter topologgme currenteference active power
decouping techniques add power decoupling cirsuid pump the input power into a
decoupling capacitor firsandthen releasthe demanded power to the AC sids slown

in Fig. 2.1 [10]-[12]. Thus the secondrder ripple power has successfuigenabsorbed

by the decoupling capacitor. However, the added power decoupling circuits need to process

the full power, which increases the power losses.

12
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Fig. 2.1. Power decoupling circuitprocessingll power[10]-[12].

To decreasehe power losses from the power decoupling circustsne threeport
topologiesare proposed if1L3]-[25], such as Fig. 1.3vhichadd power decoupling circuits
at the primary side or secondargesof the flyback inverter as the third port to desly
with the seconarder ripple powerdowever, the switching losses of the power decoupling

circuits still render a significant portion of the power losses.

To decrease the power losses causdtdiiardswitching ofthe power decoupling circuits,
softswitchinginvertess based orthe flyback inverer as well as capacitive idlirgingle

ended primarynductor converter (SEPIC) topologuch as Fig2.2 are proposed if26],

13



[27], which achieve zerevoltage switching in the power decoupling circuithien the

power losses of the power decoupling circuits are further decreased.

Dt Ly
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Fig. 2.2. Soft-switching active pwerdecoupling circuit [2B

Apart from the above curremeéference active power decoupling techniques for flyback
type inverterssome morgower decoupling topologiesich as Fig2.3 are proposefbr
singlephase uncontrolled rectifier and current source bridge invE®&[33]. The
currentreference active power decoupling technigues have also been applied in multilevel
inverters[34], but the electrolytic capacitors are still required sirtbe wide voltage

variationsacross the capaciwarenot permissiblevith these topologies

IR P
I : A
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D
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Fig. 2.3. Active power decoupling circuits in uncontrolled rectifiers [28].29
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The currentreference active power decoupling techniques can onlyagyied to
unidirectional power converters and mosdylyback inverters. In order to incorporate the
active power decoupling to singi#ase bridge inverters, the voltagderence active

power decoupling techniques are usually adopted.

2.3 AC Voltage-ReferenceActive Power Decoupling Techniques

The most direct way atpplyingAC voltagereference active power decoupling techniques
in bidirectional singlgphase inverterss adding an extra fulbridge inverter designated
solely to the decouplingapacitor as shown in Fig2.4 [35], [36]; thus the voltage across
the decoupling capacitor can be controlled as a sine wave to absorb the@eeomgbple
power. The full-bridge power dcoupling circuitcan also be&onnected in series with the
DC link to mitigate the secondrder ripple voltagd37]-[40]. However, the fulbridge
power decoupling circuit caains too many power electronic switcheghich lead to

higher cost and power losses.

R

bl b2 Su S L

* Co L
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Fig. 2.4. AC voltagereference activeqwer decoupling circuits with an extra fldtidge

[35, 36.

15



Todecrease the mber of power electronic devicesfull-bridge power decoupling circuit

some AC voltageeference active power decoupling techniques shiarelgeleg withthe
singlephase bridge inverter ®WM rectifier, so that only one pair sfwitches are added

as the power decoupling circuit to divert the seeorder ripple power into the decoupling
capacitor at the AC sidas shown in Fig. 1.8], [41]-[44]. The same power decoupling
circuit has also been used in current source inverters, where the bidirectional switches are
replaced by the unidirectional switcid®]-[48]. An additional decoupling capacitor can

be added at the AC side to form a Haiidge power decoupling circuids shown in Fig.
2.5[49]-[53]; then thevoltage across eacli the two capacitors is a pure siwavewith

lower voltage stress

A S

F Goc T Voc

hegs Sﬂ@

Fig. 2.5. AC voltagereferenceactive pwer decoupling circuit with an extra hdlfidge

[49]-[53].

Inductors can alsogbused as the energy storage device to replace the decoupling capacitor
in power decoupling circuitf4]-[56], where the AC curreseference is used for the
decoupling inductor instead of the AC voltagderence for the decoupling capacitohe

16



additional leg iscontrolledto pump asinusoidal current into the inductaf which the
instantaneoupower is equal to the secornarder ripple power, therby achieving the
constant poweat the DC sideThe additional leg can be replaced wotie switch and one

diode,which reduces theost and power loss¢s7].

While connecting the power decoupling circuit in parallel at the AC sidg affect the

AC current some AC voltageeference active power decoupling techniqunsert two
switches in seriewith the bridgeinverter, as shown in Fig2.6. [58]. The switches are
controlledby a spacevector based modulation technigieedivert thepulsating power to

the decoupling capacitolhe same active power decoupling techniques have also been
applied tocurrent source inverte®9], [60]. These active power decoupling techniques
also change thstructureof the bridge inverter and increase the complexity of modulation

techniques.

y -E\))Vgrid
T Voc F Coc S, Eg S5

JKEX J

Fig. 2.6. AC voltagereference activeqwer decoupling circuits with inserted switches

[58].
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2.4 DC Voltage-ReferenceActive Power Decoupling Techniques

DC voltagereferencective power decoupling technigugenerally parallel a bidirectional
buck, boost, or bueckoost converter at the DC side of the singhase inverter tdivert

the secondrder ripple power into a small film capacitér bidirectionalbuck or buck
boost converteis able to control the voltage across ttezoupling capacitor as a rectified
sine wave or a D®iased sine wave fluctuating at doubtee frequency[61]-[68], as
shown in Fig. 1.5whereasa bidirectional boost converter can only control the voltage
across the decoupling capacitor as aliised sine wave to absorb the seeortk ripple

power[69]-[73].

To reduce the number of power electrodavicesin the power decoupling circuit @t
bidirectional buck converteit, can share a leg witthe singlephase PWMrectifier [74],

as shown in Fig2.7. The shared leg is modulated to control the voltage across the
decoupling capacitor as a rectifieides wave or a Débiased sine wave to canasit the
secondorder ripple power. The other leg is modulated to guarantee sinusoidal input current

and high power factor.

%

- CDC _——_VDC

ECRER

Fig. 2.7. Bidirectional buck convertesharing degwith PWM rectifier[74].
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Some DC voltageeference active power decoupling techniquel a additional
decoupling capacitoto the bidirectional buck converter to form a Hatidge power
decoupling circuit at the DC sid@5], [76], as shown in Fig2.8. The voltage across each
decoupling capacitor isontrolled asa DGbiased sine waviuctuating at line frequency
Then each capacitor contains power components atloeithe frequency and doublene
frequency, in which the linfequency components are cancelled out by each other and the
doubleline frequency components are used for power decouplimg.sane halfbridge

active power decoupling circthias also been udén a fuel cell poweconditioning system

[77].
S S; Ss
LllJK} JK% JK} Corl
L, +
Vgrid nn —Vbe
e Siﬁgg adl

Fig. 2.8 DC voltagereference activeqwer decoupling circuit with an extra half bridge

[75], [76].

The number of power electronitevicesin the haltbridge power decoupling circuit can
also be reduced by sharing the bridge leg with the spplghse PWM rectifief74], [78],
as shown in Fig2.9. The shared leg is modulated tontrol the voltage across the
decoupling capacitors as BEiflased sine waves, whose offsateat half DC voltageFor

19



the bridge inverter with only one filtering inductéine midpoint of the bridge leg and the
capacitors are connected through a small filtering ind{i¢g3r A similar inverter topology
has also been proposed and studig@@h, where me of the capacitors was replaced by a

battery.

Cor LflS3J KES S K}

Y YY)

+
Vyrid —Voc
Y Y Y\ —

Lo

Coo= S K} Syl K}

Fig. 2.9. Half bridgecircuit sharing a leg with PWM rectifi¢r8].

For a twoestage bridge invertethe inductor of thactive power decoupling circusein be
integrated with the boost inductor, thus form a flying capacitosd@Cconverter as the
first stage[81]. The voltage across the decoupling capacitor is controlled to fluctuate at

twice the gid frequencyto cancel out the secowmtder ripple power

Fig. 2.10 Two-stage bridge inverter with flying capacitor for power decougdigig.
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Fig. 2.11 Differential inverters with active power decouplij&i].
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With the DC voltagereferenceactive power decouplinggchniquesthe large electrolytic
capacitors can beliminated orreplaced by smakize, longlifetime film capacitors
However,for the DC voltage referencethe rectified sine wave has sharp turns that are
difficult to track whereas the D®iased sine wave has redundant energydaahot be

reused

2.5 Modulation Techniques for SinglePhase Bridge Inverters

Lots of modul ati on teercthenrisq uheasv ef olre etnh ep rbersi edr
way to modul ate the bridgWMhSRWMer whet® a
one reference signal i s[ MNZFE]eChbeanp atro ndgyr iwd @ ha lt
SPWM, the wunipolar SPWM has better perform
due to the frequency doubling of the out |

compl ementary reference wWadRApdtomenrr amni polk arn

with a pair of switches operating at i ne
inverter to eliminate high frequ@e®bhklyn ctulrirse
case, the bridge inverter is possible to s

where the relationship between the output
reduce the harmonics pneéevobedokBridqguwe aCAM e m
i ndepeamdeartati on for the integsahaeadoibdalst a
constant PWM[OS$|whempeseme ilneg i s modul at ed

and t he aotshienruswiitdhal 'y varying duty cycl e.
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Apart from SPWMegatehemwtBR¥WNMesd as selective
el imination PWM off-erderghartotomyprcaerfeecanetdhé
high power and | ow switching frequency app
calcul at 97 pSyra@decdermais PWM techni que -fhlasssa t s

appli d®t8il&nsircase modul ation and stepped
specific harmonics and approxi mate sinusoi
for multil evel swintvhe re reersg yo[rB-pi inDvéelC d&loears ed i t

PWM modul ates switches by comparing a ref.
waveforms to reduce curirtenits ro mplpy} eap mlnidc ehkal

invertemodardl amulmaitf 1i&@2fconverters

Var i-fahrée euency PWM | i ke hysteresis PWM empl o
current within a ehyswietrelsiinsg bfarnelq u evihey eo ft he
i s usually higher around the peraks ainmdg tpoil
[ 103] , Chaséiic and random PWMs modul ate i
frequencies to reduce the peaks of har mo
spreading the harmonics ar ulmdb ¢ldhief fvearr @ mtb |
frequency PWMs require cempelgiuceantceyd cfuirlrteenrti

to deal with harmonics around different S W

The aforementioned modul ati on techniques a
bdige i nverter to operate under CCM. The

advantagescuosucéntasswierohi ng, downsi zed out |

24



operate unadwhri |leow npvoewetre.r s are basically an
el ectrical energy fPrEdins DEnfalrtmet caRCvbddesmt B
operation of inverters directly according |
reference, enabling the inveyratar stwb Obpéwat
them sef@md@Est yentonybyg ePEMI hmasd ul dtye ef Ibylr&kc k

boost omwemrtearts sofur@®] ,i nf[veG8ler s
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3 Single-Phase Differential BuckBoost Inverter with Pulse Energy

Modulation and Power Decoupling Control

31 Introduction

S negplhease differenti al i nverters have gaine
due to their inherent pbhbwptredaedus mail &@&gecap:
di f f er ertoioaslt hbucvker t er t hdbtoo ptos aeagicwasct b wte
decoupling functi ons . -bTohoes tp rionpvoesie@e wda hf &f seq leei |
utilizati oadi fttheme retxii sl n twgtrk vionlvteargteerst r es s

di fferenti asl Ietcodidtoti radear taenryl e p cowe si neclreecatsreo r

complexity of driver circuits as compared

Two types of operptopgs piienedbpbak bbhovi heel
introduced i n 8 h3i sdecshcarp tbeerp. e t Jaeecit bineei RREDM & r

technique, which enabl es DICiMendOW eSae¢xtdi dro o0
describes the bi poeblaasre do paecrtaitvieo np owtetrh deenceorugp
t he soercdoenrd ri pple powepacntor s hetobws peak i mi
el ectrolytic capaci3tDrpradcvishgs dCmaloldel | Sgc
to show the characteristics of t3hé prepesceec
simul ation ands ex@evemefny atthe efsaudgi bi |l ity

t he di f f ebroeonstti aln vbeurctker and successf ul powe
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3.2  Single-Phase Differential BuckBoost Inverter

Anewi fferebooat boe&rter sharing the negati
in Bilgompared with t-beodiffaevenEie@l tibpokog
[ 91], {(B®RQ]Jtopdllodhymsi n whei gg.wi-emhesewi tbhnpeamn
simplify the driver <circuit by saving one
voltagbhke owontput capacitors are controlled
deawpling ceaspalgi lsamesnumbedi foff e reabtdiacadts , b ut
inverter also has better DC voltagesuteliz

and | ower voltage stress on t hei rdweearitceers co
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Fig. 3.1 Differential buck-boost inverter with power decoupling capabilitp9].

The proposed -Opopbdfeéer dntweaaptoesbewicoko D C-b daisctk
converters sharing the same input DC ter mi:

in &ilg. and the positive output terminals a

27



out put vUvkoalcthagler® olbstec k comvehmhtaemgi hgs and a di s
where the inductor iIis used foouaemdrtghye exuwthype
capacitor. The voltage across each output

than the input DC voltage.

Thei fferebbdobat boevkrter hasnghtentt(olp)l eBa cnhg
DC bboc&st convkeytepembtesnas a unipolar col
the output f ot hzC hhkebd o & scty cclooen vtedvaaa.lidkesfr ti n g

positive hal ft dCclbdvo@BHC)coomnrnteghaver kghtur i ng
negative hal{2)cy8béeh-hEEC)hucaknverters oper
converters -hioagemehA@teutDfCut voltageshéehat
i nput DC volwheagre,t lod owvhti gtht ssb od s tt heeo nt weor tDeC
combined, only a pure AGeoabpuenpwbtnapg el e
are described 3 B8 &eltda irlessTphddEtN etcatlajlomi que i s
to the di fbfoeorsetntiinavl e rbtuecrk under uni pol ar op:e
directly deals with energy transfpowati on,
convesystoeams. Thieas echep ceweerngdeonud g ol i's ap
bi pol ar operatioonrder reamowmenit dei secloeadDC cu

i nvert etrhevartéehtoiua aldlugr chegr | lobavr moni ¢ component

3.3 Unipolar Operation with PEM

Whi |l e af imavreuttfiean is to transfer energy f

more direct approach to activathe voWwittaglkee
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current . WietPhEMendeh agpapercatpil es of thlhomeosdi f f

inverter can be described by the foll owing
U PHC: onl y t hbeo dsetf tc obnCv ebrit cekrmaii siyswnodirnk, i n g .
remai iwief fc;controll ed at hi ghveéer eduien ceyn ¢
demanded by the output side.

0 NHC: only théowoisghtob@ebYireskmaii sSYswdrnk i ng.
remai iwiaeffc;ontroll ed at hi gh frequency

demanded by the output side.

During eathkb, h&HC ¢€¢w9r exampl e, some key wayv
switching period2arBydepivdm,d tshme Farer gy o
i ngutansfers to the m¥gsetuezned ohfluctbe. sW
i ndourcttransfers to {itYrmemdouthputandiidrarahlhhelgtl
equi val ent circuit of eacdh3opé&hatimgembde
modes are described as foll ows:
T Modedxd) ¥is tur ned nomete Thh ee DEr gyOd,i namd i nd
the out puwtprcoavp adceist cerner gy to the AC |l oad
T Modeoxlo) i s turned odffli sThergaeduenhergy i
capacgiandr AC | o¥dnd hrbegant i"b.arSwYliteclh di o
withstanding tdhe Vol tage stress of
T Modeodd+HY)fris off. UOhe todactd gr di scharge
capaoiitsorproviding energyYitso wtitéhsA@ndoa

voltagewstress of
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Fig. 3.2. Inductor current and capacitor voltage waveforms in PHC (a) DCM, (b) CCM.
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As can be seen in 3 mBegsda htehrveod tmadcke sdcirm sBi ¢
and cadpiagi tbqr and t he doursr ecnitostehrtoou g¢hhe out

which is much | ess ofhatnh et hien dsuacttuorrast i on cur

With PEM @anandabenwi tolper as,i shheeeoltomut V 0

assumeéed, ashe ouUQ put, camrd emhe demanded ener

switching period is calculated approxi mate
0O Q wQJo QIY o

® QadO Qare the output AC Q@alwtageé iamgd poeuriroa

whioMan® Qare approximately consttaohi nfgr

frequency itshammucthh ehil vineer tf h & quwintcoyhi ng peri

operation wi'Yh trhees ir=tf i@r@nloE@f.ur r ent

I n the formulation of the PEM coanltirnoelarmettyh
of i nductors ar e ThePgMechniguee dontfols turarsandnyprbffi c i t vy .
durations within a switching period such that the exact demanded energy is transferred
from theDC side to AC side. First, switchY is turned on and remains on ur@l "Q is

stored in the inductor. On&@ "Q is storedin the inductor, switchY is turned off and

releaseD 'Q from the inductor to the output. The flyback inductsrergycan be

calculated from the inductor curréfitas:

o gwgz o’
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wherel is the inductance far a nld, r e s p K the initial e/dlug of the inductor
currentis 0 °Q and the inductor current after charging@Q for the Q switching

period, the energy charged from the DC supply during™@eswitching period is

calculated from:

0 00070 00 o

Therefore, by measuring the initial and final current valugsd the charging period, the
energy transferred to the inductor candadculated Assuming the energy stored in the
inductor at the beginning of a switching periodis then switchY is turned on and the
inductor is charged until the demanded egeg) transferred. If energy stored in the
inductor at any time i® 0, then the inductor is charged until:

0o ©O ©O o8
Similarly, at the beginning of the discharging period, the energgdia the inductor is
'O and the inductor is discharged until the following condition is satisfied:

O ©Oo © od

The inverter operates in threeodes: charging, discharging and idieodes, as illustrated

in Fig. 3.3. Once the demanded energy is transferred to the output, if there is still time left
in the switching period, the inverter enters idlede otherwise, it directly goes into next
chargingmode The inductor current at the beging of the switching cycle is measured

to calculate thénductorenergy ofO "Q, and the change in inductor energy is compared
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with the energy demari®@ Q. The charging of the inductds controlled according to

the energydemandwhich can bexpressed as:

0 g"dOh 00 oD
and’O "Q can be calculated by:
v, 7 v, 7 (b :I‘) TQ
oQ 00 — 5 o
wh e 6 eQis the charging time durin@ switching period.
Duri ngYrmPPdHlgi vandanemain off,; the only switc
"Y.'OQcan be calcul ated by:
i iy @ 0 QTY
0Q ©0Q 5 od)

whe® éQistheduty cYduei hgrwHi€Enh be stated as:

0 Q 0 00 © 9 070 0%
Y 3w 0
Duri ng'YNél@ai Wwandnemain off; the only switec

"W.'0OQcan be ca3d 8yYl atTeed ME¥Wdtuy i cnygc INHCf ccran be s

0 0 U 0 ©_© 070
N D 5 0P T

Whil e sampl i ng "OtChae precisely the switching unstaneis extremely

difficult due to the noise and disturbanaethe switching action, the migoint current
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value'0Q p on decreasing slope in previous switching period is usually sampled
instead, as shown in Fig.4. Then the initial curreri® Q can be obtained as:

wip O Q p OY
cO

"O '?‘Q uO ’?‘Q p O‘& p
| A

Sampling time instant
1, (K B I

Wo[1-Dy(k-1)] T=

L
1o |
1Dk DT DMT {
(DT KT (k+D)Ts

Fig. 3.4. Sampling of the inductor current.

| n diihfef er e-hboantvebrucekr , t h&raodt parnt e sanpraircdnteesd
frequency, and only "6mi )ofi st bodpielghap detde g wie h
during a half cycl e, mininmiugyian @ dibh @ od vairt ¢ hri
(l GB)Ts The di f theoroesrt iialvleeu clw nadpe radDiGaMind zer o
crossing point eonfd tlhredeorut@@M arodumdyecr est 8
vol tage, as indicated by the white.3sph.ace a

Thtot al har molnHpo f dit hteomotuit put( voltage i s 8.

in the experimental result is around O0.95
standal one AC | oad while the | ofadi nductcdru ad
capacitor, a% 3showhn chn cBhng.cause a phase s

waveform.
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Fig. 3.5. Voltage and current waveforms of differentiaick-boost inverter with PEM:

(a) simulatiorresults, (b) experimental results.
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3.4  Bipolar Operation with Energy-Based Power Decoupling Control

With PEM as desx.r3 batlyi oné&eddfoioehe cDGV buT &
operated during each half cycliemoraomd at ke i
i nherent power decoupl i ng -bcoagpsatb iiln vteyr tienrt,o t
through outpds taphei bopsl aeeso that the o
when the input power is greater than the o
power is |l ess than thethbhubDPBobsphwenvel net
as bipotarscioovieenerdt ACDQutput vol baweges tF
than the inphenDCheolbuaget s-bobst heobhwer D&

combined, only a pure AC output voltage is

3.4.1 Energy-Based Power DecouplingControl

Assume the differential AC output voltageis:

U WwJIDEBITO o ¢
wherew is the peak output voltage. Under unity power factor operation, the output
reference curreriQ can be expressed as:

N 0 VAT op o

w h e iOeis the peakeferenceoutput current.

In the bipolar operation, the differential bulb&ost inverter is symmetrical, in which

and L are controlled as Débiased symmetrical wavesicluding a sine wave at
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fundamental frequency with 180degreegphase shift andn additional AC component to
absorb the secoratrder ripple powerexpressed as.(4).

O p @ TWOIDEIO "06 oP T
wherew is the DC offset used to ensure and0 are always positive so that the DC
buckboost converters can operate propefDg is the additionaAC component used to

cancel out ripple poweihen the output capacitor currents can be calculated as:

Qn OF‘OTC‘) ™ O0rwAITO0 0/p0O0 o L
In perspective of PEM, the demanded energy of AC [@ad () during a specific switching
period”Y can be calulated according tB(1), which is expressed as B116),

o 0 3Q JY gd)"o Yo Al o o @

The demanded ener gy Oo fora h)duringa sppcifit switckinga ci t o
period”Y can be calculated as:
O UL y3JQy3Y

67y %mz\rm %d)élécﬁ 6 0o gcb“oe)c’)éﬁb

% G»O0ATI00 "00°0 6 o X

Addi3an@63) +7) toget her ,0 an,dhast atoaidgemaerdey
by t he A Gutputcapatitors is dalculated as:

0 0O ] 0
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gd)"o 1'% g’"o “YAT © o ?6"% wOEJ 6 Yo 00O

¢0"Y00 0 0 op Y

To cancel eoutdetrhe i pggpdend n OhéehtoAE&l cempbogyg

B 18) will be equal toegemrmad,j owhi ch gives

c6’YOO™O O ¢COHYnO O g’"O'YA T o TBé"Y[ WwOEd 06 m o w

Takdient egral for both sides, Oaisaptained asant i c
(3.20):

60 0 cH® 00 #a"ooécﬁ o gémA‘f@o - o0& T

Solve this quadratic Duoiscalkulawdas: t he added

00 @ o —TCO0Ed o CasAi @ o o& p

| ns&r2tl ) 3.ilndt)o, (t he r e fue raed cage obtaonkct ages f or

I wO . .. .
0 § w D EI o W ﬁOEd] 0 %o’oAI@(‘) 08 ¢

in which the output capacitor voltages contain a sine wave at fundamental frequency with
180-degreegphase shift andn additional AC componeid absorb the secoratder ripple
power.The capacitances of and0 are assumed equal; teapacitance mismatch will

generate the lovorder harmonics at the DC side of the differential inverter because with
39
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the capacitor voltages in (3.22), tkhapacitors cannot absorb the whole seeoratkr

harmonic.To ensure the capacitor voltages never reach negatiwhould be greater than

Undehbei pol ar operati on,e atbiCe bfpai@rst o fcaoreewietr ¢t ke
modul ated by complementary triggering pul

inductor is all owed 806 .beWhbeinpotlhaer ,i nadsu csthoorw r
to zero, i hthoeg magietass edi recti on instead of s
operation i n 3Mddand3 .BNMhefi.fs onFandy .is off, the voltage

across the inductor 8 , and the forward voltage stress of switt¢fisw +0 , asinhe

state of Fig3.6 (a) and (d)Wh e™¥ is off and"Y is on, the voltage across the inductor is

0 , and the forward voltage stress of swit¢hisw +0 , as in the state of Fig.6 (b)

and (c).
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Fig. 3.6. Equivalent circuit of DC buekoost converteon the leftunder bipolar
operation during various operatimgodes: (a) Charge mode with positite, (b)
Discharge mode with positivQ , (c) Charge mode with negati\@, (d) Discharge

mode with negativé) .

During one switchind kyctieted htenh peinecaragsyj ¢ r ¢ h a
i nduicst odi scharged to the output, and vice v
vos$éeécond balance under steady state, the r.

are shdw@m)iin (
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w NFIJY 0 FOp Qp JY o] O

With the capacit 8r22v)olasnadg ewmodldte & i2eBeedieyi n n ( (

cycles can be obtained:
0

, h
Q' - ~ T
h W U p G&

which can be used to control the switches of the differential-baokt inverter. The whole
control algorithm is summarized in Fig.7, in which each DC buekoost converter is
controlled independently according to the calculatioescdbed above. Same as the
unipolar operation with PEM, the duty cycles in enébgged control are still calculated

by the energy reference instead of voltage or current reference as in [24], [25]. By using
the voltage or current reference, the contrethmds in [24], [25] inherently introduce a
fourth-order ripple power when the power decoupling control is applied due to the product
of the added secoratder components of the capacitor voltage and current. But by using
the energy reference, the enefmpsed control will theoretically remove the secamder

ripple power without introducing argw-orderharmonic components.

le
g a0
Vel (o}] Ve1

Power Decoupling Differential
Calculation Buck-Boost
Eq. (3.18~3.21) Inverter
Ve2 d2
O
n
@y

Fig. 3.7. Controldiagram ofpowerdecouplingcontrol technique.
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3.4.2 Parameter Design forSingle-Phase Differential BuckBoost Inverter

Based on the aforementioned description, B@® shows the instantaneous power
waveforms of the inverter system under 400W operation, with all of the circuit losses being
neglected. Without power decoupling, the power absorbed by the output capgcitors
andr; almost cancel out each other, ahd input DC power, is equal to the output
power 1} , thus yielding the secondrder ripple component. Assuming the design
constraint is that the input DC voltage oscillation should be less tB%#and the second
order ripple power provided by thgC inputis less than 5%, then the remaining 95% of
the ripple power will be fed to a large electrolytic capaaitor Thus the minimum
electrolytic capacitance can be calculated by:

T80 0
®» J O\t Q

o8 v

where0 is theamplitudeof the ripple power, ané is the average D@Gnk voltage. With
400W rated power and 100V input DC voltage, the capacitance refeded for power

decoupling is 2.52mF.
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Fig. 3.8. Instantaneous power waveforms of the differential Huwést inverter: (a)

without power decoupling, (b) with power decoupling

However, with power decoupling, the DC power becomes rHjppke as the pulsating
component is transferred aithe output capacitors, where the sum ofandr) perfectly
cancels out the secommder ripple power. Under power decoupling operation, the value

of each output capacitor is designed by the following equation:
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o

6p ——h o]

whered  is the maximum power absorbed by each output capacitorpands the
amplitudeof AC component of capacitor voltagat the rated power, the relationship

between decoupig capacitance and voltages is depicted in Big, where the output

capacitance is chosen ag B0The parameters used for the differential bbokst inverter

with power decoupling are shown in TaBlé&.

Decoupling capacitance

=160V, C=30 uF

60V, V.

AC

Output capacitance C (uF)
o
o

120

Capacitor 0 1
VOItage osci 60
Cillation 180
Ve,. (v) 200

Fig. 3.9. Output capacitance vs. capacitoltage oscillation and DC offset.

Under bipolar operation as shown in R3¢, the waveform of the flyback inductor current
is continuous and bipolar, as shown in Bdl0. The current rippl&Os calculated as

(3.27), and the relationship betwettre current ripple, input DC voltagand inductance

is depicted in Fig3.11.

45



w

Fig. 3.10. Inductor current waveform under bipolar modulation.
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Energy transferring Inductance (uH)
(2]
o
o
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O,

lta,
e
I/Dc (V) 50 30 \(\6\50

Fig. 3.11. Inductance as a function of the applied voltage and allowed current ripple.

3.5 Modeling and Analysis of EnergyBased Power Decoupling Control

Based on the aforementi-boedt deenveptéeons, ab
bi pol ar conver thearsse dwiptohwetrh ed eermairpdy ng cont |

current i's always contibowsts.coHowevt enr, htals
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converter characteristic when operating ur
control for theodififevengeal &omodmadl i s bui | f
bi pol ar -bbG@Gsbuclbnverter systems &6 fClat bth
applied. According to thelPWMhewdechvmedd~PfWN
model for thebaadtf eirrewvndritadd bxic ks howmn pioh aFi
the input switaodh &@amd tthe dadwttpyutc yEddatec ht ohas
the compl ement a€ersyi gtnrail g greord.e I T hoef stnhael Iswi t c hi
by perturbing andd]|l ifrtesanrg zponrgh tehee eveag a afbWh
mo d e | as shadwnwhleytelei g.apbntapr ¢d edrites t he qui
of thedvamndalibddee pr @ et tsu 0 h adtchrerne spohtdageg,

curjjoentduty cycl e.

Lo O :
s (D—1)\’>12

1-d d 0 \{23
\3 / 3}

(@) (b)

Fig. 3.12. (a) Switching unit of the budboost converter under CGNb) Smaltsignal

model of PWM switching unit.

The smalnlal model -lodo =tacdormDCerbtuecrk sa amg heéri d
switchingthbhei¢tamodeal ;| etters represkmda t he
s maslilgn al equivalent-bobobstucbseaveft e¢éiBel DCe bsl
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and t hei gmaall [ descri p3i2@8n31l)s: expressed as (

i0 Y OH O 0O pbo O o X o8 Y
0 p O OJHU O o] w
i0 Y OH O 0O po O O M o® T
6o p O QU O o p

whesies the complex frequremnmy iam elES@BIEadeh et r a
indudtaois resp@ceipvebegnts the Ydwtry thecll efd

budlost conYreepresemtnd t he ™™fudry rciyghte BCE b

boost converter.

N AN
| lel —l d2
@by )00 el D Ge¥e ) 1D,
VAN
. &) etV &y %\ 6, ) .
OCIZZ C1 f\Ll D\//\DC D ODC f\|_2 Co= \/}CZ
- Ront Ron2 -
L1 Lo
(@) (b)

Fig. 3.13. Smalsignal equivalent circuit of: (a) left DC budloost converter(b) right

DC buckboost converter.

Whitlthpeosi ti ve nodes ofcohepeotuegdgutocthbaci oad :;
of the oulipnut&Fidgdrirentl so a di dtowshamcoea viem t
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Fig. 3.14. Smalisignal equivalent circuit of the differential bubkost inverter.
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The transfer functions describe how vari at
and control i nput |l ead to disturbances in
control input variatiwownsas nd hwheanlcéen sttipdelalo ut |
model 3 M4Fi ¢g.he Odwmidyc amy cbleesf urt her decompos
mode ( CM) a nndo doei f(feM)e n®@u 8y @ c y c Iwehsermaei nl y
deal s wit-ardae seppbhddgaolwe hvou snidd a | out put .
Oan@dcan be expressed as:

O O ©O, ©O p O © (3. 38)
and the diGan@doamckes wmitten as:

Q. Q 0, QO 1 0 (3. 39)
Substi3t 28) pyB.(2XB) 0, and using the above

the capacitor voltages can be expressed as

io i0 Y o
p © P
io Y O .
W W - Q Q Oov o8 Tt
p O
io i Y o
p © S
io Y O o a - o
w w 5 0 U p



To simplify the analysis, thée qui §dcent op:
0o 0 6 0 o0 Y Y YW W w ;0 0O 0, t hus
o8 m 08 pbecomes:

i 6f 0 o i . , , i 0Y O Q 8
5 O p 0 0 ¢ W W 5 O 08 ¢
whi c hstshhaotw t he di st ur bamnmice mai nhy odepeude vt

duty @yedmpeci ally when the pbaoroasnmetcearsv erotre |

close to each other. The transfer functi on
as:
0 i W W (@) i 0OY O
o i . S p S , o8 o
Q i i 00 i & p O

Fi8.15 shows the Bode plots of output capa
voltage, duty cycle of the input switch, ar
i's a -credceowmdsystem as knowmnfctomntshe whleo ee t
peak is the most concern. The magnitude at
resistance in series with the i fdlpchtacsre, s o
change, which may a.fTffhectf rtelaesiyyt emspoalsiel
inverter system is stable without resonant
frequency disturbance and perturbation. Di
further i mprovens$é&eof rtlye eduocoysfte e snpt e ratl e rb ubcak

frequencyThree sppaornasnee.t er s used of opmegYe Bode

pmw pe8wyQ pE(U0 omi,6 of&andO T8 v
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Bode Diagram

100
—Gvclvde

o — — Gvc1d1 EREH|
m .| bvelat ________ -
o2 50| Gyctedm S~
o) o D
R L
'c
% 50
=

-100 | | | |

360 = T T T T T

\\

— \
=) S
ﬁ 180 [ T =1
[0}
8 o BEEE |
<
: N

-180 = 1 I I I

10° 10" 102 10° 10*
Frequency (Hz)

Fig. 3.15. Bode plots of transfer functiof@ i ,’O i ,andO i forthe

differential buckboost inverter.

3.6  Simulation and Experimental Results

A si-mlgd £e di f f-beorcesntt iianlv ebrutcekr i s operated wi

Tabld &. The r es ofnaa thbodooske g ceomoryerad er Qcan be ¢

P QT c¢Mb6, which is around 1kHz.

Table3.1 Parameters of differential budloost inverter

DC vobt age 100V
AC voltage amplitude 156V
AC currentO amplitude 5. 1A
Out put rated power 400W
Operating0Ofnductance 30r61* 2
OperatingoOgapacitance 3PpF* 2
AC fre®fQuency 6 0Hz
SwitchingQfrequency 12kHz
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3.6.1 Simulation Results

Fisgd. 16~(fa) show the simulation-boesul isvert
working under bipolar operation w8tlhe amd w
and (b)) show the wavef or ms -bodo sdtutcyo ncwecrl teesr
the D@puodl t adgkr dpr els0eOnvt. s t he “Yofuwtry tchyee DeC abfu
boost coonn vtehretd&hrdefptr esent s t he "Yd wtrhpeCc pailcé&k of
boost coonn vtehrétterric g@gmt be seen in thethrgsr érof

zer o QwahrGharaeppr oxi mat elWi tehgowal ptooved. 6d.ec oup

t he range ®&fan@utoyr ctyhcel eisnverter is 0.4~0.7
control, the range becomes Q.r@x+t+0.cad, |baotih
buédlbost converter. | f the dutwoftytche dcapaui

voltages coneaedatehmstilbned dtuday cycl es.

Fis® 16 (d¢) show the wavef ormsndfo wtapiaecfi t olrt a
t he -backt i nverter with and withowits ptolwer
di fference between tbeanau.t pWhe nc atphaec i d wtrp wto
voltages are contbotdbhledtbyonmnverbiepsl am DOCnN
fundamal frequemgpeaewvwict Bd-RBE@¢conversion i s s
achieved. Wi thout power decoupling control
with power decdcupoluitnpgutc ocnatpraocli,t otr vol tages
component to elrsderrb rtihpe |l e qponvke r and the |
becomes Thh~ugsBeéVpower decoupling control i nc

di fferebooatrtiBmekout put capacitor voltages
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| ower fL@@&w ptute DC voltagbpogséerchpiabglthg. bu

Fis® 16 (f()e)dsthew waveforms of inpliéosturcemyvasr (
and the sum, whi ch Qi sf tthhee i chipfdfteeaBedh td w’mn re ebi
During the first 2ms, the input DC current
ovemwmsho After 2 ms , the i1nverter system r e
decoupling controlQ ctomd avinpislmlcadrCd ecrurriepp |
component thamphmatsutéde DCmeurrent value;
conttrhel ri pple components have been signifi
9% 6 hat t he QDG caulrmmoesntt fi xed at 4A. Since t
i $essened by more than -60deérnin mespplmaspowdr
successfully delivered into the output fil

the inverter, thus the | arge electrolytic

54



08

0.6

04

0.2

0 0.02 0.04 0 0.02 0.04
(a) (b)

Vel (V) Ve2(y)  Vo(V) Vel (V) VeV)  Vo(V)
300 : , , , 300

200 1 200

100 {1 100

-100 {-100

200 ! 2200
0 0.02 0.04

(c) (d)
lin1{A) lin2{A) IDC{A) lin1{A) lin2{A) IDC(A)

0 | O.IOE | D.IO4 0 | O_;CIE | D_IOci
(e) (f)
Fig. 3.16. Simulation results: (a) the dutyoty waveform without decouplingy) The
duty cycle waveform with decoupling¢) The voltge waveforms without decoupling,
(d) The vdtage waveforms with decouplinfg) The currat waveforms without
decoupling(f) The current waveforms with decoupling.
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3.6.2 Experimental Results

To validate the feasibility of thebaooswer d
i nrvteer, the inverterd frosot mpeemenskbdwnThe
prototype are 8he same as in Tabl e

Fis® 1(7a) ~( bt)hes hvool t age and current -waeef or m
inverter operating at rated power with ar

il lustrated that the output capacitor wvol't

voltage,tpmntd Wvdlst magilenost the same in both
out put capacitor voltages. The output volt
order harmonics, which is due to twhlhkemar am

—

he socercdoenrd ri pple component cannot be perfe

| oowr der harmonics are introducedar der crainp fble
component in the input DC current has beel
declbupg control. As shown in t Bel8spetchter uonu tc

current "to®mndo mder3s har moni cs when without
and the THD is 3.7%. Withompdaevrerh alrmotujpd ti ofg
current incr'deasds? dwenri | leartrmeniscs decrease,

5. 9%.
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Fig. 3.17. Experimentalesults of the differential budioost inverter: (a) without power

decoupling contrgl(b) with power decoupling control.
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() (b)
Fig. 3.18. THD of the output curreniga) without powedecoupling contrgl(b) with

power decoupling control.

Fis®@ 19~(ba) show the dynamic rdopetse novfertlee
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the output power demand chanygrederf r otma nldéall V
operation, the output voltage changes toget
chanAhAsscan be seen in the transi enpand etshud t s
out put voltage respond th Itihtet lpeo e sotrca tf t
oscillation, which i1indicate a goodobsanNnsi ¢
inverter with proposed control te®hhnasque.

been mitigated a | ot with powewittdRrcwtuppowe
decoupling, and the response to change i s

inductance of the storage el ements.

IDC( A/le) ......

\L1(50V/div) A5OV[div)

%MMWWWWWWWMWWWWMWWM

WWWWWW\WWWMWWH

e
\MHMWMMM

IR IW\ H

M M \\l”'“l|w||u“|| Wd '\M' \V'

5 (50V/div S Vo(so /dlv) o

i

nmmMM“HHHMMMMMMMMMMMMMM%%5MMMMMMMMMMMMMMMHMMMMmmmm
L

DDDDDDDDDD

(@) (b)
Fig. 3.19. Dynamicresponse of thdifferential buckboostinverter: (a) without power

decoupling contrgl(b) with power decoupling control.

Fi 8.20 sthhoewsef fi ci ency cur vbeoosft timemedi £f ¢
bi pol ar operation with and without power d

both cases are close to each other. With pc
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Th

t h

t h

t h

sSthnecmeiases at the same time when the cur |
creased voltage stress | eads to higher c
i gher i nductsoerd Icousrsr;e ntth es pdoescsrse d essl sthhest he
e system efficiency with power decouplin
at of the system without power decoupl i n
e | ower switching | oss cawseaedamnmygel ofert he
ss. When the power is |l ow, the efficienc)
coupling is slightly higher than the i nve

e higher inductorelessecausedi hbptkeisghbde

SS.

Differential buckboost inverter
100.00% efficiency v.s. power (W)

95.00%
90.00%
85.00%
80.00%
75.00%

70.00%

65.00%

60.00%
50 100 150 200 250 300 350 400 450

— & - w/o power decoupling —@— with power decoupling

Fig. 3.20. Efficiency curve of the differential budloost inverter.
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3.7  Summary

I n ChXxptaerdi f f éroeorstti ailn V&Mt kfror wiutnh pol ar op

ene-bggpeodwer decoupling control techniqgue fo
has advantages such as no additional devi
voltages. The PEM t echnibgouces talilnowesr ttehre tdoi fc

boDIEM and CCM.-bdasdedepewgy decoupling contr

mi t i gat esortdheer sreicpopnide c¢c o mp onewitt hionu ttohfeh e nnpel

the | arge electrolytic capacitor at &©C side
feasibility of the proposed topology with
decoupling control achi eveg dsubcctoanptoinaint r
current. The power decoupling contr «l al so
componemtasc,c enpittahbl e range of increase i n vec
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4 SinBhase Bridge Inverter with Powe

Pul se Energy Modul ati on

4.1 Introduction

Singhase -voult migdeg e arnev ewitdeeE Sys nuds erde nierwa b | e e
systtemdg ransfer DC power to AC power, but t
as | ow DC voltage-outdieli patwiean marmsdasebtondo
vol tage wvar IDGD&t icoomver si on stages-booscth as
converters are added in front of the brid
renewabl e energy sources and ESS[WwilfihTwol't
di vert toredeseadampdpl e power into a small fi
decoupling circuits and techniqgues have b

capacitor at the DC side ofd4} he[ bYj dgé&] i nv

This chaptreaewipnupdsesret sora dge i nverter with L
power decoupling capadbiThiswens hvast erthowapol
proposed by the author. A US patent was f
Sectdidnintroduces the configuration and pa
which 1is also compasedbwi #Ilgabwdaodshte i sntgd ee . S
4 3 describes the power decoupling dperatio
further analyzes the perfor mainictte no-f a iPE &L ©ln
by ssnadnal model i M§. pFesahlt g, sbemat m@dbmon and

to verify the feasibility of the proposed
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decoupling.

LegC LegA LegB
P K J@S @
St St Su
— V] .
> + NLYfY\ mLfl | grid N
L Viink T Ct Vyrid

CD\-'/- d J 4
e | KT a3

Fi4 .Singhase VSI with voltage cbaopoasbtiilnigt iaensc

4.2  Topology Design

The conventional bridge inverter is a typi
DCi npantd spihmgslee AC output , but itthreh a ¢ momer a
i nput DC voltage beionut phutg hveol ttahgaen itrh eo rpdeear
modul dtincrrtenle€e vol t age utilizati on, a boost
the bridge i nvedt2er(,a)as isnhowhn cihn tFieg.front
up the i1 nput tDhG vpoelatka gvea laubeo voef t he out put A
bridge stage supplies geder a(tbe)d sploowes tthoe trt
componentnpatbCDC i nk, and AC sisdageifp btalmg | ®o n
bridge iosvierotferohedMdsecoppl e power component

the-lD@k capacitomk kwmtpachéeé oDChas the s ame
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oscill ation ngsttnhetr deefr DO mi ni mi 2e ptullae p o\
| arge yedliectcadplacri equiimegodrt aDC DG nk to mini mi

oscillation and absorb the ripple power.

Y Y Y\ o

e A B St

U!él
“9

c|pc/ibC|  =<c, |DCIAC @

(b)
Fi4g.2. Convenphasnealbrsiicdhggd ei nverter with bo

topol ogy, (b) schematic idnpgD@ml oMk yipmpdeA

Assume the design constraint is thath the i
2% and t-t'edesecoinppl e power provided by the

voltage oscillation at 2D& anidnkt hseh oruel nda i anlisnog
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ripple power twihlel-l Gk ncapa Tfhamdm mti hmau-mi DIC
capacitance can be calcul ated by:

T8 O
® 3 O\

P

wh el ies atnhpel iotfudiehe ri pml € spoWwer ,alviemkh gweo IDtCa g
With 400Wrr atnd® Gidvwe wo,| talye cap acietda&nc é oo f
power decoupl i nag iiss o bs2tmeFd UWWhetno 200V, t he
obcan be reducedr aot iOc &I13ImF, dsadhcic ppavi der a
suffidesegn. mhhagn eef or e, the active power de
significantly reduce nt hselpnigalge@a ci haeaTleied e gy 5

|l eadshet @r map meav-psodrsEel d nvertehetospbémgyj cwd

adng wipmpmle power | odaldinondheshpowmposkedFingw
additional power decoupling circuit (buck
i nput, so the DC offset in the vod tsawpp arctr c

the IinputTibh&€ opét atgieng principles of this |
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P
4
»o

T

(a)
R, P
. W,
+ DC/DC
____VDC::C:DC (CD) DC/AC 9
(b)

Fi4.3. ProppbadesV8pglwith active power dec«
(b) schematic diagrampudDCilpipnle, poamwerA@t

The ficah at agebae rroetgaatredde db tladsiorse c tciomnvelr t keu

t henductor <curr entWhiesn atlihwea yBeC dceol nitvi enruionugs .p o w

decoupling capacitor, the s44 t wheng oOper an
0is charged first, and then trao®Bferdghehe
waveform of the i nductor cur¥eat cabcuwloat é

3. 27), and the inducOasnncleess tdlean gh®A, stua he
the inductor and high cumr ¢eéhmte stureeant Thep
vol tage, and induct &niclehei g etllag i améd i @as ben

vol thaged t he werbagethe decoupling capacit
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whe@es the diYtiyn cydeloesidcctkconverter.

S ., S
p— J _—-_VDC JK%
i L L
—ag— YY" 4 YV —
¢
=G J - d
I
(a) (b)

Fi44Equi vcalrecnui t of the opttagéhampmgi mfgy d e pfr

d scharging | oop.

With the condnéct itlhien kDIQw oFlofga ddhe br i dge i nve
calcul ated as:

) : . p ,
) () V] p—QCLJ ®
It can be seen from tama trhed tat tibmeoshtu gkt laegtewe

the voltage boosti ngb ccagpna bbie ideyt, e ramidn e dc eb w

o fY.
To aclniee vpeo wter decoupling function, t he vo
capacitor is -boasedlIlsecheawasaeDCThe DC com
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voltage is added to the input DC voltage t
AC compoinenused t o corndeerl roiupp Iteh epnokweesro h dTahge
must al ways be higher than tthoe emesaukr ev a lhuaet

no emnwdarul ati on.

To cancel oaurtd etrh er ispepcloendpower ] i hhbecapbhaoet a
designed as foll owing:
0
S a— T8
d ww

whelreis the avercaige tICe poawerage dapacitther
ampl iotfudceapaci tor voltage oscillation. At
decoupling capacitance 4,mdThel pagasneit €r dep
design and analysd & ameé tShewohomnemabéeoupl

amomd where the 4% row points in Fig.
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Decoupling capacitance

500 —~

400

300

200

Decoupling capacitance Cd (uF)

120
100

Dc 2!
offSerd(v) » 60 40 (0°

Fi4gsDecoupling capacitance as a function o

capacitor voltage.

4.3  Operating Principle of Power Decoupling and PEM

4.3.1 Operating Principle of Power DecouplingFunction

|l mi ew of energy transfer, the decoupling c:
power i s greater t hraenl @ ehese gow twhuan ptohvee ri, n @munt

than the output power, thuherdgquwinti egdbisdiac

t he ihmaglee power i nverter i's operated wunde
current of the AC | oad are expressed as fo
0 © JWHITO )
Q 0 DRI ®

whedbean® are the peak grid voltage and pea
68



Th

t h

Th

w h

Th

eq

manded energy ocfswhecACngopdridading

, . . w O o .

O 0 JQ Mo #Op Al @ 0 QO 1§

om which theoedenxistpgplae secmomanent . Whi |

ergy is desired-cartdearher iDCplsaea deeg mpg dhree rste coh

e cfaipla@i t dhen, the O@emafndele edecgypl i ng

cul4da®Bediinnof der toor dearl ancmep drheents.econd

w o . .. .
O TOAI@OOQO g

e voltage acrossodOtbe bdsd dafplsigng sD&@ea oviatve

Nt ains waaDC arf faedkdi t i cnal SAQ posmp drhentvol t

e decoupling capacitor i s:
0 w U T80
e current fl owing t hirealgchu ltahtee d eaxcso:up!l i ng
Q 00 (oJV] TP T
ere the above dot indicates the derivat.i
e energyrabheaskead when negatived dbiyi ndie

ch switchingagycle is calcul ated

O v JQ Mo 0 WU OL U X0 P p
cording to energy bal ance, the energy ab
ual to the dem@nded CEmmbignr &)es ofiltiia,t( t he
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foll owing equation is obtained:
: w 0 . o
0 WL Ou U N0 TQAI@OOQO P ¢
Sol v4 1@ )daanhcdeml Y, a quadratic egubéexpmne svs ¢
as
w O _ ..
ov CO WU q—:I)Edlo o
Solving the quadratic fhecaddnt ir@galrsd AGg c

obt aadgsed

\ ’ ’ (‘b "O OEdI* . $)
V) W 0w — 0 PT1
g o
Thus the ref eragpmacce tdec ovwd Itiamgge i s expressed
\ ’ d) "O OEd’I‘ . $)
0] w B — 0] T 0]
¢ o

which can be used to icnonfktitgn|l adhitgveyebdblesag

and power decoupling functions.

4.3.2 PulseEnergy Modulation on Bridge Inverter

With PEM, one bridge |l eg is operated at hi
frequency to eliminate high frequency curr
the bridge inverterf olalnovbien gd etswo i copeedr abtyi nt gh
1) PHCY r emai ivysamtht emai % ief fccontroll ed on an

|l i ke a buck chopper, to produce a half s
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2) NHCY remai n¥s amd,r emai iy iosf tgoon |l ed on and
produce a half sine watboeutatoft hpeh aswet pauntd,

opposite polarity of PHC.

During each half cycl e, PHC for exampl e,
during a switching.4p6ri By wwietiohe giheh edeirmgy
thel D@k transfers 0t.o Whleensouwtup ntedi mddct ar e
in the output induct oW atnrda ntshfee rasn tti g atrad | led
The equiivaolde netach o paermsebhtoiwmg 4. nmo.dFeTdh.e br i dge
operating modes are described as foll ows:

T Modeoxb)W anf are on.i nTfpghuetl DCer s t he ener g)
i ndubcamd the grid.

T Modeoxlol) : ( Onilsy on. The oditpuharn gelsice mer gy
grid tthawmdghhe paraYl|l ebwngeshwotdédsbandin
voltaglke .stress

T Mode 0O1dHY) Y is off. TheOostpot al hgudi srch
the outpud i sapaoiviadi ng energy Ytios t he

withstanding U he0 violdsageamsthredsisseén) fr om
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Suk Suk
> [ >
Sk > S >
Ve & . > Ve A >
S Mink 2T v . _
" ink ~"Vgrid |— ’ fink
iLf > |Lf“ \ -
th G +Ts 4+Ts to th b+Ts 4+Ts
Mode | | iimi 1 i Mode: | I imi o1 il
(a) (b)

Fi4g.6. Operating modea)wdDCM,or(mg IICCMPHC
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Viink Cs f Vgrid

(c) MbHde

Fi4 . Equivaltentte durinmodeasiiomsPld@er at |
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For @&« ogmiedt ed vapipsl idceatteirom ,ned by tthetgmoi d.e:
the I nhdedthbomesi red SwefrosEmce the demanded
duringswheching period is calculated appr o
0O Q o NJI0 QIY 18 0]
wheb e Qan® Qare grid voltage and ref®rence
switching per iwodQand@ Miarge valpipalxi mately co
fact that tueecywitscmuocd higbheli shahetswi tcl

peri od.

| f the initial @®Krarnedntt hoef itnhdeu citnodru &@fQorrr einst
for Qtshwei t ching period, the aveifdgeOo@urrent
The energwtohah@édodiut hedrud ryspiwntec hi ng per

is calculated fr om:

0 0 g" 20 07Q g"o’Q DQw Q0 QY 19X

whe®eéQi s the fdadvt yiQcswdltechi.ng peri od

The energy absor bed duwr itrzes Whdctheirn gn gp e rnidoude

0 0 %‘ 200 p 00 % Y

whe®® pcan be approxi m@iQed yORalcc @ @mted by

0 Q.
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According to the energy balance, in each s
satisfied:

0O 0 © 0 9 w

DuringYPKGai wsanothrrb emain off; the only switc«
to PEWOcan be calcul ated by:

® © o 0o QIY
0

"O ?’Q uO 'F‘Q

& T

whre® Qisthedut y cYodluer ifnggr WiliEmh be st ated as:

. 0
o

~ ~

Yoo Q w 0

oy _ O 0 0 Qo2 M0 w 1 e
Yo e 0'0x
Xy 0Q o 02 O0Qx 18 p

Y o
Duri ng’YNHGEai Wsanddhrr emain off; the only swit

to PEWM™O'can be calcul ated by:

® Q o 0O QIY
0

0Q 07Q

& ¢

The dutyYdwceliemgf NHC can be stated as:

~

¥ _¢0 @ 0o Qo o 0 &
¥ 070 5 00 18
& o

The above equatai qmus easrcddnstwipmd nit,h gvgtpeerr é oal |

vari ables are the quiescenhewalidabidyed yt hl e a |
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for Leg B can be expressed as:

Q = Q - — 03 18 1T

whe®@es usedYtdurciomd rPHC &nddu rtion gc oNMHQO. 0 |

I n the PEM bridge ianv@rhtedrfr ¢éggeAcys apdrat
Leg B is operated under high frequency dur

|l osses of the | GBTs.

When the instantaneous eufpuerpewewi ik bol
SPWM operates under CCM; the inductor curr
zero value. When the instantaneous output

the bridge i nverter wisthlowShiPX%M ifsags ttihlalt ctohnet

it destoeaseo, it increases in the opposite
modul ation to the Dbridgelineartmodohbyi and
wi || result in churREM,t tdhie tborritd goen.i mBwer twa rt

aroundrpmesong poi ntd,8 ajyshes,rrewnnduaucFog.curre
from and decreases to zero during each swi.l
inverter aced fdwe heoartrkeduzewdbtching wunder
PEM modul ates the bridge inverter based o
operation | ess sensiti veaend ogrtihde vionlptluahgrev ohl at

SPWM does.
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(a) (b)
Fi4g.8. Filtering induct otFrcroousrsrienngt pwa wnef omi

SPWM, (b) PEM.

4.4  Small-Signal Modeling Analysis of PEM Bridge Inverter

The overall modul ati on -phasie thurried god it rhvee rptr e
Fi 4.9, i ncludi sganpedas | fat o min emd t he bridge
power decoupkmpgawedithreo|f riosnt end circuit

capacitor voltagienpwthvoht ageadded with

1 d . Igri
Eam ~  PEM b~ Bridge Stage |2
T lo ‘ Vi
* Front End
Calculation Stage
* [ A * A
EdmO Edmcd
> E;mO, E:imcd

Calculation

Fi4g . Lontrol di agpamsef brhegei ngverter
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To further i nvesti gatper oplosed hampotl @mgiys ta ncc
technigsiegnaimavnddehsbanlt f ost bgelh tthhee bfrri o

inverter with PEM.

4.41 Small-Signal Modeling of Front End Stage
The smalnlal equi val entstcadiggecaihdwin 1i0n hiwihgr ent
ESBf the inductor has -salgnabeeqgquambdehsdar @&
i 0Y OHH OD0U 0 w w N v T8 U
io p O OHI 'O & @
whesies the complex frequetntey d apiiapl acent ¢ tal

gui escesot whéueamhicaliyeieacdontdes t he perturbed

of ctohrer empohtdageqgr cdutryeneaycl e.

A N

ODcC) |de¢ ¢DC|L

Ron L
W< T > T+ =

N

At c DC(ODC+\/>CD) (betVe,) de

Ve D

Fi 4 .1l®9madilgnal equi valent <circuit of t

Whil e thestfagsesmtcoeameéected to the foll owing
perturbation of the output curreqnttagéd&n al

simplify the modeling, t®Ue speardtduerdb aatsi oan foef«
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i n order ttmhe chainxtedr mautce fr om t hse gonuatlp urto dceu

of t he sftraogeti lelnuws 4.rlalt,e dvhier eFitgh.e transfer f
vol Wa,gedauytcl,e and ene@®ugtyo ddeentaonudp | i ngvcapacit

can be derived as,

0 : VI Op ©O 8
O i 106 i6Y p O e X
0 0 i p O w W Oi 0Y
Yoo (06 i6Y p O 8y
) 0 i [0y
@) i & W

U i w “YOi 06 (6 p O

» Gycdvde
N N

N
dc Voo Viink
e G ()

Gvcdedm

Fi4.l19Smadilgnal mod el of the front en

4.4.2 Small-Signal Modeling of Bridge Stage with PEM

For the following bridge inverter with PEM
most of the operation time at rated-power,
crossing point, wher®i ¢ hzen o. t WUrmredleait n @id,tha trf

bet ween the duwridQudlndi ndhuectmpeak O @adidct or ¢
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switching periodd4d 08, i Wheser athed maxi Fhuao. r i

curr esat —S . Whihé e aver age pdwerdr einistiead s a

i nstantaneous i nastidilsdusdsuecd oirn ctalkee amee aige

induct oQ(samBelascan be used to calci ate th

] ] 0 0 QY
n 0 = &M
cL

Adding a small AC signal pert worrbdaetri cAnC a ned n
Hcan be expressed as:

W w Q 00U 0 Y

H H =
4

H "OQ OuU 0 & p

wheOe

The transfer functOi onslDhrkonvodrtiadgav ol aagea n

cur rHe nanrdg ye nde€maom ddytean be calcul ated by

AC signal perturbd&tddo)n: to the variabl es 1in

O i Q1 0 %)
0 1 0 6
. Qi 0O "Yw ¢cO0 O
(@) [ - - — ® 0
0 i ¢cbw O
0 , Qi O w &
l - T T T
Hu w O
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- , Q i p &
' Qv @ oY o

whe®e™O according to the indudtloZZ. cur

Dst (\AI nkfvgrid)
Ly

AN

|

|

|

|

|

|

|

|

|

|

|
4

1o (K)
KT (k+ )T t
Fi4.l1Ri.|l tering inductor current wavef
-1
7| sl
> Gdbvgrid—l
N
Vyri
e > et Ts €un , Gatbedm . .
1 do | M | Ngia
L on T A SLf
i "% Gpio T
d
— 2 »F Gdoulink
i
ﬂ—f i - - Dy
Fr A SLf
Viink

Fi4g.18Smadilgnal model of PEMi bredge inve

The smaglnlal mod el of the PEM WBrlidgeTheaviemp e
the system are tlhienkdivvwalatnabggeh be dnstDECr banc
demakHid Th-bi Db velut pamwe current-teanmdpenercagyrae

transfer funct i4doh&)dadBred ex whe s bedaedaanskr (vind & ahg
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and energy demand vaurti actuirornesnti.nf |l uence the

O i

8 @

U i

w O 7O O O Y O O p
O"YJi0b p O O w O

® X

Combining wi tsh atgleen ef rD&Crotu bpridage ur r ent tr ans

shownd a8) ( This transfer function descri be

applied iwmpluetadvotlot atghee di stur®ances in the
: , o .
O i VR O p O T8 Y

Fi49g.14 shows the Bode plots of outpdti nkurre
vol taangde contr ol i nput. The di st dlribnakn cveosl tfarge
have been attenwattdadgeud eedf ohwarmDddhef f ect
dampi ng nefrfoedcutc eodf brye pREEM sahgor kesadpolte a ¢
respwintske respect to the control i nput, and
range of operating points. The pmom@met er s
ol p LGP @ ¢metQ p&E(W omit 6 pot& and

e (.
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Bode Diagram
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Fi4.l1Bode plots of Otr anis,fOer fiyn dnido nis

for PEM in¥Yetter. with L

viink Vaird
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Fi4g.15. Simul atiiomveretsduriitveenf P&Mewot loiumngp

(b) with power decoupling.

Whil e the outaptutt hger ibde gciunrnrienngt o6 ¢ aeh cowi t
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variable for thdiPEMrinveaetdarwmonhck at sv
be filtered dutl tehatiesverhotslkeen .4 Thi s Cosncel hu
with this iIissue, a capacitéoraladdedntiondbet |
inverter tdifloem. ansse@G@Gbhat hemodmal of t he PE
becomes4ddss.FiTdhh.e transfer founctdoug dik e farnodm g1

DGl ink voltobagei du thr oeagfhi ILtCelr ar e shown as

. ) HU i p 106
O l - , — T8 O
V) l I DOU I U U
0 . HU i W R
[ PR —— pa— = & m
Q i i DOU i o L
H i O
@) l — — — 18 p
U ( I DOU | U U
> Higridvgrid
> Gdbvgrid
N
Vrid éd
L > et Ts T Gipedm l . .
dy Hoooo L lgrid
> L igriddb
Ll AN
i 1% Gypio
4 )
—2 > F, Gabwlink
f\L 1 A
f
E - » Higriaviink
Viink

Fi4g.1l$madilgnal mo d e | of PEMfbditeédge i nver

Then théunc#Hdnddpsd 8n’/d (b ec ome:

- , O p O O O O ‘O TO 8
[ o 0 0 0 © T8 ¢
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§O) —o" O O 0Y © p O O
VYOdp © O O O

8 O

Fi49g.17 shows the Bode plots of outpdti nkurre
vol taangde contr ol i nput fodfither HEMINMe& eREMET
i nvertefri Iwietrh, L he i-fnitlrtoedrucit mome aofesL CtiLhe o
Ssystem. The disturbances f-riomk twhel tiangoeut h aD
atntueat ed duevota agbhef BEdf or ward ef f-feicltt eirn t
resonant peak at <cutoff frequency has al sc
active damping effect compared with SPWM.

wi tQlf L | tier ma r(,ed mi (, @&ndp &

Bode Diagram

— Gigridvlink
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Fi4.lBode plots of Otranis,fOer fiyn d&ido nis

for PEM invdrittearerwi th LCL
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4.5  Simulation and Experimental Results

45.1 Simulation Results

Simul ation has been done to verifyhtalse eff
gr-cdnnected bri dge-f iilntverrt em wihteh pl@ler S i
environment. The key pgalr.ameters are |isted

Table4.1 Parameters of singlghase bridge inverter

I nput D@ voltage 100V
Peak griod voltage 156V
Peak griGd current 5. 1A
Rated Opower 400W
Filteringdg,dbnductance 0. 6mH, O
FIyback ©Onductance 3 0 61
Power decoupléing capacita 16t6
Filteringé capacitance 1 pF
Grid fr¢quency 6 0Hz
SwitchingQfrequency 12KkHz

Fisgd. 18 (a) thle) voehowge and curcemhewhnedf @EN
bridge inverter under rated power with and
The input DC voltage is set at 100V, and t|
Il n #£ilg) ( tlhenkDG&G ol tage is successfully boos
that the Dbridgetiheeweodelratnievrerr g giacrm.esHowe
current viosskicoesdar component t hat decr ea
| iifredg of a baetemnrgde&ErS Sc o mMmphemeh fatl mabss tt Hehe s a8
as the DC component of the input DCdeurr el

har monics from switchpags afriel tfarl twirtald tolud ¢
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l1kHz. The filter@mg iandsuicntuosroi daid roewndte e f or |

harmonics due toQPEMdtcenbnbdl pnoaamshsirmg opaidn tz

O and is continuous arvouynd st leeieorpt bigfdi z2eadd mt
i n vitkew Tonfe grQ d scuwar rpauirte si nusoi dal wave wi
after -tihlet «a@dL18n( B} g.ntkhevoDQG age is still os
but the oscillation hpewéi gheco@ampilpil ngudent
DC current i s ar eoundde rd Ac,o napnodn et rhte hsaesc oanldmo s t
out put filtering inductor current all ows D

which decreases t hre dsgwei ticnhwienrgt elras sT hef gtrh «
waveform undeurt bamtthh ctahseesa,ddi ti orm hed | pagve r
Stracsrsoss t he-l swkt vilonécsrae(eBsies nearly 20V, an

decreases nearly 50%.
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viink Varid viink Varid

300
200
100

-100
-200

10

o

[=J )

Fi4.18i.mul ation results of the PEMtbiroiudge i

power decou@Pb) ngi tchnpoweér, decoupling

Fisgd. 19 (a) thkl)tvaegheowand cur r en t-c ownanveecftoerdmsP Eol
bridge inverter under DCM with and without
i nput DC voltage is set at 100V, and the P
Fi4.129 (a)},i wthe a@€@ is successfully boosted
current vciosnstbatiennsd er component when disabl i
control. The filQiesiagsemidastoffr tcuiraegul ar
oper,atsi exempl i feed partheTReiogradsicunus e@ind a
with peak value ardundei, 2Ahafvi eg that LCh
operate properl 4 10Ondeénl ,iDCkV.ev dDI® Fgeg .asn st i | |

200V, but the oscill ati onroridse rl ersisp polbev i poounse r
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DC current i s ar eoundderl Ac,o napnodn et nhte hsaesc oanldmo s t
filtering inductor current ngssdidabntshowu

the PEM inverter is allowed to operate und

viink Varid viink Varid

300
200
100

300
200
100

0 .
-100 |-
-200

~A00 |-
-200

0.16 0.18 0.2 0.22 0.24 016 018 02 0.22 024
Time (s) Time (s)

(a)
Fi4.19i. mul ation r ébssuldtgse adfnvitereda eREMNder | ow
without power ,d&dowpkthngowent delcoupl in

Fisgd. 20 (a) +t+hle) dymawmi ¢ r e spphoanssee FPoEHM tbhrei dsgien ¢
under the change of power with and without

DC voltage is set at 1G6G0a#&eadalnxd6 M:lhiehhpeealkCT tga g
has beenhaeboaoastde@00V. The operating power of
100W to 300W at a crest of grid volt-age wi
crossing point of grid voltage within 1ms.
bridgeei nvertotally operated under DCM. Wi

the bridge inverter starts operating wunder
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vol tage. I't can be s®darhaftr armhet ha iidmgeu dtnovre

bet ween DCMeamd e@@M ot h -lcianske sv,0 |tthaegpeRdC DC ¢
the grid current resphamad eévherly tftd et otvertshe c

good transient peprhfaosremabnrcied goef itnhvee rstienrglwei t h

viink Varid viink Varid
300 : 300
200 - i 200 ! f !

-200

-200

Igrid Igrid

0 0.05 01 0.15 02 025 0 005 01 015 02 025
Time (s) Time (s)

(a) (b)
Fi4g.2Dynamic response of tpewREMsthiifdge (ian\

power decou@Eb) ngi tchnpoweér decoupling

4.5.2 Experimental Results

| al abor ataoDys Pt asMtS320F283 35 microprocessor
power decoupling control and PEMtohseatmbe br

as in simulation.
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When the bridge inverter is workin@i <<l ose

continuous around crest and trough of gric
crossing point of grid voltageinKhegoWwaagtop
vol tage, ,gmd dt lcarfrielntter i ng i nddu@ttor Ther be nt
inverter is reaching CCM when the instanta
space at the bottom of the filtering induc
current con-t@iemag ai ppl ge @ loemrp odheecnad u. p IWintdh oo
ri pple component has be¢e@rearki,tiveatidd ithnog mnehaer
of t he &t oppooweorgydecodhhlei Mg Df wrctgiram. current

when without power decouwiltmMgpowerd decauplui

/M Nrid SOV s

i
I “
X
n i 1

lL2, 5005

(a) (b)
Fi4g.21. Experi ment aplh arsees ublrtisd goef itnhvee tshienugt!|uen c

powekecouplifgb)cwnt hoppwer decoupling contr

When the bridge invertdOOiVsiwpuk i mg el edlroialg
inverter is totally under DCM that the i ndtu

are shown22n dcomtaining wavefoéoimk ogiolitdaget
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vol tage, ,gnmd dt karireauc t-loirnk uraoletnage Tihe DL 1
than the grid vanotdadati a@nz2d@may,i ghkder i nput
contaviinsssbcemder ripple, indicating that t

decoupled without power decodup@gPRi fd)conheolb

order ripple has al most been eliminated due
operati on, evemsabsmhkel coorsaeti swavefor ms.
cur Qe nssianusoi dal wave with Hiitlttlee , hammo rtih
value of the grid current i stQairsoudiids cla rmetAi.n u
as a series of triangular pul ses, showi ng
properly under DCM when the output power i ¢

with SPWM.

| lbcttA

Viink(50\

Y e

[L2.500rns p5. 000 [37.500m:

P pr.soomé 50.000ms

(a) (b)
Fig4.22. Experi ment aplh arsees ublrtisd goef itnhvee rstienrg | u
without power ,dédowplthngowent delkcoupl in

Fi4.23 dhewds ransient phapende i adfget hemveirn glre
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‘©O changes from 1..2AA\st ocazn. 5bAe asbeaeurptilry t he e:

DClink voltagmend DQecuwrrriedntcurrent respond w

without over shoot or oscillation, veri fyin

| oad transient r e s poorndseer. hlanr meodhd ictsi oinn, O ec

mitigated pbpypl 568 pwowdr adecoupling control
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: / DC(ZA dIV) OO RSO OO e %

E E E. . I| “I| ll l T ..: .......

Nyi(50V/div)

-;L-;-;---i-i I A A A M M A ;;;hg“l'

B 7% 1 B

S00ms:  © © FO0.Oms: L ps0Omsi oooos: 2500 5

(a)

Psooms: 0 L I I L p7so0s

(b)
Fi4g.2Bynamesponse phasbeP&EMnblredge inverter

decoupli,fg)cwnt hopower decoupling <c

Fi .24 shows the efficiency curve of t he
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decoupling control i ncreases the inverter
inverter without power decoupling powretrr ol ,

operation of 400W.

PEM bridge inverter efficiency v.s. power (W)

92.00%
9000% o———=2
88.00% ~

86.00% /

84.00% /

82.00% /£

80.00%

78.00%
0 50 100 150 200 250 300 350 400 450 500

— & - w/o power decoupling ®— with power decoupling

Fi4 .2Bf.ficiency curve with/ without powe

46  Summary

| Chap4 ensewi nmhase bridge inverter with wvo
decoupling capabilities isimvesoerettende. fRAEBENM ti
Smadilgnal analyses for the PEM bridge inve

system-fwiltker tfand ecClt o sGh oehadrmhacti enrviesttieas,
resonant gedk eof iIsClgiye PtEIMy &ti tmaud matieodh kand
results verified that the bridge inverter
DCM and CCM and swsédaml ebsééiitwe et hehamt i vati
decoupling conntded , cdrmgeoseehotnida f-phi&hsee u sP EnMy |

bridge inverter is substantially reduced.
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5 Power Decoupling Control aStdagHybr i

SinnBhase Bridge | mBwerstterStvaigteh Bu

5.1 Introduction

Twetagepbaeg!|l eri dgdoiorsy e rstt érgs swihtshwe d le r

i nput DC voltage-stagege bt hjdlglel |h esu wvwgoeg Fsd n g |
phase inverters, a |l arge electiothkei tocuapa

doubiee frequency power mismatch between t

This chaptneervwet agewptbasg!| bri dge i-neéetencwi

active power dec euwpmlsitn gc omavseead ean touak move

capadc&ietcei.on 4.2 introducesttabhbe bonflggui ati
power decoupl i ngboboasste dc oonnv etrteerbudSlecti on 4
decoupling operation and hybrid mowiudeag i on
the parametersidesalgnamaldysimal of the invert.
presents simulation and experimental- resul
stage bridge inverter with pnmovweurl ade @aomu polni

bridge stage.
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5.2  Topology Design

5.2.1 Conventional Two-Stage SinglePhase Bridge Inverter with Electrolytic

Capacitor

Fi®s.1 shows yphecoboapehtpdgharsal bsiimglee-bbpwvstter
converter. The rispPICenpuwtid&€rn k¢ o mamtdp BANCE h e

convent isdaragle-pthvam gl &r i d g ei rvaamretdeltsh )a Me skti g .
of theorsckaerpptie power component -lshdkulcd phaec i a
but t-lhiendkDCcapacitor has the santeheeDQ eint puwt
Il n order to minimize the power pulsation o
i met orddrs afeqmk r eadr dDICnIXC tionpmitni mi ze t he v

antdabsorb the ripple power.

JK} J@ J@ L
- l_z; = C. %cf @Xo
_—-_l/Dc TCos 3L JKEX JK’}

Fi®.Lonvent isotnaagle-ptbwaor gl br i dge -bonwvettetaget

AY

5.2.2 ProposedSingle-Phase Bridge Inverter with Film Decoupling Capacitor

To avoid using the | ar gpeh aeslee cbtrriod gyet iicn vcearpt ac
power decoupl i-bnogo sbta sceodn voenr tbeuc2ki sw hp rcohp casdedds i

a film decouplingndampawniktto rc otnos etr t @ roforsévim e n
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converter is operated with complementary t.I
continuous and the r ¢l atki ovnosldtmnapg etolee we ap u t
vol twapges:

‘ Q .
0 e P

whe@kes the dutyYcyahd bheswbtahb2ti gbear ehe
decoupling cuapiascii tor voltage

0 w 0 —— Lg
The decoupling capacitor -bv amlsteadd ad o@ad ele g ue o

sine wave, where trlregutDi@Get-eD@ kEevol sagesedns e

undvuetri | i zed acf imr ¢ wipou o gliietser at ur e
LegA LegB
o i
TVoo S"“L/ES + Su Sa = Lt io

- Sa T +
ZI:Y CeZ = Viink il < Vo
~ Tl IEI

T Voc % L l J J
* Se2 S2

Fi®92Proposeplhasdenghhrei dge inverter with acti

budlost converter.

Fi®3shows the rippstaet phodpe Condkmp amalntAC€ si de
stage-pbangl dri dgewi hhhematcei vey ptoadideenide oot p |

DC/ DC converter IS r es pn ssitdepe o nod aoottihv ev
o8



decoupling. I n other words, the DC offset
both wvwelftetagence popwaemd dteilcrmkupPprCabnt bgé nommr der
mi ni mize the power pul sadri der orfi gpmlee DCo wenrp
should be fed into the decbeppowgr caplagat iod

catnotlaé | ¢l i ntimattheed avat i ve power decoupling

o pr/\/%

DC/DC
11 " DCIAC @
o)

Fig3aSchematic dshbaggembobhglt woi dge i nverter \

decoupling based on DC/ DC conver

According to Equation (1.4), the decouplin
DC offset and the ripple voltage of the de
54shows the relationship bet ween otnh ea nde ctohue
decoupling capacitance under 400W power r a
rms output Yohkage| ttalge DGE 00ovihter oOAd eodf ftsoe tb
the decoupling capacitoda 1of steti aseld2&8NVN w
the proposedb2xhpodlodyybe nsdati gat 320V. Theref
54t hat the decoupling capacitor in the prop

the decoupling Wciaphactihteors aimme Fviog.t age osci | |
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500

450 +
400 F
m
5
=350 -
[0)]
[&]
C
8 300 -
(&}
4]
® 250 DC offset V; =120V
[&]
2
= 200
5
o]
S 150 -
a DC offset V;=320V
100 F
50 -
10 15 20 25 30 35 40
Oscillating capacitor voltage VcAC (V)
FigdRel ati onship between decoupling capaci:

Thfel ybadkict or i s used for em@amgytthreaonst eut|
Under steady stgaiwet othkbedinediugt gdhchrso t he
the |l oad during each switching cycle. The
and bipolar due rtat itdre, ba i mtetttii ®meadi modueE i a
designedYGschesdhathan 30A, to avoid satur al
stres®5shHdws the relationship between the
i nduct ance wi-btoho sdti frfaetrieon.t Tbhuec ki nduct ance i S
indwe <current r-oppéste, ranidotmat beircdb o oessts t o

i nduct ancceu rwheepnp Itehei s hi gh.
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1000 -

900 - \,
\\
800 - \‘
= \
ET00F N
|
$ 600 [ \\ \‘
E N\
<500 N\ .
E N ~ \x\ Buck-boost rate = 2
= 400 - - “\~\
= ~ Ty
. 300 - S S~
23 ~ S~
=~ -~ ~——
200 - il T —
Buck-boost rate = 0.5 e A T m =
100 - Buck-boost rate = 1
0 1 1 1 1 I
5 10 15 20 25 30

Inductor current ripple (A)

FighRel ati onshi pobestweeanultt@albce and i nduc

5.3  Operating Principle of Power Decouplingand Hybrid Modulation

5.3.1 Operating Principle of Power Decoupling Function

According to the principle of ©B3pbéeerppwkee
power component of the system is fyander al
instantaneous power described in (1.1)~(1.
unity poweAb®pc)t oorhe current t hréomam Helte

cal cul ated as:

Q 0 % "0 AT11006 315)
whevw e is the AC MDoaddwvel ttdagege,peak filter
current. The ianbsstoarnktéadn eoyulst groiwreg capacitor
n 0VQ ®OIDEJ o vg
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from which it canobedeeserinpphatpower salc®adc
capadibt di ver tortdheer sreicoopnlde power int®d, the f

the decouprl i ngb tcsagoeud idt obe controll ed such
powgrabsor Idebde choyme s :
N 0 AT o+ 0 DEJ o L8

whelr e®@Oanld ®O.

Accordb?g ttdhhe( decouplibngscapwaysohi ghktageée
DC vodbt.lameorder to -abder britpel segpower, t he

vol agse basibabhbkgdasb@e wavel ifnleu cftmdadgaénngc ya, i

contains & ab@ af-6ssedceorn dc omPBHG &n+ . Then t he
voltage, energy, and power equations for t6F
0 0 w ® JIVEJ o0 — L
: P. PP P. . o e
O o Eow Oww OEg o — ?ow p Al OO0 ¢— V&
n o gOoOww Al® o — 170w DEU 0 ¢— vy

The s-ecded ripplig ccoanmpomentiseéed to -omndeel o

ripple power at the AC s-odeer buitpplte adscsmpo

same time,58s shown in (

Ta emove tohredefrourritphpt eecombbagaeatacross the
i's assbBYhed nsb@d@d of (
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0 w 0 L&y
whetor ei s the AC & oammpdo nael nlto woefd tloarc ma misd s adi f 1

of merely second o0 dies.eXpbeed€edomponent

. , , w0 . .. . o ., . . .
0 w w 1TCDEcM 0O 6_00 Al Q@ o v T
Thus the reference decoupling capacitor vo
s , wOo . .. . o , . . .
V] W 1TCI)E(]I 0 6—(» Al @ o ud p

It can Ibel) sebkati hhé decoupling capacitor v
bi ased-osédeonntdar monic rabhased hannenewaveg al
doubi aee freemquenhbyg, voltage amplitude i s [
decoupl i ngod clapemefi ¢ eniceee Efyact et keen df rbaurotk t

converter can be determined by:

g — u§ g

5.3.2 Hybrid Modulation on Bridge Inverter

As di scussdd AREM Chmagphtleers t he bridge invert
and CCM. When the Dbridge inviealt eirndwsctwaormr kg
needsmdas ibteett he beginning of each switching
noi se andofdhet siwibtacReiggnagr dai cntgi ot hhyi bsr ipdr onbol deunt, a t
techmnpgqoeosed |jnwhhch tthbed gbiraitdygset i nREM tiende

DCM and with SPWdMmpaded wCMh PEM in the p
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hybrid modul ation technigue removes the ne
the beginning of haeaclsawvwintgc lai cquraymlte ,s etn s
contr ol Tahlegoorpietrhamt.i ng princampeéedencrithhed birn
4. 3,a@tdhe operating imodedghearequiepsoltéehmed baii rdoglei

invertervaevilt dhaalaeaphedaarrt i ng mode 56re shown in
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(c) Mode 111

Fi®9.Equi val emtaci ocmagndglersatin PHC.
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For DCM, the operating4waa)e.f oWintsh atrhee sA® wsn

currammdt i nstantaneous power described in (1
M switching period is calculated approxi mat
0O 0 wQJioQoy vd o

whed ®andQare AC side voltage amMds wiutrateinmg

periYod. t he switching period.

As can be 4se@an, inhd&Eiigni t‘0 @4t indecbegi cnirne
switching cycle is zero. Assuiftfgorttehe ndu
switching period, then t heduarvienrga gceh acragrirnegn t

-0Q. ®mergy char@edvidwrhiimg tpreei od is cal cu

0 0 g" 300 g’ 00Dy 0B T

whed®bées the duty cycle of Leg B under PEM.

According to tB®eQsemeulgy bl @agwaleatcdh switc
peri od. DY rriempa i PME&nodhr, emain of f ; the only

accordi ngY tf@Q®PEM bes calcul ated by:

. @ QO »wQ o QJIY
0 Q 5 : uP v

whe® e Qisthedut y cYcodluer ifnoggr WiliEamh be st ated as:

~

, : cO QD
0O @ =0

p
Y o Q00 Q &71Q

Ld @
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Duri ng’YNHGEai Wsanidhrr emain off; the only swit

to PEWM™Ocan be calcul ated by:

~

® Q ®0Q o QIY
0

uc) ’?‘Q

The dut yYdweliemgf NWHC can be stated as:

o o P5 ¢cO QI ®
o ; = ; = — V)
‘ Y o Q20 Q wQ v

Thus, theé fdurt yLeggcB eunder PEM can be expr es

o Pj; ¢Q I
Y U o0 s LB ©

whe@es usedYtdurciomdg rPHC &nddu rtion gc oNfHQO. 0 |

For CCM, the operating 4wialv)e,f oa mtby taobfgctilddeo wn
bridge inverter is proportional to the out
0

Q .
5 vg T

whe®@ei s the duty -fcryedweemdy tshwi thcihgghs i n t he
Q is modul ated according to a sineiwatvdeto
DGl ink voltage tiasnta,s ssuameed ass SPOWNM. Under ac
control, thel iprud svadlitoangeofi sDbChei ng taken i n

i's al so u¥%edurtion g omMHG odnddu rtion gc oONfHCQ . 0 |

Under hybrid modul ati on, Leg A is operated
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Leg B is operated wunder high frequency du
switching | osses of the | GBTs. Further more
initial Il nductor current at the beginning
ChapitFeirg7Zdepst e dut y hberyicdgee oifnverter under |
whitlhee-l D@k voltage | feadbsunchge o uaglean D CM e
wheini s ,baod diuheg Tygaxlleul ated by nPEM i s8heaskid:
frequendeqniwittheh b eiacicels bdeuat gyeody dlhee br i dge i

becopgresporti onal t o0 atnlde tdh@®t @wtt waluttdadge d a c c

to a sine wave to geneux.ate a sinusoidal ou
0.8 [ ] Inaccessible area I I
—— d, by PEM
0.7 |
— CCM
0.6 ]
0.5F CCM -

Duty cycle
o
N

03¢ ,
ool DCM _
0.1¢ 1
. | | |
0 100 150

50
Output AC voltage vo (V)

Fi®97Duty cydbdlydbrundenodul ati on.
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Fi®8shows the contr ol -sbtlaogcekp bdai sagglrbarm dogfe tihnev e
power decoupdhbudglo dsats ed o mhned ko esstta glehecont r ol
feedforward control,-owbdechreppl mapeswet hansts
duty cycle based on thelirnppVvel paguer ame pd
in thleodbdsitckconverter i's motduil @gg erdi rogy <sai gcnoal
ensures -btomestbumkduct or current i s al ways
modul ated by hyhen dt heo dlurliadge nst avg® iiss ope
used to comtegpuendhprwsrwighelybr i dgepetrtating ul

Q issed to comneguendhye hwigthc h.

| Bridge Inverter Control

Eam, ,| Hybria | mMin{dy,dn} | Bridge | V.
M odulation | nverter |
4
e Mk
&, \e, 'S Mink | Buck-Boost
Calculation N Stage
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Calculation Power Decoupling Control§

Fi®8Contr ol di agram -phaskRebprdpgpesedvsrhgt

modul ati on.

5.4  Small-Signal Modeling Analysis of TweStageBridge Inverter

To further i nvesti gat w®ttahgee -pchhaasrgd cdt reir,d gse i ic 1%

s maslilgnal model s have beeanvwanddat Hfe rbrbiod dhe t
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with hybrid modul ati on.

The smaglnlal equi v dli sistd g@isrhcoub,i iwrth i B Hegs R

of the inductor has -algnabeequabdehsdar @he
i 0Y OH D O p 0 M g p
0 p O O O HU L8 ¢

whegies t he complex frequendayy isiyTmdbeanpd taecse tthre
perturbed average value of the dwmscerhreed

di sturbance of the outputemrdircemtr,olwhi ch a

2 e

Fi99.Smadilgnal egui valbéntclheaivier o er end

Whil e the front end converter 1S connecte
perturbation of the output current can al s
simplify the modeling, t Hies paedrdteudrrbweaatri do enie mbff
order to cancel out the disturbance from t
from inputo PCdubPt agebeoutH wt decoueht ng c e

vol wagan be derived as:
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While the bridge inverter is working under

pow@rjs usedYtdurciomdg rPHC &nddurtiongc oNMHG.0oITh e

signal equations for the bridge inverter <c
o w M DOi ,Y—l p L& X
v Y OJOH Lvg Y

whew ei s the pertluirhlatvolt aoade DRB2ndvari ati on
irewter duty cycle. Wi th a resisltiwle Volatdag

U anldridge i nveQtter odwttpyv tc ywd lleteagleer i ved as:
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Combining witddonvher tfereonD-Coewnbdptt age ol t age ar

cur 4 ®nutt put voltage dalansifetred uaxc:ti ons ar e
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Fi . Adshows the frequeonagnd estpaoqies ec ot rtohle. f7
responslei omkk vwboltage with respect to the di:
Sinmdlee response, and with r esopedt dtua yt lcey c
si mil ar -ptod ea rseisrpgliness ecommhoscep|l amhet pollesf anh
hapfane zero. The magnitude of the disturb
so that the disturbances at swi-lticrhk nwo Iftraeq
With the racddocecuploimeg control ,DG HerkBodd t mlg
doesefmfoeacdtitveeti tyat eli st urbance afThehéereqgpenc
response can be used to further deensdi gsnt atghee

to i mproeesitthievity to perturbation or wvar.i.;
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5.5  Simulation and Experimental Results

5.5.1 Simulation Results

The power simulation (PSIM tit105d srmh &svar e |
bridge inverter with act itbvoeo spoweorn vieeacoeup!l iC
a 400W inverter system with 100V input DC
AC voltage of 156V and peak AZLr eulriremmed oif n

51 The simulation 5 &8amndt5s3 @qre shown in Fig
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Table5.1 Parameters of twetage bridge inverter

Il nput D voltage 100V
Peak outpud® AC voltage 156V
Peak outpu® AC current 5. 1A
Rated outhput power 400W
Filtering inductance 0. 8mH
Buebkoost ibBductance 30 pH

Filteringé capacitance 1 pF

Power decoupléing capacitance |106

AC fre®Quency 60HzZz
SwitchingQfrequency 12Kk Hz

Fisgp. 2Z( a) ~( bt)heshwawl t age and currephbseaabef dpg
inverter with and without activating the p
i nput DC voltage i-stagéephba@bDbBbV) dgedi nkhert
under orwaetred AphemkD@ol tage is successfully |
decoupling capacitor voltage is around 300\
waveform with a peak & &( awi tahroouun dp olwseea V. d elc
contriohput DC cuwiesstbtoodtcal to mpiaemal most
the same amplitude as the DC.4defo,mpaomdkntthe fh
order har monics from swi tpaalsisngf idrteer f iwittehr
fregyemt lkHz. The output filtering induct
hiohder har monics due to switching action:
component is abduhiy ALt BAmpbmnBBE&Itignkk wolet age
ailgmher amplitude because oACtbemmawe mted &ECo
l' ink does not affect tthhee AoQu tcpounip Ak reto | it sa g e
consideration in hybrid modulation. -The in

order component has al most been eliminated
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filtering inductor current haswar peadko wmll iut
controll,i tkhevdC age stress increases near/l
nearly 50%. As sihmwmaritn difmetuezerometdput t he &
inverter is operatingrwmsde mngdD @udidactro @ @M tahre

the peak and trough.

vDC VCD vDC VCD
400 , , , , 400
300 e ] 300
200 f-o-eeeeeee bosneeaneesd T S 200
100 i i i i 100
0 ' ' ' ' 0

iLf iLf
5 5
0 0
-5 : -5 . . :
0 0.04 0.08 0 0.04 0.08
Time (s) Time (s)
(a)

FigZAZSi mul ation resagesboifdygbei bwerter und

without power ,ddowplkthngowent delkcoupl in

Fissp. 3(a) ~( bt)hes hwoal t age and currphaseabef dg!
inverter with and without activating the p
DC voltage i s sestt aagg-fleOeDsve @amidddd ei nwer t er

100wW. 5. A8( &) g -tihemk DCol tage i s around 200V an
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s around 80V t ongendeal.r eThDeCM mopuwetr a@€C sc bt een
seconder component heeh@ower sakilcomgl| i ng con

nduct oQi sumarseetries of triangular pul ses u

zoem n Zzeossing pA nknSoFE(ibHi,g-t hek DCol t age i
oscillating around 200V, but theoroden Irliagplc
power . The input DC curreonmtdeirs campomaeénlAhe

been eliminated. Thptfibttdistoginherdawtutpyt cAIC

i stsilmusoi dal, showing that the PEM invert.
he output power is | ow.
VDC  VCD VDC  VCD
400 : : : : 400
300 [t e————{ 300
200 fe--eeeees boseeeaeees e E 200
100 : : : : 100

200 — 200
100 -1 100
0 - 0
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iLf
5 5
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5 : i ! ’ -5 : : ) g
0 0.04 0.08 0 0.04 0.08
Time (s) Time (s)
(a) (b)

FigadSi mul ation resagesboifdygbdei bwerter unde

(a) without powg(rb)d eaciotunp Ipionage rc odnetcrooulp | i r
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The oper at i-otna goef-p bteheeg Itdmwoi dge | modut at i wnt h
i nvestigated under a transiéni( aghébge AD |
instant 0.1s, the power increases from 100"
out put AC voltage increases ,frtohne 8pOoMvetro ilnx

from 200W to 400W and the amplitude of the

156V. The input DC current has a small p €
decoupling control. The dynavihiticn .r2enssponse o
VDC VCD VDG VCD

400 : : : : 400 , : ; :

300 e 300 = VYV VN VVV VYV VIV
R R 200 |- D

100 E E E E 100 ’ : : :

0 ' ' ' ' 0

iLf iLf
5 5
0 0
5 5 : . :
. 0 01 0.2
Time (s) Time (s)

(a)
FigADynami c si mul at i-otha ge stlurlitdg e fi ntvher tt ewo:

decoupli,0g) cownt hopower decoupling c
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5.5.2 Experimental Results

The experiment al setup o2 st beriilnvert eral prda
modul ati on and power detctaogepbangglcéntdgk bn

whose parameters &rk. the same as in Tabl e

When t he si nwoerrktienrg cl ose to 400W, t-henwavef
voltage, output AC voltage and current, ant
58 Th-ti b voltage is always higbeenbéata t!
t hber i dge inverter -moawdratrieac hreg itome ohvher f i |

QQis continuous around <crest and trough of

around -ctrhoes szienrgo point BbfB( AL, vobheaget pubh RACc
cont ainsosdenre ha@awmoni cs, which d4o0om& fvrod m atg
whi |l e -Itihrek D\Col t age i s assumed constant i n S
vi sebtender rippl e, uilnsdaitciantgi npgo wehra th atsh en opt
The percent agea defr thhhe mpeacend n t he experim
simulation, which is due to the damping ef"
the iGpwadl thag®8®Bi)g. the output AC vol-tage d
order har monitsnKroml ttdhgeo DLiemc eostched | &bwon
considered into the hybrdied modploateindn.i nT ht.
current has al most owerndedouwmp Inian g d c avn tt tho |
successful power decoupling. Mor eover, t he

the amplitude ®®FCI ACGkcompoageaeat i n
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When t-hienlOoCvoltage remai MPC tvind tsaaggme dercd etals
val ue, the Dbridge inverter operates under
dic®ntinuous, 5% s hoSv&( ag)n, Ftihge i nput DC cur
vissebcender ripple, i ndicating that the pt
without power decoupl i ng 5c8o(nbt)r,o | t. hoet d% eccoonmpc
component of the input DC current has al mo
control. Under | ow-l powevobtpamget osrc, |ilaei DG
the output AC current iink ewodstca dlfleacttieodn . b yT h

i nduct oi sudrenbntinuous as a series of tri

inverter with hybrid modulation is operat.i
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The Fourier analyses of the DC curr548t and
and % ®2g.As can be seen in the -DOCdecurrriemgl
component reedacrdwitiob 1t/ e hpower decoupling
current spectrum under DCM, the THD of AC

al most the same as without power decouplin
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The dynamic r estpoeeh ood gltenrev @ wtoesx Zi svhsehrewn
t he power changes suddenl y f rloinm kl OvOopVuttaog e4,0 C
AC volandgedecoupling capacitor voltage resp
seen in the dynamicoresponseptédaint DE seac
decoupling control is much small Blorebaart h:
t he power decoupl i ng acnopn tiatfoul d €l oceosrdpBboit @ R tn car te

vol madeat of ACdecoppheéemiy atapacitor voltage
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5.6  Summary

| €hapstamreivw®t age-pbaegl eridge inverter with
based dwomobtckonverter i s psrteasgeen tberdi.d gTeh ei npvr
bot h -bbwcsk and power decbhoplui ngdidapgbpioiwe i

devitmed he convgat bbucokslt tiwmo motdal at Hphri d ap

the bridge stage, which saved one sdampl i nq
Smadilgnal anal gysagef or i dige i woerter have Db
i nveértehraracteristics. Simul ation -ahdgexpe

bridge inverter with hybrid modulClMwiidam i s
a seamless Wirntan sihtei canct i vati on of powenr de:
component I n DC-sd argreeprbta e@fl dbtrh el gewo nverter

reduced.
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6 Conclusions

6.1 Summary

The research in this thesis studied the shpijlase active power decoupling techniques to
accommodatehe inherent doubléne frequency power mismatch between the DC side
and the AC side in singlphase inverter systems. Three new shmjlase inverter
topologies with active power decoupling control have been proposed instheaensof
singlephase inverter systems: singlkase differential inverters, singihase bridge
inverters, and twatage singleohase bridge inverters. The large electrolyticac#prsin

the ordef mF have been replaced by small film capacitors of around 100uF.

PEM, hybrid modulationand energgbased modulation have also been proposed and
applied to the differential inverters and bridge inverteeyating the switches #i energy
reference to ensure the input energy is equal to the energy demanded by the AC output
during every switching period. Unlike modulations with voltage or current reference,
modulations with energy reference enathle inverters to operate under lhdCM and

CCM, and switch between them seamlessly

6.2 Contributions

The major contributions of the research in this thesis are summarized as follows:

1. A singlephase differential buekoost inverter with inherent active power decoupling
capability has been proposed. Two types of operating principles (unipolar and bipolar)
are discussed, where PEM and endrgged power decoupling control are applied to
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each operating principle, respectively. Simulation and experimental results are shown
to verify the feasibility of PEM in singlphase differential buckoost inverter and
successful power decoupling.

2. A singlephase bridge inverter that has both voltage tgsand active power
decoupling capabilities within one stage has been proposed. The PEM technique is
applied to the bridge inverter to enable the bridge stage to operate under both DCM
and CCM. Comparison has been made between PEM and SPWM, togethérewith
simulation and experimental results showing successful power decoupling.

3. A singlephase bridge inverter with active power decoupling based mrck-boost
converter stage has been propogedhybrid modulation technique is proposed and
applied to the bridge inverter to save a current seswapared with the circuit using
PEM. Simulation and experimental restits/e verifiedhe feasibility of the proposed
topology as well as the proposed hglhmodulation technique.

4. PEM is for the first time applied to bridge invertePEM controls the operation of
inverters directly according to the energy transfer instead of voltage or current
reference, enabling the inverter to operate under both DCMC&i andswitch
between them seamlessly. PreviousifM was only able to modulate flybatkpe
buckboost inverters. Now PEM has been extended to bridge inverters and differential

inverters.

6.3 Future Work

For the singlgphase differential buekoostinverter with inherent active power decoupling

capability the PEM and energyased control arfundamentallya feedforward control
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method rather than a closed feedback loop control. The feedforward control usually
predids the changes and disturbancesaAssultthe unexpected parameter mismatch and
disturbances in the feedforward control can cause some harmonics and problems. The
consideration of compensating the power losses and power mismatch as eaitroller

design could be conductedthe future work.

For the singlephase bridge inverter with voltage boosting and power decoupling
capabilities, investigation for a better controller (notch filter, etc.) for the-&ndtstage
and the following bridge stage to obtain a better rippleent mitigation can be the future

work, especially under rated power.

For the twestage singlgphase bridge inverter with active power decoupling based on the
buck-boost converter, how to compensate the decoupling capacitor voltage loss caused by
the deadband of switches in the biumbost converter is the future concern for improving

the singlephase power decoupling.
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fundament al component of the output filter
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FiBlSteatdwpte simulation results of the VS
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TABLE B-1
PARAMETERS OFSINGLE-PHASE VSI wiTH SPWM
Il nput D@ voltage 100V

Peak Output) AC voltagld6V
Peak OutpufdD AC currend.1A

Rated Upower 400w
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SwitchingQfrequency 12kH.

The operation of the topology with corresp
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