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Abstract

Dc-link switching and lowfrequencycurrent and voltagepple componentsn two-
level singlephase andnultiphasevoltage source invéers have been analyzed in thisth
sis.Analysis ofdc-link inverter variabless important forestimatingdc voltageripple pio-
files that affect all the dtink componentsThese ripple profilesan be used tsize thedc-
link capacitor properly and taessesshe life-span or degradatioof components such as
battery packs anthe dc-link capacitoritself. Hence simple and effectivenethodsfor de-
signing thedclink capadtor areproposedn this thesisrelating the value of gacitance to
the maximunrequiredpeakto-peak value of thedc voltage ripple.

Voltage ripplecomponents aredculatedbased orthe correspondingc-link current
componers and by considering aortrideal dc voltage source, representing an irfibtet
(such as a dc reactooy aresistive dc supplysuch as a PV systemlowever, switching
ripple analyses are also valid in most of the dc power supplies since the dc sourte impe
ance usually becomes much higher than thdinttccapacitor reactance at theverter
switching frequeng. The peak-to-peak voltageswitchingripple amplitudes derivedover
afundamental period asfunction ofoperational conditionsnodulation indexthe ampi-
tude ofphasecurrentandpowerphase angldg-or all presented multigse topologiesef-
erence $ made tothe two most commonly applied modulation techniques sinusoidal
PWM and space vectanoduktion.

The initial investigatiorof thedc-link variableshas been focused omgle-phase H
bridge inverter consdering both, witching and lowfrequencydc ripple componentsThe
analysis has been furthextendedto the case ofwo-level multiphase inverters with ba
anced loadSome general steps in the analysishefdc-link current and voltage switching
ripple in multiphaserivertershave beerpresentd consideringin odd number of phases
The approach has bespecifically devebpedfor three, five- and sevesphaseinverters
To presenthe behavior of the pedk-peakdc voltage ripple amplitudedifferent diagrams
are showvn coveringfull range ofmoduation index andower phase angle. Maximum of
the peakto-peak voltage ripple amiplide is determined as a function of modulation index
The cases with different phase rhens are compared and the effectirdreasingthe
number of phases on the-liltk capacitor sizing has beersdiissed.

The finalanalysishas also includetheimpactof a sight load unbalanceon the de
link variables in multiphase inverters. Considenetbalanceas present in practice in every
multiphase ac motarit is in orde of a few percentand introduces low frequency insta-
taneous power oscillatioi his reflects inlow frequency (i.e. doublundamentalcurrent
and voltage ripple on the diok inverter side.Therefore the amplitudes ofboth ripple
componentgare céculatedand the importance of takingeminto consideration for théc-
link capacitor design has been discussed

All analytical developmentare validated with detailed simulations and experi-
mental results
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Chapter 1

Introduction

1.1 Motivation for Research

Move to a more energy efficient and sustainable society is an objectixedshy
many countries wddwide. One of the key technologies in that transition is power ele
tronics which enable conversion of electrical energy from one stage to another. Due to the
continuous improvements and new developments in power electronics reamgothe
range of theirapplications has greatly expended over the last years, such as in electrical
power generation, transmission, distribution andesel electricity consumption.

In recent years, the major requirements that have been set by iaddurstr energy
sector ardnigh reliability and efficiency of power electronics systems, as well as pew o
ational and maintenance cost. To achieve the desired electrical performance dfetime sy
within acceptable price, it is necessary to properly aimk design power electrasi com-
ponents. Besides active semiconductor power devices, capacitors are another type of com-
ponents that fail more frequently than other parts in power electronics systems.

Dc-link capacitors in voltage source inverters (VSlaydn multiple and criticatole
in the system. They serve to balance the inat@oius power difference between the input
source and output load, as well as to reduceethission of electromagnetic interference
(EMI) and to limit voltage/current ripple Hdotfor steadystate and tmasient. As a cores
guence of the higfrequency PWM switching in an inverter, high frequency current ripple
component is injected to thetink. On the other side, depending on the source and i
verter topology, low frequency ripplcomponent can be injedtérom the sourcside The
presence of high ripple currents on thelidk side causet he i ncrease of <ca
temperature, and thus acceleratesdbgradation of the capacitiself. The delink volt-
age ripple resudtin undesirable impact otie reliability of thedc-link capacitorsThere-
fore, current and voltagdc-link ripple componentsreconsidered asrucial factors for the
dc-link capadtor designandits lifetime prediction analyses.

The research efforelated to the selection onehdclink capacitor typean voltage
source inverterflas beemmainly focused on the investigation of the current ripplecspe
trum. By calculating the current ripple stress and depending on the required capacitance, a
preliminary cgacitor design can be det@ned.Thereare howeverdifferent perspectives
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on the challenges in the design and selection cfirdc capacitors Some of them arthe
reduction of weight and volume, the ensurement of high reliability for exposure to harsh
environments (in emergingpplications, high ambient temperature, excessive humidity,
etc.), the prevention of overheating, the extension of life time and cost reduction:- For i
stancejn realworld applications, such as the applications of renewable wnibgy amb

ent temperaturerofile and the degradation of the power electronic components, such as
thedclink capacitor itself and the switching devices, could affectithénk current ripple
componentandshould bealsotaken into accountience, ondderingvarious factors sth

as theambient temperaturesnergy dump hadling capability, capacitor parasitics, the
maximum tolerable dtink voltage, overall system stability when multiple power cotiver

ers and sources/loads are connected to a commbnlkdcapacitor, the sizingf dhis a-
pacitor turns to be coplex task.

Usually, in order to simplify theéheoreticalanalysis, the power converters age a
sumed to be lossless and parasitic elementiseafc-link capacitors an equivalent series
resistor ESR and the equivalent ses inductor ESLor Ls) - are neglectedThe equia-
lent series resistance representsatieductingand dielectric losses of the capacitor while
the inductance is introduced by the leads or terminals of the capacitor as thellraser
construction of the capacitor itselfHowever,depending on a given application and the
type of the capacitor, the parasitic el en
mancefor high frequenciesTo understand if said parameters havedtfiect on the ddink
current and voltage ripple, @pacitoris most commonlynodelled as a series connection
of an ideal capacitorQ) and its parasiticelemen8y comparing the i nve
frequency with the selfesonance frequency of tde-link capacitor, the effd of Ls can be
establishedSimilarly, to establish the effect &SR a comparison between tEESRand
the value olqgriLs/C) should be also madeor the switching frequencies well below the
selfresonant frequency of the-tiok capacitor, its inducte reactance is negligible e
paring to the capacitive reactance, and the same applEESR{ it has similar or lower
value compared tegriLs/C). Usually, in application such asverterfed drives a adopted
dclink capacito is in the order offew hundredor thousanduF, and the resulting seif
resonant frequency is always higher comparing to the switching frequEnisymeans
that for said application, he ef f ect s o f elematpan the ddinkrvdtage p ar a s
ripple are negligible at trewitching frequency.

Depending on the wide range of power electronics applications different inwerter t
pologies are utilized and consequently various types of capacitors are adopted. Single
phase vahge source inverters covaostly the lowpower rang applications. With simple
structure they are widely used in industry applications such as uninterruptible pgwer su
ply (UPS), power supplies and renewable energy conversion system. In madalihigh
power applications, such #weephase variable spealrives, flexible ac transmissionssy
tems (FACTSs), standlone and gri€connected power generation systems, the mest fr
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quently utilized power invertersy far are the thre@hase twdevel ones. This is mainly
due to the wide dftheshelf availability & both threephase machines armbnverters.
However, for some specialized applications, such as thepager industrial applications,
electric and hybrid electric vehicles ( EY
electri®@ a i r cr a fphase devescusually domot satisfy certain specifications and
the multiphase invertéed variablespeed drives appear as a preferable solution.iMult
phase power inverters can be built with an arbitrary number of phases and drbamth
ware point of viewhe only necessity is to have equal nhumber of inverter legs and phases.
Among many beneficial features of multiphase invef¢erdrives which make them high-
ly desirable solutions for aforementioned hygtwer applicationsparticdarly important
ones areaduced current (power) rating of the semiconductor switches and excellent fault
tolerant operation features.

The type selection and design of the capacitor in tHenkof inverters is dictated by
the application requirementsic circuit parameters. Gerally, fundamental and widely
used capacitors are: aluminum electrolytic and film capacitors. They are used in both low
and highpowerapplications covering the wide range of size, voltage and capacitance vari-
ations.Conventionakapacitor design stratexs have been using the set of aluminum elec-
trolytic capacitors due to their high capacitance per unit volume and good price over per-
formance ratioThis type of capacitor is particularly suitable in the applications such as the
diode/thyristor rectifier font-end where the lovfrequency current ripple is imposed at the
input (delink) side consequentlyntroducing the largéc-link voltage ripple However,in
case of high frequency ripple curreatsingle lowinductance higlturrent film capacitor
could k& a good alternative option reducing its size, improving reliability and significantly
reducing voltage spikeMoreover, a use of film capacitor allows the lifgpectancy to be
extended and lower valuef capacitance is needed comparison with an eleadlytic
counterpart. The reason is that a film capacitor is limiethe maximum ddink voltage
ripple rather than by thepple current rating.

Most of the analysis related to theldtk current androltageripple of the inwerters
arebased orRMS cdculations. However, there is a lack of analysis related to thetpeak
peak voltage ripple behavior particularly for thewel multiphase inverters. Thikesis is
devoted towards the analysis of thelidk current and voltageipple components in two
level singlephase and multiphase voltage source inverters aiming to provide simpte guid
lines for designing the dink capacitor based on developed strategy.

1.2 Research objectives and main contributions

The principal objectivef this research has be#dre development o novel met-
odology to mathematically model and analyse dbdink peakto-peakvoltageswitching
and lowfrequency ripple components that could be used for tHmklcapacitor desig It
hasbeenfocused on two-level singlephaseand multiphase inverters with an odd number
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of phases. Initially, only balanced loads have been considered such as multiphase ac m
tors. Postliminary, a small degree of unbalance, always present-waddlappliations,

has beenlao examined Theoreticalapproach has been verified by numericalutations

and comprehensive experimental tests for all considevedter bpologies.

The main objectives of this research can be summarized as follows:

1. To calculate the dink current ripple components in rgjlephaseand multiphaseni
verters withthe dc-source impedancepnsideringoalanced and (slightly) unbalanced load
condtions.

2. To perform theoretical investigation of thelohk voltage switching and losrequency
ripple mmponents in singiphaseH-bridge inverter, and to calculate the péadpeak de

link voltage ripple envelopes. To prove theoretical analysis by means of numerica-simul
tions and experimental tests.

3. To extend the analysis of the-littk peakto-peak wltage switching ripple coponent

to multiphase inverters with an odd number of phases, with special emphasize an three
five- and seveiphase inverters. To apply two most popular modulation techniques to all
examined inverter configurations and to makmmnparison within diffenat cases. To vé

fy the analytical approach by numerical siatigns and experimental tests.

4. To investigate the impact of slightly unbalanced load on tHmklwariables in three
phase inverters. To calculate the current eaqga components and toigsite the curent
unbalance level. To determine thenplitudes of thedc-link low-frequencycurrent and
voltage ripple componesitTo verify the analytical developments by numerical simulations
and experimental tests.

5. To exted the analysis of lovirequency current and voltage ripple components to the
generaln-phase case. To calculate the current sequence components and the amplitude of
the lowfrequency voltage ripple. To provide numerical and experimental tests fer five
andsevenphase inverters artd make comparison within considered cases.

5. To propose the dink capacitor design based on the-lihk switching and low
frequency voltage ripple requirements for all mentioned inverter topologies. To investigate
the impacbf increasing the numbef phases on the dk capacitor sizing.

Significant new knowledge and original contribution have been produced by-achie
ing the objectives listed above. A particular contribution has been achieved by the deve
opment of the dtink variables for the twdevel severphase inverters. Also, important is
the canparison of the maximum ped&-peak value of the diink voltage switching ripple
amplitude within diferent inverter topologies and its effect on thdidk capacitor design
The effect of slightly nbalanced load to the dink variables in multiphase inverters has
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been also investigated for the first time in this thesis. The original contribution is partially
evidenced by the already published journal and conference pghpeese given in the fo
lowing sib-section 1.4.

1.3 Thesis outline

The thesis is structurally divided into six chapters and original contributiorois pr
vided by Chapters-3.

Chapter 1 presents the main concepts of the thesis together with the motssation
supporting the study prmed, research objectives and original contidns which have
been produced by achieving them.

Chapter 2 introduces the dtink current and voltage ripple analysis for the most
fundamental configuration used for dc/ac powenvassioni singlephase Horidge n-
verter with dc source impedance. Both lequency and switching frequency-lick
voltage ripple components aa@alyed Based on the diink voltage ripple equirements,
the design of the diink capacitor is proposedrhe theoretical analysis accompanied
with the numerical simulations and experimental results.

Chapter 3 extends the analysis of the-liltk current and voltage ripple to twevel
threephase inverters with balanced load. A brief overview of two mastmonly applied
modulatbn techniques is provided. Biok voltage switching ripple envelope is derived
and its maximum peato-peak value is calculated. The-lilttk capacitor design is pr
posed relating the value of capacitance to the maximum valbe obttage switching pr
ple amplitude. Numerical simulations and experimental results are included to support the
theoreical developments.

Chapter 4 deals with the analysis of the-tink variables in twelevel multiphase
inverters with an odd number oh@ses, considering balackad. A short review of two
most popular PWM techniques for multiphase inverters, sinusoidal and space vector, is
given. The ddink voltage switching ripple envelope is calculated focusing on fivel
sevenphase inverters. Ehcomparison in terms dfi¢ peako-peak voltage switchingpt
ple ampitude is made considering different number of phases, two modulation techniques
and different operatinal conditions.The impactof thedcl i nk capacitor 6s
ments on the dbnk voltageripple has ben also examine®imple guidelines for design-
ing the delink capacitor are proposed. Obtained theoretical results are verified by numeri-
cal and gperimental tests.

Chapter 5 examines the impact of slightly unbalanced load on thien#ccurrent
and volta@ ripple in thregphaseand multiphase inverters. An overview of the mostuyop
lar transformations applied for the analysis of tophaseand multiphase systems isopr
vided. Different methods for calculating the current sequence awenpgn as well as for
estimating the current unbalance level are presented. Furthermore, the mettaaitgpare
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ed,andthe amplitude ofow-frequency voltage ripple component is calculated on the basis
of the corresponding dink current componen#lthough theoretical findingsre general,

the focus is set on thredive- and sevesphase inverter edigurations.A dc-link capacitor
designmethodology igproposed based on thawv-frequency voltage rippleequirements

The rumerical simulations and experimtal results are inctied.

Chapter 6 gives the main conclusions of the thesis and discuss future perspectives.

1.4 Authored papers

M Journal Publications

M. Vujacic, M. Ha mma mi , M. Srndovi c-inend G.
voltage switching ripple in teephase PWM inverter, Emergies vol. 11,

Feb. 2018.

M. Vujacic, M. Ha mma mi |, M. Srndovic xand G.

perimental investigation of switching ripple in the-ldik voltage of single
phaseHbr i d ge P WMEnergiaseof.10,Aug010.

1 InternationalConference Proceedings

D. X. Llano, M. Vujacic, R. A. McMahoni Dc vol tage ripple
high performance electric powerr a iinfPg. IEEE ICIT, Melbourre, Aus-

tralia, Feb2019.

M. Vujacic, 0. Dor devi ¢ aatiah of@elink @altagenrigpie , nEvV
insevelpphase PWM vol t agiaPrecolbBENTELEGTO-e1r t er
rino, Italy, Oct. 2018.

M. Vujacic, M. Hammami , O. Dordevi c-lirgknd G.
voltage ripple in fivephase PWM voltage source inverte in d&roc. IET

PEMD, Liverpool, U.K., Apr. 2018.

M. Hammami,M. Vujacicand G. GHlink audent, andiv@tage ripple
harmonics in threphase thredevel flying capacitor inverter with sinusoidal
carrierb a s e d iR Wi, IBEE ICIT Lyon, Frane, Feb. 2018.

M. Vujacic, M. Ha mmami , M. Srndovi ¢ and G
voltage ripple inthrep hase PWM voltageaPeolEEEce i n
ISIE, Edinburgh, U.K., June 2017.

M. Vujacic, M. Srndovi c, M. Hammamofdcand G
voltage ripple m singlephase Hbridge PWM inverters,'in Proc. IEEE E-
CON Florence, ltaly, Oct. 2016.



Chapter 2

Dc-link analysis in singlephase Hbridge inverters

2.1 Introduction

Singlephase fulbridge (Hbridge) inverter is the most fundeantal configuration
used for DC/AC power conversion. It presents the basis for other various power topologies
such as threphaseand multiphase inverters with different output voltage levels.resse
tially, it is made up of two singlphase legs connected the common dc bus.agh leg
consists of two series connected switches, which are formed by the parallel combination of
an insulated gate bipolar transistor (IGBT) type controlled switch and inverse conducting
diode. Such a switch combination permits t@dtional current flowbut requires only one
polarity of voltage blocking activity. The general structureadfinglephase fulbridge (H
bridge) inverteis shown in Fig. 2.1.

The singlephase configuration is used in many {pawer applications, eitheyrid
connected or stattalone, with special emphasis on the interface of renewable energy
sources in distributed generation systems, such as photovoltaic (PV) power plants. A co
prehensive survey of different inverter topologies for connecting PV motiukesingle
phase grichas been given by [2.1]. Different standards that inverters for PV andmgrid a
plications must fulfill have been covered too, focusing on power quality, the maxilthum a
lowable amount of injected dc current into the grid, detectioslahding operation, an
system grounding. One interesting thing that has been pointed out is that the voltage ripple
amplitude should not be above 8.5% of the maximum power point (MPP) in order to reach
a utilization ratio of 98%.

The efficiency and poweguality of the inverr operation is directly related to its
modulation. For the singlphase Horidge inverters the simplest and the most widely used
control method is the high frequency sinusoidal pulse width modulation (SPWM). The two
switches in eacphase leg are modulatén a complementary pattern by a simple compar
son between a highlequency triangular carrier waveform and a{fvequency sinusoidal
reference waveform. When the reference waveform is greater than the carrier, the phase
leg shouldbe switched to the upp (positive) side of the dink. In contrary, if the carrier
waveform is greater than the reference waveform the phase leg should be switched to the
lower (negative) side of the dimk. The resultant phase leg output should haeeréfie-
ence waveform s a fundamental component. Detailed analysis of cevased PWM
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techniques for two level and multilevel, singleaseand thregohase VSis is given in [2.2]
where the techniques are compared analytically usingdtmensional Fourieapproach
for signalspectrum calculation.

When SPWM is applied to singfghase inverters, employed switching frequency is
usually much higher than fundamental frequency. As a result, the low order harmonics are
very small and the total harmonic distortigTHD) in the line coent is a function of
switching frequency, with higher frequency resulting in lower THD and smaller fdter r
guirements. On the other side, the switching losses in the inverter increase proportionally
to the switching frequency. Inrder to achieve goodompromise between the switching
losses and the ripple requirements, optimal variable switching frequency scherae is pr
posed on the basis of the pdakpeak and RMS values of current ripple [2.3]. The current
guality of PWM based invéer is evaluated in2[4] for a singlephase inverter with amra
bitrary number of voltage levels. The analysis is carried out in time domain using current
ripple normalized mean squared (NMS) criterion.

Referring to the input side of singiase invertes, a critical charaetistic seems to
be the doubldundamental frequency harmonic on thelid&. The conventional way to
deal with the input current ripple, and in general to maintain tHmkistability in single
phase inverters, is to connect a ddagbly large capacit (usually aluminum eleatlyt-
ic) to the delink. Consequently, it leads to a massive converter volume and low power
density. In order to avoid the use of a large capacitor, the minimum energy and capacitance
requirements for the dink capacitor are dissed in [2.5]. A comprehensive-kitk
voltage control strategy for minimizing the -tisk capacitance in singiphase grid
connected photovoltaic inverters has been proposed in [2.6]. The development is based on
the analysis of aalible fundamental fregncy voltage ripple across the-lidk. Another
control technique aiming to reduce the power oscillation and, consequently;lihie ci
pacitor size in a singlphase fulbridge converter has been proposed in [2.7]. However,
the echnique is suitableof applications with the same input and output converkgquén-
cy. Analysis of the ddink capacitor current harmonics in singlbase Hbridge nverters
is given in [2.8], where the individual harmonics of thdidk current with snusoidal and
overlaidharmonic output currents are calculated based on the double Fourier analysis. In-
vestigations of voltage and current ripples in the dc supply voltage ofrBysaconsider-
ing only doublefundamental frequency, are presented in [ZI89e dclink switching har-
monic current RMS equations have been derived in [2.10] under arbitranyrtmm ha-
monics in the AC current.

In this chapter, the diink voltage ripple is analyzed in terms of the péalpeak
value. Namely, the pedk-peakvoltage ripple envelap has been calculated considering
both voltage ripple components: low (doubledamental) frequency and high (switching)
frequency. The voltage ripple components are analytically calculated based on ¢he corr
sponding ddink current components and by cddsring the total dc-link impedance.
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Peakto-peak value is defined as the difference between the maximum and the minimum
value of the voltage ripple within the considered period. Based on voltage ripplesrequir
ments simple guidelineahen designing the déink capacitor have been gsented Nu-
melical simulations and experimental results are includeattidy the analytical analysis.
Finally, the results are briefly discussed in the last section of the chapter.

Original contribution ofthis chapter has ba@resented, and the content of the fo
lowing sections has been used, in one conference [2.11] and one journal paper [2.12].

2.2 Dclink current analysis

2.2.1 General assumptions

The general configuration of a singdaase fullbridge (Hbridge) inveréris shown
in Fig. 2.1. The inverter is connected to a constant dc voltage siaplyThe equivalent
series dc source impedance is modelleddgyrepresentingn input filter (such as a de-r
actor) or a resistive dc supply (suchaPV system)Thedc-link capacitor C is required to
maintain the ddink voltage and to handle current and voltage ripple. The power semico
ductor switches are assumed to be ideal in order to simplify theoretical analysis. The load
is represented by agssiveR.-L. load oy if the inverter is connected to the electrical grid,
by a sinusoidal grid voltage,. In case of the grid connectidth andL. would present a
liking inductance with its inner resistance.

- Lde i
— M —
:””R“”””E------I
FFF o
—
Vie== vV | C _— ) lo (O 1Ve

Fig. 2.1: A singlephase fulbridge (Hbridge) inverter.

Consicering the linear region of modulation and neglecting thdirdcvoltage osdi
lations compared to its average value ( &, th&/desired inverter output voltage, aged
over the switching period@sy, is sinusoidal and defined as:

Vy =mVsin(J, (2.2)



Marija Vujacic PhD Thesis

wh e r=evt, « ¥ THs the fuhdamental angular frequency dnd the fundamentale

riod. Modulation indexn is defined as the ratio of the fundamental output phase voltage
magnitude and the dc supply voltage. When the switching frequency is much higher than
the fundamental frequency, the reference signal is considered constant over one switching
period. The ouput voltage and its fundamental component (averaged value) are shown in
Fig. 2.2.

150 :

100 | H“"n-— ---||||”

A|||| ] i
w”‘ ‘“w
| (

||I|I|.., ,_.|I|I|| |

Output voltage (V)
(e

0.1 0.105 0.11 0.115 0.12
Time (s)

Fig. 2.2 Ideal PWM inverter output voltage (instantaneous component, blue trace) and its
averaged counterpart (fundamental component, red trace) in cége=df00 V andn= 1.

Considering sinusoidal output voltage (2.1) and neglecting the switching ripple, the
inverter output current is expressed as a sinusoid as well:

ig=lgsin(J -), (2.2)

wherelg is the output current amplitude, ands the power phase angle.

2.2.2 Delink current components

The instantaneous dink currenti(t), shown in Fig. 2.3, is composed of threeneo
ponents: dc (average) componént |4, low-frequency @oublefundamental fequency,
i.e. 100H3 componen i (1) and swiching frequency componeed(t). Therefore, the dc
link current is expressed as:

i (t)=1g.+i () +Di(t). (2.3)

The delink current averaged over the switching peridg represents the low
frequency input current harmonics and can be expressed as:

P=lgeti . (2.4)

10
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Under the assumption of ideal circuit conditions such as constdirikdeoltage
equal toV, and lossless switchehe input/output power balance can be written as:

Vi=vyig. (2.5)
Introducing (2.1) and (2.2) in (2.8he averaged dink current is calculated as:

i =mlysin JBin( J -) j%'&gcos cpg-2 ) . (2.6)

The average anthe lowfrequency (doubldundamental frequency) dink current
components, can be simply expressedraadily obtained by (2) and (26) as:

l4c :mTlocos Js (2.7)
~ 1
i = —2mlocos(2 J ). (2.8)

Further, the amplitude of thew-frequency ddink current component can bea-e
pressed as:

_ 1
ka :Emlo . (29)

According to the expressions for the-ldtk current and its components given by
(2.3), 2.4) and (2.6), the switching frequency current component can be calculated as:

D 3 i- Igsin(  J)@ i sin-). (2.10)

=N A )
7] T

Input currents (A)

0.1 0.105 0.11 0.115 0.12
Time (s)

Fig. 2.3: Dc-link inverter current (red trace), its averaged counterpart (green trace),
and average component (dashed line) in case=ofl,lo=5 A andj = 60°.

11



Marija Vujacic PhD Thesis

2.3. Dclink voltage ripple analysis

Similarly to the inverter déink current, the instantaneous-kiltk voltage can bexe
pressed by three relevant components: dc (average) compgrientfrequency (dable-
fundamental) compone Vtand switching frequency componeat

V)=V () . (2.11)

Each voltage component can be calculated on the basis of the corresponding current
component and by considering theluhk equivalentimpedance calculated at the relevant
frequency component, as it will be shown in thkowing.

2.3.1 Lowfrequency voltage component

The average componevtis calculated by subtracting the voltage drop on the series
dc source resistanéefrom the dc supply voltagé,. as:

V=V, -Rly. (2.12)

The lowfrequency ddink voltage componentr can be calculated on the basis of
the corresponding input current component, given by (2.8), and tlekdequivalent in-
pedanceZx, as follows:

v:zzf'mTIO cos (23 - | (2.13)

Subscript 2 stands to highlight thahe frequency at which the impedance is @alc
lated is doubldundamental (i.e. 100 Hz). Beirfy; the parallel between the dc sourpe i
pedanceyc and the reactance of the-liick capacitor, following equations arétained for
the magnitude and the phasggle of the ddink equivalent impedance:

2 2
2, =L [ Frew . (2.14)
2wC R2+§£V|L 1 o
g awc 2
pY o 2 ~
i, arctgg%gel 4 2mC R—LC 8. (2.15)
e -

Finally, the amplitude or the peak value of thedoeguency voltage ripple corop
nent is given by:

Vi = Zp¢ 1 (2.16)

pk

12
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2.3.2 Switchng frequency voltage component

Instantaneous dmk current (red trace) and voltage ripple (blue trace) are depicted
in Fig. 2.4 over the switching period. Considering si#fausmiodad .l
tervalton can be calculated as:

ton =mMsin JTg,. (2.17)

Being the switching frequency much higher than the defuridamental frequency,
the variation of the lovfrequency ddink voltage component within the switching period
Tswcan be neglected. The pefkpeak amplitude of the switching fregpcy delink volt-
age c o mpgcanda defined as the difference between its maximum and minimum
value within the switching period:

Dv,, =max{ \m}TSW rin{ v(ll;}TSW. (2.18)
i(t)4 /io= losin(=-j )
i I S A
ton, to
Du(t A
®  Ta
&/pp ' ;
VVO t

Fig. 2.4: Dc-link current andrsoltage rippé in one switching periotsw

In order to obtain the pedk-peak voltage switching rippk y,, the delink switch-
ing frequency current componeaatihas to be determined firgtor determining theswitch-
ing ripple componest an equivalent circuit of thelc-link inverter side isntroducedin
Fig. 2.5, with thereactanceseferred to the switching frequenfysw= 2.

One can see that the equivalent dc source impedZnfss.), and the reactance of
the delink capacitorC, 1/(ws\C), are connectechiparallel. Assuming that the capaciter r
actance is much smaller than the equivalent dc source impe@atmdated at the swibe
ing frequency), the whol e swit ¢)hiicuatgsorf-r e qu e
ly through the ddink capacitor. Inthis case, only the capacitaneaueis determining the
amplitude of thevoltage switching rippleNote that this assumption is generallynsiol-
ered for the analysis of the dc voltage switching ripple component in this thesiscon-
sequencgthe delink equivalent impedance becomes:

13
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_ 1 [ Rrewli g1 (2.19)
M/sw o
TSWC 5> a 1 26 YSWC
R +aarg L (o]
c YSWC -
1 \
Zdc (YSW) [] ¥swC :: Y/ (’x‘sv\b <) (YSW)
dc source dc-link inverter
impedance capacitor dc side

Fig. 2.5: Equivalent circuit of thenverterdc-busfor switchingfrequencycomponents

I ntroducitrn gnetdoh doncdiomlated m 1(2.17), thcorrespoding peak
to-peak switching voltage ripple over the intervalt() is given by:

Dy, =< . (2.20)
0

The peakto-peak delink voltage switching ripple amplitude can be calculated uti-

lizing the switching frequency current component 20 ) ont ti hmee oAt (R1I1B,r v a l
and (2.20). Finally, it is expressed as:

DV, 3% m[sin 3in( J Y1j msin J. (2.21)
The normalization o#e/,, can be introduced as follows:
DVpp — OCSW rpp(m, ,\] )’ (222)

leading to the simplified expression of the normalized gegleak voltage switchingpt
ple amplitudepp(M,=,j ):

rop(MJ, j) Fmsin sin( J)@ jmsin ). (2.23)

In order to predict the behavior of theddtage switching ripple, the distribution of
the normalized peato-peak voltage switching ripple amplitudg, is shown in Fig. &.

14
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Fig. 2.6: Normalized peako-peak delink voltage ripple amplitudeyy(~) over thehalf-
fundamental period [0, 180°] for different modulation indiaes; 0.25, 0.5, 0.75 and 1,
and power phase angle= 0° @), 30° @), 60° ) and 90° @).

Dc voltageswitchingripple component igalculated by (2.23and showrover the
half-fundamental period i.ew = [0, 180°] In order to cover full range of operational con-
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ditions, four values of modulation index have been selauted.25, 0.5, 0.75 and 1, and
four power phase angles have been considgred), 30°, 60°, and 90°.

It can ke seen irFig. 26 that theamplitudeof the normalized peato-peak voltage
switching ripplerpp(«) ranges between 0 (minimum) and 0.25 (maximum). In each of four
considered cases of power phase angle; i minimum andrpp(«) maximum appear at
different angles for different values of modulation indew over the halfundamental p-
riod. For two phaserglesj = 0° andj =90°, voltage ripple distributions are symmetrical
with regard to the middle of the considered {iaffdamental period. For lmtr values of
phase angle, no symmetry in the voltage ripple distributions is noticed. The maximum of
the peakto-peak voltage switching ripple amplitude changes with different operational
conditions what will be examined in the following analysis.

In thecas of a unity output power factgr & 0°), which corresponds to most of the
grid-connected applications, the maximum of the normalized-fzepkak voltage switt
ing ripple amplitude is obtained from (2.23) as:

_ _Tem(l— m) for 0 ¢m %
rmex(m,j =0 ) 15 4 ) 3. (2.24)
I ——= for=¢m ¢:
i27Tm

Fig. 27 showsthe maximum of the normalized petikpeak voltage ripple amipl
tude r,f,}axover the whole modulation index range, for 0°, 30°, 60°, and 90°. In the case

of j = 0° rpx is analytically determined by (2.24) (elurace), while forthe other three

cases it is obtained numerically.

— =0
25 |

02 —~ j =30°

0.15 ! l —1 =%

|

| |

|

0.05 ! |

|

0.00 |

/

0 02 0.4 06 2

Fig. 2.7: Maximum of normalized peato-peak voltage switching ripple amplitude for
different power phase anglgs= 0°, 30°, 60° and 90°.

It can be noiced that for the modulation index range @) the maximum of vl
age switching ripple amplitude increases with increasing modulation index. The behavior
is the same for all considered power phase angles. However, for the higher values of

16
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modulation index, the maximum changes variously for different phase angles. Namely, in
case of lower phase angles the maximum decreases with increasing the modulation index
value and increases for the higher values of phase angle. However, the global meximum
aways in 0.25 except fgr = 90° when it is in 0.22.

Since the instantaneous-dci nk v ol t age v@)usiatsyenmetric gia-r i p p |
gular waveform with the amplitude corresponding to the half of the-fwepp&ak ripple
envel gfRethe(raetmans quare (RMS) val ue Vadcantehe tr
easily determined by dividing its peak val
RMS over a (half) fundamental period can be calculated as:

1° N - W (2.25)
DV, =[—R®d J-= |+ v. D3d - 2.25
SErL 3\ n, @ 0

Introducing @.21) into (2.25), yields:

IoTew M [@n? 16 10 a3 16
DV — 0 sw - = 2 F . 2—— 1. 2.26
meC 4J§\/’§ 2 w7 @) & 3 (2.26)

After normalization of (2.26) as in (2.22), one has for the normalizdithkiwoltage
switching ripple RMS:

. m Janm? 16 10 a3 16
rrms(m!J ) 4\/5\/(;%_2 5 m ‘Z'ngs( ) J{(:)ez]' 3pm : ( )

Fig. 28 shows the normalized dimk voltage switchingipple RMS given by (2.27)
as a function of the modulation indexfor different power phase angleslit can be noted
that there is one value of the modulation index wheybecomes completelydependent
on the power phase angleand it depends onlyrom. By exploiting (2.27), this specific
value ofm corresponds to the following condition:

m 16 1 o (2.28)
2 5 2

Solving (2.28) results to:

= 16- V/256- 25p2 _ o (2.29)

Sp

Introducing (2.29) into (2.27), the corresponding normalizetinficvoltage switch-
ing ripple RMS isxrms (M= 0.825)@0.04, according to the diagram in Fig3.2.

17
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Fig. 28: RMS of normalized voltage switching ripple as a function of modulatidex
forj =0°, 30° 60° and 90°.

2.4 Dclink capacitor design

In this section, simple and effective guideliveisenselectingthe delink capacitor
in singlephase Hbridge inverters are proposed. The capacitance can be calculated taking
into account requirements or restrictiomstbe switching fregancyor the doublefunda-
mental frequency voltage ripple component. A brief discussion on the results and some
practical considerations of presented calculations follow the analysis.

As discussed earlier, concerning thelidk voltage ripple at the swiking frequen-
cy in the order of k HazagQ)istcenanly cmach laveer thanh thee r e
dc source impedanc&sy (calculated at the switching frequency). Hence, the amplitude of
the voltage switching ripple isstermined only by the size tifiedc-link capacitor.

Following the analytical developments presented in the previous sections, the sele
tion of the delink capacitor can be performed on the basis of one of the following co
straints: based on the maximum amplitude of the pegleak wltage switching ripple; or
based on the RMS of the voltagew i t ¢ h i rVgs Qf coprge | inebotlaecases the worst
scenario should be considered for final choice of the ctmpaés the worst scenario, the
global maximum in the Figs. 2and 28 is logically taken.

According to Fig. Z, the maximum amplitudef the normalized peato-peak rp-
ple is 0.25 and therefore the global maximum peaieak voltage switching ripple can be
expressed as:

1 |
rmax o = - Ppmax (U 2.30
pp 4 pp f.C ( )

sSwW

On the basis of (2.30) and by considering the maximum output clgrérd delink

capacitance can be readily calculated as a function of the requiredogaeddk voltage
switching ripple amplitudedvy,, :

18
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czi_lo (2.31)
4 fstV*pp

If, however, the focus is on the voltage switching ripple RMS rather than on the
peakto-peak voltage switching ripple amplitude, a reasonaybecximation ofaeVims for
the whole range of the modulation index and power phase angle corresponds to ithe cond
tion given by (2.29), i.e. the operating point ermpbed in Fig. B. Hence, tk dclink
voltage switching ripple RMS can be simplified as:

1 lo

rrmsoo'04'_'_ - \Dms 25 f

-~ (2.32)

SWC .

Therefore, given as conditions the RMS of the switching ripple and the maximum
output curentlo (2.32), the ddink capacitor can be sized basing on:

ER
25 fSWD/ rms

2

. (2.33)

Unlike the switching ripple voltage component, if the {fraquency ddink voltage
ripple is concerned, i.e., the doulflendamental frequency, its amplitude generaky d
pends not only on the capacitanceb@t also on the parametersthE dc source impuk
anceZg.. According to (2.9), (2.14) and (2.16), theloidk low-frequency voltage ripple
amplitude is caldated as:

- _mly 1 | Re+(2w)?
Vi =
2 2wC a 1
RE+x2 vk ——
¢ 2wC
The expression given by (2.34) could be adopted to design tlirkdapacitance.
However, it isa rather cumbersome calculation. A reasonable simplification can lee intr

duced if one of the following assumptions for inductively or resistively dc source can be
made:

(2.34)

ool

TéZwL > >1— inductively dominant dc link;

, 12WC (2.35)
TR>>= 2 w resistively dominant dc dink

T 2wC

Assuming that one of two conditions in (8)3s satisfied, i.e., a photovoltaic dc
supply having a high equivalent series resista@(@ound the MPP iBev = Vinpdlmpp), OF
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guency ddink voltage ripple cate calculated by simplifying (2.34) as:

pk

Finally, given the amplitude of the doudlendamental dc voltage ripple component
V and the maximum output curreigtasthe conditiors, the delink capacitor carbe sized

mly, 1

2 2awC

by reversing (2.36):

2

mlg 1
2 2wV

PhD Thesis

lh they doublgfundamemtal geh

(2.36)

(2.37)

In order toillustratethe proposed dtink capacitor desigiselection process sim-
ple flowchart isntroducedn Fig. 2.9.

Fig. 2.7.

De-link voltage ripple analysis ]

Switching ripple

component analysis
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Fig. 2.8.

Reguirements of the application

Double-fundamental
ripple component analysis
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Fig. 2.9 A flow-chart of the proposed capacitor design/selegiimeess
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The previous analysis shows that thelidk capacitor sizing based on switching or
low-frequency voltage ripple component results in different values of capacitance: Ther
fore, a brief discussion on the reasons for taking into account resisictierred toone or
the other voltage ripple component follows.

Namely, if comparable voltage ripple amplitude restrictions are set, the design of the
dc-link capacitorC based on the doubfendamental frequency voltage ripplengmonent
(2.37) resultsn higher value comparing to the value obtained by considering only the
switching frequency voltage ripple component ((2.31) or (2.33)). On the other hand, co
sidering the same dmk capacitor as in the real circuit, the ratio between the two ripple
ampitudes is practically given by the inverse ratio between the corresponding frequencies,
which could be in the range 2200, making the voltage switching rippleviously much
smaller than the voltage doukiendamental ripple.

However, the voltage switchgnripple amplitude could have additional specite r
strictions to limit switching noise, electromagnetic interferences and voltage stress on the
dc bus components. In this case, the capacitor could be oversized considering (2.31) or
(2.33) instead of (2.37Moreover, there are specific cases in which the voltage switching
ripple amplitude exceeds the doufilmdamental ripple amplitude. In particular, this aitu
tion could occur in the case of small dc source impedance at the donthenental fe-
guency, vihen condition (2.35) would not be satisfied. This is the case of an almost ideal dc
source when the doubfandamental frequency ripple practically disappears, and thie vol
age switching ripple can be evaluated by (2.31) or (2.33).

Finally, if the amplitude of the two voltage ripple components are comparable and
the restrictionis set on the maximum amplitude of the totatlid& voltage ripple, both
ripple components should be taken into consideration for the fidatldcapacitor sizing.

In this case, m of the maximum of the two voltage ripple amplitudes could be taken into
account as theorst casescenario.

2.5 Simulation and experimental results

In this section, selected simulation and experimental results for the-phmage H
bridge inverter argiven. The confirmation of the analytical developments, as well as the
comparison of simulations and experiments have been shown and commented.

The circuit simulations have been carried out by MATLAB/Simulink. The inverter
was controlled by the sinusoid@WM with the switching frequendy, set to 2.5 kHz. On-
ly linear PWM region is analyzed and the maximum modulation index is 1.afameters
in simulations are set in the mind to match the corresponding values ugperiments.

The input terminals oinverter are connected to external dc sowcé dc supply
voltage is set t&/qc =96V. The dc source impedance is modelled using the followang p

rameters: dc source resistai®e5 . 59 and dc 4dxemHcThde ddimkadat ct anc
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pacitor is connected in parallel to the dc source having a capaciaricdmF. Two di

ferent kinds of load are osidered in order to obtain two different power phase angkes

0° andj = 60°. In Fig.2.10the electrical circuit scheme of the load is presented. The co
responding load parameters are determined by the LCR meter Agilent 4263B. In case of
power phase anglg = 60°, passiveR-L load is used having the following parameters:
R=13. 9 ¢.=78.5nH. In order to simulate grcbnnected application and obtain the

power phase angle = 0°, in series tdR-L load with the following parameteR=4 . 7 q
andL =43.3 mH, resistoR=29. 7 q and aCgdBalBl elF aapaaaidtd
these paraeters, the output current ripple is small and can be neglected, and the analysis
presented in previous sections can be applied.

TR [

v JJMG “ = mEe

Fig. 2.10: Load configuration for the experimental setup

»

In Figs. 211 and 2.2, the instataneous ddink voltage swi ¢ hi n g v(th (bluep | e &
trace) is compared with the half pemkp e ak v ol t age switococlW2ng ri
calculated by (2.21) (red traces), over one fundamental peried20ms). Two different
power phase anglg¢s= 0° (Fig. 211) andj = 60° (Fg. 2.12) are considered, and the four
subcases (ajd) correspond to different modulation indexas0.25, 0.5, 0.75, and 1. The
swi t chi nv@) have hegninemeraally obtained by properly kgiss filtering the
instantarous delink voltage, accating to (2.11).

It is possible to observe a good agreement between the analytically calculated dc
link voltage switching ripple envelopes and the simulated dc voltage spplen in Figs.

2.11 and 2.12n terms of the absolute amplitude as well as thénttcvoltage ripple po-

file. Moreover,behavia of the maximum peato-peak voltage switching ripple amplitude
shown in Fig. 2.7 has been confirmed for two power phase angte®® andj = 60° by

the results given in Figs. 2.11 and 2.12, regpely. It can be noted that in casejof 60°
increasing the modulation index also the maximum of the switching ripple amplitude i
creases, more noticeable for lower values of modulation index and less noticeable for the
higher modulation index values. On contrarycase of = 0° the global maximum of the
voltage switching ripple amplitude is achieved around m = 0.5 and it decreases when mod-
ulation index further increases.
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Fig. 211: Dc-link voltage switching ripple: simulation rdssi(blue trace) and calculated
peakto-peak envelope (red trace) over a fundamental perigd f060°,
(@ m=0.25, p) m=0.5, €) m=0.75, andq) m= 1.
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Fig. 2.12: Dci k olta g switching r ppl simulation resultsiibltrace) and calculated
peakto-peak envelope (red trace) over a fundamental perigd $08°,

(@ m= 0.25, 6) m=0.5, €) m=0.75, andd) m= 1.
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Fig. 2.13 shows the total instantaneous-lohk voltage ripple vV (t) + Dv(t) (double

fundanental and switching figuiency ripple, blue trace) and its envelopes (red tracds), ca
culated on the basis of (2.13) and (2.21) as

o 1 mly . . . . .
V°E Dyp =2—°gzzfcos(2 J - L)+3Xosimp sin( J)@ ndsinj), (2.38)

whereZy is the parallel between the equivalent dc source impedahgeahd the reex
tanceof the delink capacitor calculated at doukiendamental frequency (i.e. 100Hz) and
Xiswis the delink capacitive reactance calculated at the switching frequency.

2 1

2 2

2 2

o o

S iy

— e

&) 0]

) 50

] S

S - S -

> >

Q Q

© | | ‘ 3 ‘ ‘ |
0.1 0.105 0.11 0.115 0.12 0.1 0.105 0.11 0.115 0.12

Time (s) Time (s)
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Fig. 2.13: Total dc voltage ripple: simulation results (blue trace) anciutatiedpeakto-peak
envelopes (red traces) over a fundamental periothfel0.5, @) j =0° (b)j = 60°

Fig. 2.13 confirms the good agreement between the theoretickhkiwoltage ripple
developments and numerically simulated totalink voltage ipple. It can be concluded
that the effectiveness of the proposed analytical developments is proved by means of sim
lation results shown in Figs.12-2.13.

In order to prove both, theoretical developments and numerical results, experimental
verifications have been carried out. Experimental setup is illustrated in Fig. &1
consists of a custormade thregohase inverter with Mitsubishi power IGBT module IPM
PS22A76 (1200 V, 25 A), where only two legs are connected on the PCB board and the
third one ispr oper |l 'y grounded. The inverter was
microcontroller board (84 MHz Atmel, SAM3X83 Cortd4k3 CPU). Communication
between microcontroller board and inverter is established through an optical interface
board. Experimental resulere shown by Yokogawa DLM 2024 oscilloscope. For the
voltage and current measurements, the PICO TAO057 differential voltage probe (25 MHz,
+1400 V, +2%) and LEM PR30 current probe (DC to 20 kHz, +20 A, £1%) were used.
Additionally, an aircore inductor R-L) is adopted representing a dc source impedance
connected in series with tegternalTDK-L a mbda Gen e s yDCBouzel 3. 3k W
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Fig. 2.14: Experimental setup

The first set of measured variables is shown in Eigp. The load voltage and current
and the total ddink voltage ripple are presentéat the casen= 0.75 and = 0°, over five
fundamental periods 5= 100 ms). The load voltage and current are presented in the top
part of the oscilloscope screenshbe delink voltage is shown in the middle part and one
zoomed part of the dink voltage emphasizing the presence of 100 Hz and switchirg ri
ple components is presented in the bottom part. The zoomed part of the dc bus voltage is

marked with the rectahe in the middle part of the screenshot, showing fer@gs of the
100 Hz components

10ms/dliv

Zoo1 ¢ 62.5 K Sms/div
CHZ 1.5 ¥/div

HE5:Bolts

21.20ms

Fig. 2.15: Output load voltage and current (upper part}lidk voltage (middle part),
and zoomed dtink ripple components (lower part), for m=0.75 greD°.
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In Figs. 2.6 and 2.7, experimental verifications were carried out considering four
different valies of the modulation indem = 0.25, 0.5, 0.75, and 1, for two power phase
respectivel y.

s

anglesi= 0A and G =

two orange traces present the peabeak dc voltage switching ripple envelopessaid

60A,
one fundamental ped: top traces present load voltage (green trace) and corresponding
load current (red trace), lower blue trace presents thieklgoltage switchng ripple. The

PhD Thesis

n

bot

ripple (N a8,/2), obtained by implementing (2.21) in the microcontroller board and sending
to an ouput DAC channel, with a proper scale fact@imilarly to simulations, the
switching ripple component of the tlok voltage has been tdined by filtering the

instantaneous deoltage using thei a ¢

was attenuated without affecting any relevant frequency component.
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Fig. 2.16: Experimental results fgr = 0°: upper half- output voltage and current, lowerlh&a

analytically calculated envelope and measured dc voltage switchingfopple

(8 m=0.25, p) m=0.5, €) m=0.75, andq) m= 1.
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Fig. 2.17: Experimental results fgr = 60°; upper half output voltage and current, lower half
I analytically calculated envelope and measured dc voltage switchingfiopple
(8 m=0.25, ) m=0.5, €) m=0.75, andq) m= 1.

It can be noticedrom Figs. 2.6 and 2.7 that the experimental voltage ripple
matches the theoretical envelopes in a veryfaatmsry way for all the considered cases,
both in the absolute amplitude and thelidk voltage ripple profile, confirming the
effectiveness of the proposed analytical developments given by (S2i3ll difference
between the measured ripple and the simulated and calculated envelopes is due to the
parasitic resistance of electrolytic-lilsk capacitor.

Table 2.1 summarizes the calculated, simulated and experimental results for RMS
values of ddink voltage switching ripple ). All considered cases of modulation
index and the power phase angées shownAs it can be seen, the agreement is generally
satisfying within the expected resolution and considering the-idealities of the
experimental implmentation.
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Table 2.1.Comparison of obtained dimk voltage switching ripple RMS

Load anglg =0° Load anglg = 60°

Calc. Sim. Exp. Calc. Sim. Exp.
0.25 9.7 9.6 9.1 7.8 7.8 7.7
0.50 275 26.8 27.1 23.6 23.6 21.6
0.75 374 35.6 334 375 375 351
1.00 29.9 28.7 28.1 44.23 44.3 40.3

2.6 Discussion

In this chapter, déink current and voltage ripple analysis of singlgase Horidge
inverter with dc source impedance is presented. The inverderkdcurrent, as well as the
dclink voltage, conists of three relevant components and therefore, all of them have been
investigated. First, the lodvequency (doubléundamental) current and voltageppie
components are derived. The next, peakeak dc voltage switching ripple amplitude is
obtained a a function ofoperational conditiongmodulation index, the amplitude of the
output current angower phasanglg. Further the maximum and the RMS of the-litek
voltage switching pple are determined. In order to show the behavior of the dc voltage
ripple components different diagrams are introduéedmple and effectivanethodology
for designing the dtink capacitor ha been proposed on the basis of thdidk voltage
ripple requirements.

Simulation and experimental results are given consideiiffeyent values of moa-
lation index and power phase angle. Given results are aimed to show the correctness of an-
alytical calculations comparing the amplitude &nelprofile of the devoltage ripplecom-
ponentswith calculated ddink voltage envelopes.
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Chapter 3

Dc-link current and voltage switching ripple analysis
in three-phase inverters

3.1Introduction

Threephase twdevel voltage source inverters are the most frequently utilized pow-
er electronic converters. They are widely used in medamad highpower applietions,
such as variable speed drives, uninterruptable powgtisafUPS), flexible AC transmis-
sion systems (FACTSs), staiadbne and grisconnected power generation systems, etc. The
standard threphase inverter consists of six power switches the switching of which de-
pends on the modulation technique.

In the last écade, various modulation techniques have beepgzed in order to
i mprove inverterds performances. Primarily
tion (THD) of output currents, but also the dc bus utilization, electromagnetic interference
(EMI), switching losses reduction etc. In essence there are two main approaches to VSI
PWM controli carrierbased (CB PWM) and space vector PWM (SVM) [3.1]. CB PWM
is more poplar for implementation due to its simplicity. It has weadfined harmonic
spectum, fixed switching frequency and less computational time. On the other side, SVM
is nowadays mare popular for investigation and offers a maximum transfer ratio with lower
THD. It is proven that CB PWM can work identically as SVM if a proper -sequence
signal is injected. Regarding this, bothteifjues may lead to the same results [3.2].

Recently, output characteristics (voltage andant) of threephase inverters have
been extensively studied. Current ripple is studied in terms of RMS minimizatioella
as its maximum (peato-peak) valueThe current ripplaanalysisin SVM-controlled n-
duction motor drive has been presented in [3.3]. The optimal SVM technique is proposed,
characterized by the minimum RMS value of the curremmieiover the fundaert period.
The current ripple RMS has been studied over a subcycle in [3.4] and three hybrid PWM
techniques are proposed. The current ripple reduction is achieved by involving multiple
switching sequences. The current ripple peak and RMS values araea@rid compared
for SVM and discontinues PWM (DPWM) in [3.5]. It has been shown that the cunpent ri
ple could be predicted in the controller before pulses are generated and so, the switching
period could be adaptive to certain ripple requirements. leréodachieve better effien-
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cy and reduce electromagnetic interference (EMI) of thiteese converters while tesdy-

ing the ripple current requirements, variable switching control method is proposed in [3.6].
The complete analysis of the pe@akpeak curen ripple amplitude distribution over a fun-
damental period for thrgehase VSIs has been given in [3.7]. The peareak curent

ripple amplitude is calculated as a function of modulation index, emphasizing its maximum
and minimum values.

For threepha® VSIs, input current and voltage characteristics are usually&tsti
by Fourier series analysis or by raueansquare (RMS) calculations. The RMS values of
the input current and voltage ripple have been calculated in [3.8]. It has been shasvn no d
pencerecy of the inverter input current ripple on the selected PWM scheme, however the
optimum reference signal in respect to the inverter input voltage ripple varies with the load
power factor angle. In [3.9], the effect of space vector modulation (SVM) aoshidnues
PWM techniques (DPWM) on the RMS value of thdidk capacitor current is studied. It
is shown that the use of the SVM results in lowetigkc current stress. A simple andlyt
cal expression for the current stress on théirdccapacitor andhe experimental verifia-
tion have been presented in [3.10]. The aim was to reduce the effort for designiag the ¢
pacitor meeting at the same time the sufficient accuracy for practical inverter system.

Applying a double Fourier series, the-ldtk current tamonics are calculated in
[3.11], for any kind of conventional modulation strategy with a fixed pulsed frequency.
Based on the Fourier analysis, the impact of the harmonic ripple current of the filter circuit
on the ddink capacitor has been investigated3.12]. It has been shown that the impact
is considerable only in case of small output currents. However, in case of larger loads, it is
enough toconsider sinusoidal output currents for thelidk capacitor dimensioning. A
general method to calculatie-link current taking into account ac current ripple has been
proposed in [3.13]. This method requires access to various control variab@srents
and duty cycles) in real time (sampling tihaad thismakes it not feasible for some aippl
cations, sch as in automotive drives.

In order to avoid complex double Fourier integral approach, an approximation for
spectral components is provided in [3.14]. The carrier and sideband dc capacitor current
harmonics are modeled with an equivalent harmonic atéh&er, so the dominant ha
monics and their effects are better understood. A generagadach for determining the
harmonic spectrum of the dink capacitor currents in different twand thredevel VSI
topologies has been developed in [3.15]. IA§Band [3.17] different modulation methods
aiming at reduction of the input gent harmonics flowing through the -tink capacitor
have been pmmosed. The analysis and calculation of thdimlc current and voltage ripple
for threephase inverter undambalanced load conditions has been presented in [3.18].
The delink average and harmonic RMS currents are calculated, and the dc vahalge ri
is compared between the balanced and the unbalanced loads.
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As it has been shown, the input current and veltdgple are studied mostly in
terms of the RMS minimization, rather than the pemageak value. Two conferencap
pers [3.19] and [3.20] and one journal paper [3.21] that showtpegadak delink voltage
switching ripple ditribution over a fundamentakpod are results of this thesis. The eval-
uation of the ddink voltage switching ripple has been done in case of sinusoidal PWM
and space vector malkhtion, being the two mostommonly applied inverter control tech-
niques. Hence, a short review of both miations is given in section 3.2. The detailed ana-

l ytical anal y s dlink cuoent ahdhvatage nipplesis shosvin id the ndxt sec-
tions 3.3 and 3.4, respectively. The maximum pegeak value of voltage switching rip-

ple amplitude is shownsa function of modulation index for different power phasgles.

The delink voltageswitchingripple requirements are used the dc-link capacitor design

in section 3.5. Simulations and experimental results are further included in section 3.6. Fi-
nally, a brief discussion of obtained results is given in section 3.7.

3.2Modulation techniques

The most widely utilized modulation strategy fephase voltage source inverters is
carrierbased PWM, where the reference waveform of eachvlegs compared with a
high-frequency triangular carrier waveform and, as a result, switching signals aratgene
ed per each inverter leg. Fig. 3.1 shows generalized concept of the-baséer modal-
tion including the zer@equence signal injection.

+ VA o+

TR R
+ -om
+ V*z +

Vv, ——»O+——3»0+——»
) "
+ V*3 +

Vs —»ﬁﬁ—»
¥ om
+ Vi 4

vAl) WA

Zerosequence Triangular carrier
signal waveforms

Fig. 3.1: Principle of carriethased PWM.
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Based on Fig. 3.1, three reference signvg{g (n = 3) can be expressed as:

D

Vi (t) = mVcos(J) +v,(t)
V5(t) = mVcos(J - 2—:5) +V,(t) (3.2)

——) =) ——) —>

v;(t) = mVcos(J - 4—??) +V,(t)

wherevy(t) is the zeresequence signal summed with the #smusoidal fundamental gsi

nal s di spl aced i & 1t i wieaszhb fund@neritaBangllardreqaeeacy,.
andmis the inverter madation index defined as the ratio of the fundamental output phase
voltage magnitude and the dc supply voltadence, fundamental signals are in the range
(-0.5- 0.5) and for the sake of comparison, the same range is assumed for triarmgular ca
er waveforms. In general, zesequence signal can be considered as a degree of freedom
and can be used to improve thdput current ripple and to increase theliss utilization.
Various modulation techniques have been proposed in last years, considering different s
lections of the zergsequence. In this thesis, sinusoidal PWM (SPWM) and so calfed ce
tered PWM (CPWM),obtee d by centering the -maxeéecenge
tion, equivalent to space vector modulation (SVM), have been used. Therefore, @short r
view of two modulation strategies will be given in what follows.

Carrier -based PWM

According to Fig. 3.1rd in order to obtain SPWM, the zesequence signal is set

to:
v, (1) =0.

Three reference signals become equal to the sinusoidal fundamental siggials, di
placed in time by 2"/ 3 degrees as

€

,}VI (t) =mVcos( J

i Vy(t) = mVcosgJ » (3.2)

1 ¢ 3

1

1

Vi(t) = mVcosgpd —

’

Fig. 3.2 shows reference signals of (3.2), compared with the triangle carrier wav
forms, for one fundamental period and for modulation index set=8s5. It is noticeable
that fundamental@r i od can be divided into six sect
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Sectors
1 2 3 4 5 6

Iy

0 60° 120° 180° 240° 300° 360°

Fig. 3.2 Reference signals for thrgnase VSls over one fundamental period (SPWM).

When the frequency of the carrier (switching frequency) is much higher than the
frequency of refererecsignals, the reference signals can be assumed constant during one
carrier period (regular sampled PWM). Considering the first sector, as an example, Fig. 3.3
shows three reference signals over one switching pefigdtogether with a carrier signal,
and generated PWM switching patterns (switching functions).

05 N ey

£ 0.5 e

to 1 b tz ts3 o t1 to
P P PP — P —P—>

TSW

& >
< >

Fig. 3.3 Principle of generation of switching pattern for thpease VSis.

The application timek, k=0,1,..3 can be calculated based on Fig. 3.3 and by means
of simpe trigonometry. It is expressed as:
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to _T%Za% mcogJ )8 (3.3)

\/25 (\/_ 3codJ)- sin(J )) (3.4)
t, = mTy,/3sin(d), (3.5)
ts :T%géwmco% ?pgg (3.6)

According to Fig. 3.1, centered PWM (CPWM) can be achieved by adding to the
three sinusoidaleference signals the zesequence signal expressed as:

V. (t)——05( +an) (3.7)

Signals inside the brackets are determined based on the maximum and minimum
values of the input set of fundamental signals. Such asesjoence signal is known as
Amimaxo i njection. Comparing to the SPWM,
bus utilization, in the linear modulation region, is achieved if CPWM is applied to three
phase system. Thus, in case of thpbase inverters, the modulation limit becomes
Mna=0.577.

The eff ecmaxodf ianjfientcitni on i s shown ign Fi g
nals are shown over one fundamental period.

Sectors
1 2 3 4 5 6
0.5 [y S
\ |
LA
-0.5
0 60° 120° 180° 240° 300° 360°

Fig. 3.4 Reference signals for thrgdhase VSIs over one fundamental period (CPWM).
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It can be noted that after the infen (Fig. 3.4) the ordering of the reference signals
remains the same as before injection (Fig. 3.2). Thus, it can be concluded that the switc
ing sequences (and so, the application times) of the active space vectors will be the same as
in case of SPWM. Re difference is in the application times of two zero space vectors.
Based on (3.2), (3.7) and Sector 1 (Fig. 3.4), the application times of two zero space ve
tors are calculated as:

tp=twgl. mcos(J)+E%nCOS(J)+ mcosd - —p% (3.8)
2 a2 28 ¢ 3+

=128 moosk 3% 91 Ghcog ) moes BL P, (3.9)
2 & ET3 228 F3" ¢

Applying basic trigonometric equations, the following simplification is obtained:

to =ty = TWé \/_msmaéa—ﬂg'é (3.10)

Space vector modulation

Although the CBPWM is significantly simpler for implementation, space vector
modulation (SVM) offers better performances andowadays more popular for investig
tion. The SVM for thregohase inverters is based on the fact that there3afe gssible
switching configurations (or nSWI t cht+ ng st
age space vectors correspondlng to théckimg configurationsVectors Vl to V6 are
called active vectors, amd), V7 are called zero vectors. In one switching period, the-refe

ence space vectaf can be given by [3.2]

C C C
\(/;(t)=Tt—°Vo+Tt—1V1+2 +Tt_7v7, (3.11)

SwW sSw sSw

7
wheret,, t;,  &are the application times of the vect®fs V; ... Vo and ati=Taw-
i=0
In general, the decompositicof the reference output voltage space veetdanto
the output voltage space vectors has infinite ways. However, the most commonly, two
nearest adjacent active vectors and two zero vec,\v\ér\g;() are used in eachviiching pe-
riod to synthetize the reference space vegtarThe switching sequence begins and ends
with the zeres pace vector (so called dAnull switch
is realized when the total application timethe zero vector is equally shared between two
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zero space vectorsZ(,\Z). It has been proven in [3.2] that the center switching pattern is
equivalent to zergequence signal injection defined by (3.7) in carrier based PWM.

In case osymmetrical SVM, the sequence can be determinddJ8 and symmie
rically repeated in the next half of the switching period. The application times of the active
and zero space vectors in the first sector (colored triangle in Fig. 3.5), are identicaleto t
of (3.4), (3.5) and (3.10) obtained for CPWM.

v, 010 1104 7

N
V 1
1
-

011 112 i |\100
Vi V7 /2Q00 Vi
Vo

Ve
5 001 Vo '&}01

Fig. 3.5 Space vector diagram of inverter output voltage

3.3 Dclink current analysis

Configuration of the analyzed topology, the tlgwel threephase VSI with ba
anced pasgge- or motorload, is shown in Fig. 3.6. The inverter is supplied by a diagel
source Vac) through an equivalent series dc source impedancdhe parallel capacita
is canected to the dc bus to smooth the voltage ripple.

LAdeide
o JQJQJ@
Vdc
— o — 1 2 39—
vavl C— il i) Ell
3-phase load

Fig. 3.6: Analyzed topology of a twievel threephase VSI.
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Neglecting the ddink voltage oscillationsya V) and considering the operations in

the linear modulation region, the inverter output phase voltages averaged over the switch

ing period corespond to the reference phase voltages given by (3.2).
Considering (3.2), in case of balanced load and neglecting thatautrrent ripple,
the corresponding thrgghase sinusoidal output currents can be written as:

&
}ilzlocos(oJ -)i ‘
i ¢ 3
T _ a ., 4p ¢
pl3=1pC08pd — -
I g 3 =

wherelg is the output current amplitude ajpds the phase angle between the phase voltage
and current, respectively.

As introduced in the section 2.3, thelbik currenti(t) can be expressed by three
key components, the dc (aage) component, the lefkequency, and the higfrequency
(switching frequency) compent. When the load is balanced, {owquency component is
zero. Consequently, thevierter input curent only contains the dc (averageymponent =
lae, Which comes from the dc supply, and tiighf r equ e ncy @) omch iz ly-e nt
passed through the diok capacitor. Thus, the instantaneoudidk current of thregphase
inverter supplying balanced load can be expressed as:

i(t) = 1 4o+ Di(t) . (3.13)

Under the assumption that inverter powesitches are ideal and by considering the
input/output power balance as:

VIdC:Sm——Ozcosj, (3.14)

the delink current aeraged over the switching periddy can be obtained on the basis of
(3.14) and it is finally given by:

Idczgmlocosj. (3.15)

An instantaneous value of the inverter input curreain be calculated as the sum of

three inverter legurrents which are dependent on the inverter switching state. Considering

the switching states of each ldgdugh the binargwitching functio Sc:
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_€1- upperswitchON, lower switchOFF _
X ~+0- upperswitchOFF, lower switchON ’ k=1,2,3, (3.16)

the input current of each inverter leg can be calculated from switching function and corre
sponding output current. Consequently, the total inverter input current can be expressed by
summing the intvidual leg currents as:

3

i=8 Six - (3.17)
k=1

The switching frequency dink current component can be easily calculated utiliz

ing equations (3.13)(3.16) as:

3
Ditt) ¥ lge & Suik gmlocos . (3.18)
k=1

Due to the symmetry of the inverter input current, thiefang analysis can benti-
ited to one sixth of the fundamentperi@dd(® or ~/ 3 r ad) .

3.4 Dclink voltage ripple analysis

3.4.1 Voltage switching ripple evaluation

Similar to the ddink current, the instantaneous-lilck voltage can be expressed by
three following components: the dc (average) compo¥getiie lowfrequency coponent,
andthehigf r equ e ncy vcThaeipvirageency cosgponent is zero since ités d
termined on the basis of theroesponding cuent component that is zero when thad is
balanced. Correspondingly, the ingeneous ddink voltage is expressed as:

v(t) =V + Du(t). (3.19)

The average voltage componanis simply determined by the supply voltage
and the voltage drop on the dc source resistRrase

V=V - Rlg. (3.20)

The peako-p e a k a mpy] of theweimk vadeage switching ripple component
can be calculated as the difference between its maximum and minimum value within the
switching period asit was shown in the susection 2.3.2 and given by (8)1 The same
assumption for the diink equivalentimpedance calculated at the switching frequency,
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and therefore for the dink current switching frequency ogponentthat circulates
through the ddink capacitor applies to the threghase case as well.

However, in he threephase case, the correspmgddc voltage excursion is dete
mined by integratinge over the specific apgation time intervat.. The application times
are calculated in section 3far used modulation strategiesd will be correspondingly
appliedin the following. An effective simplificei on i s obt ai nceomstar y
( Bewithin the considered application timaerval, leading to:

? m (3.21)

Due to the inverter input curreift) periodicity, the evaluation of the voltage ripple can be

0

t
Dv§, %ﬁ in) dt

c

(O

reduced to the phase angl@rad.ange 0 O « O 60

Within the first sector, depending on the valudsgftwo different cases can besdi
tinguished acordng to Fig. 3.7. The global ped&-peak delink voltage ripple amplitude
2V, is obtained by combining differerﬂv'{,p and finding the maximum within the swtie

ing period, as it will be shown in following.

(a4 Di(t) i(t)4

-3 I3
iy ldac ldc
il 8
t t
toi t1itrits to i toits
Tewi2 Tsw/2
ST Rm—gm—pc-—F-—+-- | max AT -——-- max
e (1) AN A av (1)
PR o P >
t t
___________y______l__. min i NV min
TSW
TSW «
(@ (b)

Fig. 3.7: Dc-link current and voltage ripple in one switching period:
(@ Case A {(Olgwdb) ecasde B 3(0i1<di).« O "/ 3,
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The delink voltage switching ripple for threphase VSI is investigated under the
sinusoidal PWM and space vector modulation (equivalent to CPWM) as shown w-follo
ing two subsections.

3.4.1.1 Peako-peak voltage switchingripple with sinusoidal PWM

Case A.Ti Evaluation in the range:i; Ol 4

Thedel i nk v ol tvandiées peaitop pla & aaaredepicted in Fig. 3.7
(blue line), tgether with the instantaneous input curig¢nt(red staircase line). dsording
to Fig. 3.7(a) two subcases can be distinguish regarding the application timelgitg =
to andtpp = t3 (bold blue trace).

In the first subcase, whdpg, = to, the peako-peak voltage ripple can be written on
the basis of (3.21) as

2
DvAL = lgclo - (3.22)
Introducing (3.3) and (3.15) into (3.22) leads to

Al
pp

=§IOTSW mco mcog ) . (3.23)

%]
=

In the same way, but consideriyg= ts time interval, the peato-peak voltage p-
ple is calculated as

D2 :% oty - (3.24)

Introducing (3.4) ad (3.15) into (3.24) leads to

31T, al a é
DvA2 =2_0 SWmpeqg mco jE 3.25
T2 C & T 30 (3.23)

Case B.1i Evaluation in the rangeii <lqc

According to Fig. 3.7(b) and considering appiica intervalt,, = tott: (bold blue
trace), peaidto-peak voltage ripple can be written on the baéi8.21) as:

DvEy %(Idcto tae iDty)- (3.26)
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Introducing (3.3), (3.4), and (3.15) in (3.26) leads to

Blolew € 4l 33

DvE, e mgcos %ez mcog ) 8%{[300@) S(n-)) —Zgg] cos do$ -) .(3.27)

The global peako-peak del i nk v ol t age wvpis pbpained byanmgp | i t u C
ing the esults corresponding to the cases A.1 and B.1:

Dvpp ™ :max{ 0, Vg, 5;} (3.28)

Finally, from Equation (3.28), one can see that the magnitude of tlekdmltage
ripple is alvays determined bthe maximum value of those three.
Dc-link peakto-peak voltage ripple amplitude can be normalized according to:

D\/SPWM _IOZSW pp(m’ ,J) (329)

Applying (3.29) tothe case A andhe case B, the normalized petkpeak volage
ripple amplitude is given by:

o = max{ op T on T 1} (3.30)
being
ra(m,Jd,j ):Emco ' glel—- mcos(J)g (3.31)
p ] )= MEOS & 2
3 a. 4pad
ri2(mJd,j )-—mcos; %+mcosad 3B (3.32)
¢

- mcos{J)§+i(\/§cos(J)- sin(J)% mcos - codJ - j )3 (3.33)

. 3 .

W

3.4.1.2 Peako-peak voltage switching ripple withSVM

As it was discusseih section 3.2, when space vector modolatis applied the total
application time of theerospacevector is equally shared between two zero space vector.
It means that the application timgsandts (Fig. 3.7) are equal and given by (3.10). Eaer
fore, as in sulsection 3.4.1.1, evaluation o€ doltage switching ripple is further ggent-
ed for two different rangesceording to the average currdadvalue and Fig. 3.7.
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Case A.2 Evaluation in the rangeis Ol g

According to Fig. 3.7(a) and considering application intetyak to (bold blue
trace), pealto-peak voltage ripple can be written on the basis of (3.21) as

24 t,6 1
DVA = =& —20=— | g to- 3.34
pp ngcz: C dc*0 ( )

Introducing (3.4) and (3.15) into (3.34) leads to

pp

pva =5 dCCSWmcos dael faﬂsn%eé % (3.35)

Case B.2 Evaluation in the rangeiii <lqc

According to Fig. 3.7(b) and considering appica intervalt,,= to/2 + t1 (bold blue
trace), peadto-peak voltage ripple can be written on the basis of (3.21) as:

(3.36)

-|-aDOr

0
%dc I dc ) tl

3| ap 0 B 3343 o
B 0 o _t = -
}@7 ae1 J@nsllé% 99% SH—p Zénéﬁbs cos(j -.(3.37)

The global pealto-peak deli nk v ol t age rvpipgbtaieed Bymgd i t ud:
ing the esults corresponding to the cases A.2 and B.2:

Dvey™ =max{ g, vB} . (3.38)

Applying the same normalization as in (3.29), the normalized-fep&ak voltage
ripple amplitude is given by

o= max{ r iy ol (3.39)
where
3 60
Am,J, j) 7 meos aél Jan sng,% %9 (3.40)
.3 . A . ap 80 4 . @A 30 34 .
rBm,J, j) =m|cé J amsi sim— = S oS 3.41
fp(mJ. ) 2 gell 3 00 73 = zgnééd (1§ p@E41)
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In order to show the behavior and make a comparison of thetpgaiak voltage
switching ripple amplitudes over the fundamental pendtgn sinusoidaPWM and space
vector modul ati on (equi val e&igyt3.8 depictsitleanamt e r e
malized peako-peak voltage swehing ripple amplitude.

0.25 0.25
p SPWM SWVM
PPO.2 PPo.2 +
0.15 0.15}
0.1F (@ 0.1F
0.05 0.05 |
05 — 05
0.25 0.25
SPWM r.SVM
r PRy.2 t
0.15
b
( ) 01 %
0.05
0.05 5 -~ 05
0.25 0.25
SPWM SVM _
Topo.o f Mop0.2 m=1/6
——m=1/4
0.15 0.15 ¢ —— m=1/3]1
0.05 f 005 e
0 0
0 “ 0 T
0.25 0.25
rSF’WM rSVM
PPO2 + pPQO.2 r
0.15 0.15 f
(d)
0.1t 0.1f
0.05 | 0.05 f
0 - 0
0 / 0

Fig. 3.8:Normalized pealto-peak declink voltage ripple amplitudeyy(+) over the fun-

dament al period [0, "/ 3], when SPWM (I eft
for different modulation indicesn = 1/6, 1/4, 1/3 and 1/2, and
power phase anglg¢s= 0° (@), 30° @), 60° ) and 90° ¢).
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Four power phase angles <« = 0, 30A, 60A a
correspond to the operation with= 1/6, 1/4, 1/3, and 1/2, respectively, dtastrated for
each power phase angle.

It can be seen a wide excursion of the dc voltggse amplitude, generally rgimg
between 0 (minimum) and 0.22 (maximum). An increase in the maximum peaks of the
voltage ripple occur with the increase of the modulation index. A slight increase of the
peakto-peak voltage switching ripple amplitude isanoticeable with the increase of the
power phase angle in case of both SPWM and SVM. It can be seen that for the same values
of power phase angles and modulation index, the-fiepkak voltage ripple amipide
significantly decreases when SVM is apgliestead of SPWM. Only for the power phase
anglej = 90° both techniques are equal.

3.4.2 Maximum of the voltage switching ripple

For the ddink capacitor design and selection purposes, it is of importance to show
the maximum of the normalized petkpeak voltage switching ripple amplitude. Fig9 3.
shows the maximum as a function of modulation index. To provide an illustrative ¢ompar
son, the maximum voltage ripple amplitude is shown together for SPWM and S¥WiM, co
sidering different power phase angl@ald traces represent the case when SPWNMis a
plied and dashed traces represent the case when SVM is applied.

For the power phase angle= 90° the maximum is analytically determined. It is the
samefor both modulations, SPWM and SVM, and it is expressed

ryex(mj =904 =rk i :ém. (3.42)

For the power phase angles= 0° the maximum is analytically determined in case
of SPWM (3.43) and SVM (3.44) as:

re¥(m,j =0, SPWM)

" 33w, (3.43)
4 4

. max 3 9
ron(mj  =0,SVM) ﬁp‘ Z:mén‘? (3.44)

Due to the cumbersome calculations, for oghesented values of power phage a
gles (-« = 60A and 30A) erly mterpolating data with ;es o b t
sonable dgree of approximation. The following equations arsawied:

rex(m,j =304 SPWM) @0.62m- 0.5n?, (3.45)
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rex(m,j =60A SPWM) @0.375m, (3.46)
re(m,j =80 ,SVM)  @0.55m 6.54m, (3.47)
re(mj =60 ,SVM) @.45m 0.137. (3.48)

0.15
0.1

0.05

Fig. 39: Maximumof normalized peako-peak voltage ripple amplitude vs.
modulation index for different power phase angles and two modulation techniques
(SPWMT bold traces, SVM dashed traces).

It can be seen from Fig. Bthat the maximum voltage ripple amplitude is signif
cantly lower in case of SVM, especially for lower phase angles. Only in cgse96f
both techniques give the same results. Moreover, i@ cBSPWM there is no significant
difference intermsof global maximum value when different power phase angles are co
sidered. In all condered cases, except the casg 8D°, the maximum is nearly linear
function of the modulation index. When SVM is &pgd, the maximum of pealo-peak
voltage ripple amplitude is more dependent on the power phase angle and it is eouble r
duced forj = 0° comparing tg = 90°. It can be finally concluded that from the point of
view of the maximum value of the voltage rigpSVM is preferable in the considered case
of threephase liverters. Note that for the reason of comparison the maximum modulation
index in Fig. N is 0.5 for both PWM strategies, although in case of SWM=0.577.

3.5 Delink capacitor design

In this section, the dink capacitor design is proposed on the basis of the maximum
dc voltage switching ripple shown in Fig.93or different operatinal conditions. Two
boundarycodi t i ons (G = OA and (G = 90A) hheve be:
first case (G = 0A) <conected spplcatiahs The secondhcase mo s
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(G = 90A) h a sto-pedkeoltdye ripgieevalie, heneeaikrequires thygdst
dc-link capacitor. The global maximum values of the voltage switching ripple for the co
responding two cases are depicted in Table 3.1, considering both modulation techniques.

Table 3.1 Global maximum ofr‘;‘;)aX as a function bPWM for differentpowerphase angles.

angle SPWM SVM
a = 0 0.19 0.125
ad = 9« 0.22

By observingFig. 39, and considering ryp*givenin Table 3.1, a simple expre

sions for the ddink capacitor design are obtained the basis of (3.29s a function of
the required peato-peak votage switching ripple amplitudev’,,. For two cases of inte

est, and considering both modulation techniques, the following formulas are obtained.

For 4 = 0U, when SPWM is applied, the c¢
czoige L (3.49)
SWI:)vpp

On the other side, when SVM is applied
be calculated as:

c2012500 L (3.50)

o)
fSW D/pp

Note that the coefficients in the equations (3.49) and (3.50) clearly suggest the need
for higher capacitarmcvalue when SPWM is applied instead of SVM, when the same peak
to-peak voltage ripple requirements are set.

For (G = 90U, when either SPWM or SVM i s
, 1

C2022-%_=— (3.51)
sSwW pp

It can be noted that the designing@edure is simple and straightforward. Similarly
to presented cases, thelik capacitor can be designed for any other operationalicond
tions of interest.
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3.6 Simulation and experimental results

To validate analytical developments, both simulatiors experiments are oduct-
ed. The results are presented in Fig.0818, for both PWM techniques, SPWM and
SVM (equivalent to CPWM). Numerical simulations have been carried out by
Matlab/Simulink. The simulation circuit parameters are set in order tohntaé& corre
sponding experimental setup parameters and are summarized in Tablnly.2inear
modulation index is analyzed, and the maximum modulation index is 0.5 and 0.577 for
SPWM and SVM, respectively.

Table 3.2:Simulation circuit and experimentsétup parameters.

Label Description Parameters

Ve Dc voltage supply 20V

R Dc source resistance 5 q

L Dc source inductance 10.15 mH
C Dc-link capacitance 100n¥

f Fundamental frequenc 50 Hz

fsw Switching frequency 2.5 kHz

Fig. 3.10 and 3.1 show simulation results in case of SVM and SPWM, reispdy.
The peako-peak envelopes calculated {8/30) in case of SPWM, and (3.39) in case of
SVM, as the half of peato-peakdel i nk vol tage vp/2tp(edtacegd ar@ | i t u
shown together with the instantaneouslidk voltage switching rippleet) (blue trace)
over a fundamental periqd = 20 ms). Two values of the power phase angles0° (left
column in the Figs. 3dand 3.1) andj = 50° (right column in the Figs. lnd 3.1)
are considered and four subses (a) (d) correspond to different values of modulation i
dexm: 0.25,0.33, 0.5, and 0.577 (from top to bottom) when CPWM is applied nrand
0.25, 0.33, 0.4, and 0.5 (from top to bottom) when SPWM is applied.

A good agreement between the analytically calculatdtha/oltage switching p-
ple envelopes and tremulated dovoltage ripple is shown for all considered casesy{ro
ing the effectiveness of the proposed analytical developmalss, thebehavior of the
maximum peako-peak voltage switching ripple amplitude shown in B@ has been
confirmed It can be observetthat when the lower value of the modulation index (ires
0.4) is consideredhe global maximuntdecreasesvhen the power phase angle increases.
On contraryjf the maximum modulation index is considered, the voltage switching ripple
reaches the maximuatthe highestonsidered power phase angle.
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ple (V)

T

0.208 0.212
Time (s) '

@
0.8

le (V)

R

Time (s)

i
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Fig. 3.10: Dc-link voltage switching ripple (SVM): simulation results (blue trace) and calculated
peakto-peak envelope (red traceyer a fundamental period fpr= 0° (left coumn) and = 50°
(right column), & m= 0.25, p) m=0.33, €) m= 0.5, andq¢) m= 0.577.
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In order to prove both, theoretical developments and numerical results, experimental
tests have been carried olihe whole experimental setup is shown in.Bid2. The main
hardware unit is the thrgghase cstom-made inverter with the Mitsubishi PS22A76 intel-
ligent power IGBT module (1200V, 25A) which is controlled by the DSP microciber
board. Control sigria are transferred to the inverter through an optical interface board.
DSP board TMS320F28379D isggrammed by Code Composer Studio (CCS), with the
possibility of realtime adjustment of modulation parat@es by computer intéace. For
the voltage measenments a PICO TAO057 differential probe (25MHZ,400V, ° 2%) was
used. For the current measurements a LEM PR3@muprobe (DC to 20kHZ 20A,
°1%) was used.

Three-phase VSI

Fig. 3.12: Experimental setup.

For the experimental verdaion, two different power phasnges { = 0° andj =
50°) are obtained using two different loads..Big3 shows the electrical circuit scheme of

the experimental load.
R R R
Lo L. L.
Co R Co R, Co Ro

Fig. 3.13: Threephase load circuit
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I n the case of t he Op&Wsarconpdrtadstreeprasen-1 e 0
duction motor (at stanstill) is used heing the following parameterfa=26 . 8 q an:
L=103 mH. I n the case of the pow-eonnegelase
threephase induction motor is used haviRgs 3 . 1 6 Lg20ani ger phasend adl-
ing in series to each phase aresi®&r2 0 q and a Csr5a8l leekl i ma poa co
obtained the desi r st whian gepresents the grcbrihdefedipf at st
plication. All load parameters are estimated using an AC powecesamlyzer and direct
measurements supplying the load by a 50 Hz thhese balanced voltage source. Two
threephase motors can be seen in Fig43.1

2.2 kW threephase IM 0.5 kW threephase M

Fig. 3.14: Two threephase IM

Experimental results are shown by Yokogawa DLM 2024 oscilloscope screenshots
and collected in Fig. 35land 3.5 in the case of SVM, and in Fig. 3.&nd 3.B in the
case of SPWM. Two values of the power phase angke$0° (Fig. 3.15 andFig. 3.17)
andj =0° (Fig. 3.5 and Fig. 3.8) and four values of modulation index are considered. In
all screenshots, two upper traces present the load voltage and current (green and red traces,
respectively) and the bottom (blue) trace pratethe measured dimk voltage switching
rippl ev(t)ad he additional two orange traces present theutated envelopes of the vol
age r ivppt)) mrovideecby the DSP board and displayed using DAC block with a
proper voltage scaling.

The swit c hi)hap beeri gbtpine@ botée nuncatly and experimentally
by properly fitering the instantaneous-tink voltage, according to (39). In case of ¥
perimentalre ul t s t h e fiination ottleewsgcilloscope dias been usaegether
with a builtin seconebrder lowpass fiter.
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Fig. 3.15: Experimental results fgr = 50° (CPWM):upper halt output voltage and current,
lower halfi analytically calculated envelope and measured dc voltage switching ripple
for (2 m=0.25, p) m=0.33, € m=0. 5, andq) m= 0.577.
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Fig. 3.16: Experimental results fgr = 0° (CPWM):upper half output voltage and current,
lower halfi analytically @lculatedenvelope and measured dc voltage switching ripple
for (@) m=0.25, p) m=0.33, €) m=0. 5, andq) m= 0.577.
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Fig. 3.17: Experimental results fgr = 50° (SPWM):upper half- output wltage and current,
lower halfi analytically calculated envelope and measured dc voltage switching ripple
for (@) m=0.25, p) m=0.33, €) m=0. 4, andq) m=0.5.
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Fig. 3.18: Experimental results fgr = 0° (SPWM):upper half output voltage and current,
lower halfi analytically calculated envelope and measured dc voltage switching ripple
for (@) m=0.25, p) m=0.33, €) m=0. 4, andq) m=0.5.

Experimentally okained rasults show good matching between theoretically calculated
envelopes and pedk peak ddink voltage ripple for all considered cases of modulation
indices and power phase angles, proving the effectiveness of the proposed approach.
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3.7 Discus®n

In this chapter, ddink current and voltage ripple analysis is presented forléwel
threephase voltage source inverters with balanced load. A short review of -tasied
and space vector PWM for thrpbase inverters is provided. The-ldk voltage rippe
components are calculated on the basis of the correspondiink duirrent components.

The voltage switching ripple amplitude has bedenvedfor two modulation techniqués

sinusoi dal and -mex1d eirrejde  thiimd m, e gas a fudidn®fnt t o
operational conditions: modulation index, phase current and power phase angle. The max-
imum (peako-peak) value of voltage ripple amplitude has been evaluated as a function of
modulation index for different power phase angles. The coswabetwen different cas-

es has been made in terms of different operational conditions and applied modulation tech-
niques. Simple and effective expressions for thdirdc capacitor design are proposed

based on the maximum iok voltage switching rippleraplitude.

Simulations and experimental results for both SPWM and CPWM, considering two
power phase angles and different values of modulation index, are given. Given results are
aimed to show the matching between analytically calculatdthklavoltage rippe ene-
lope and measured instantaneoudinlc voltage switching ripple. The comparison of dc
link voltage switching ripple between different phase numbers will be given ipt€2ih
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Chapter 4

Dc-link current and voltage switching ripple analysis
in multiphase inverters

4.1Introduction

The area of multiphase machines (machines with the number of phases greater than
three) has gained widespread attention in the last decadenterst in multiphase @&
chines is rising due to some very specific applications, such as electric and hybrid electric
vehicles (EVs), rail wayelteatcti od, aishepafptr ¢
wind farms for electric energy generati@and thehigh-power industrial applications (tel
ing mills, compressors etc). The main reasonuiiization of multiphase machines in
these applications is the existence of additional degrees of freedom when compared to their
threephase counterpartsT h e dgiict¢ alsd0 use of additional de
enhancement using learder stator current harmonic injection and faalerant opeai-
tion. In addition, the possibility of splitting the motor power across a higher number of
phases enablesraductio in the voltage/current rating of power semiconductors of the
converters which are used to drive multiphase machines. A comprehensive survéy of mu
tiphase machines, covering their basic characteristics, types and variety, advantages over
their threephasecounterparts, modelling, vector control, direct torque control, PWiM co
trol of multiphase inverters, postfault operating strategies, multiphase-mmttir drive
systems, etc. are available in [4.1] and [4.2]. The latest contributions andcsighifiew
research results in the multiphase machi ne
focus is on innovative uses of the additional degrees of freedom of multiphase drives.
Multiphase machines are predominantly based on utilization efeéved mutiphase
voltage source inverters with equal number of phases. In order to fully explodtémigl
of inverterfed multiphase machines, a suitable modulation strategy has to be applied. As
for the threephase case, two most common modulatehhiquegor multiphase inverters
are carrietbased PWM (CBPWM) and space vector PWM (SVPWM). THeresion from
three to multi- phase VSIs is simple and rather straightforward in case of CBPWM tec
nigues. The improvement of the-tas utilization can beasily a&hieved by appropriate
zerosequence injection into leg voltage references. However, as the number of phases i
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creases, the improvement rapidly reduces. Unlike CBPWM, the application of SVPWM
becomes more complicated when the number of phasesagser Spze vector PWM
methods for symmetrical multiphase machines with an odd number of phases have been
extensively discussed in the literature. A generic SVPWM algorithm, applicable {0 two
level multiphase VSIs, where the humber of phases is an oddenuhas ben pesented

in [4.8]. Feasibility of generalization has been verified for{igeven and ninephase sg-

tems. A comprehensive relationship between SVPWM and CBPWM, followed by the
practical implementation issues is provided in [4.9].

Recently the regsarch focus in the area of multiphase inverters has been placed on
the output side of inverters. The output current ripple is studied in terms of RMSiminim
zation and its maximum ped&-peak value. Referring to twlevel five-phase VSIs, the
analtical sudy of the output current ripple RMS, based on space vector theory has been
presented in [4.10]. Three different modulation techniques, aimed at sinusoidal ontput ge
eration, are compared and the results show that, in terms of the output ¢pplerRMS
the best modulation technique is the sinusoidal PWM. The superiority of the sinusoidal
PWM in balanced sinusoidal operating conditions has been confirmed for an odd number
of phases in [4.11] using so coasdqlereccanfipol y ¢
ponent of the modulating signals is optimized in each switching period leading to the min-
imization of the output current ripple for any output voltage waveform. Furthermore, the
comparison among several continuous and discontinuous modul@tionigies, in terms
of output current ripple, has been made and SVPWM shows the-optirhal kehavior in
each operating condition. The analysis related to the output current ripphtogmedk
value in fivephase inverters has beereqanted in [4.13 wherethe peakto-peak current
ripple amplitude is analytically determined as a function of the modulation index, and a
simplified expression for its maximum value is obtained. An extension of thgsanahd
an experimental verification is provided [#.14]. A further extension to the sev@hase
case and derivation of the petakpeak current ripple amplitude as a function of modula-
tion index is given in [4.15]. A similar idea is presented in [4.16], where the current ripple
prediction method for mtiphase WM converters is proposed based on the agin
singlephase circuit.

Analysis of input current and dink voltage, presented so far, mainly refers to-two
level threephase inverters. However, the input-{ihk) side of multiphase inverters fia
not bea investigated widely. With reference to fipbase inverters, RMS calculations of
input current and voltage ripple have been reported in [4.17]. Different modulatten tec
niques are considered and no dependency of the RMS value of the invartecurpn
ripple on the selected PWM scheme has been shown. It has been shown in [4.18] for a
squarewave VSI control that the RMS value of theldd current can be decreased by i
creasing the number of phases. Comparison of squave and a PWM contréhrough
spectral analysis is conducted for a sepbhase drive. The impact of classical PWM mod-
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ulation, with and without common mode injection on the RMS value of the dc current has
been studied in [4.19] for du#tiree phase induction machine. A PWMagtgy dettated
to minimization of the RMS of the dink current in dual threphase drive has been com-
pared in [4.20] with more conventional PWM techniques. It has been shown that PWM
strategies have different effect on the RMS of the dc current arfteagualiy of the out-
put current. However, both constraints must be considered for dekdmpacitor sizing.
The RMS calculations of input current ripple in niplegase PWM inverter are rceed out
in [4.21]. Referring to a siphase drive system, thevi$ valueof the input carent ripple
is derived in [4.22]. As an alternative solution to-ghase drive system, double winding
and dual inverter fed ac drive systems are considered and the input current ripple is com-
pared among several modulations. Ir2B}.is stown that the input current ripple can be
reduced by increasing the phase number from three to five. However, when the phase
number is higher than nine no significant reduction of the input current ripple is achieved.
As it can be noted, the analyf thedclink current and voltage ripple in milt
phase inverters is mostly based on the RMS calculations. In this chapterlitiie \dit-
age switching ripple in twdevel multiphase VSIs with balanced load, where the number
of phases is an odd numhgeaterthan three, is evaluated in terms of the maximum (peak
to-peak) value. Two most popular PWM techniqilesinusoidal and space vector PWM
are applied and compared. A short review of both modulations is given in section 4.2. The
theoretical analysi®of the n v e r t 4ink éusrentdscpresented in section 4.3 for general
n-phase case. The voltage ripple is evaluated in secticandithe focus is placed on five
and sevenphase twdevel VSIs. The comparison of voltage switching ripple for higher
number ofphases is made in section 4.5 in terms of the voltage ripple envelope and its
maximum value. Ddink voltage switching ripple requirements are further used for the dc
link capacitor design. Simulations and experimental results are includedionseé. Fi-
nally, a brief discussion of obtained results is given in section 4.7.
The content of this chapter, based on theoretical analysis and experimental results,
has been used in [4.28hd[4.29].

4.2 Modulation techniques

For the ddink voltageripple ewaluation that follows, a brief review of sinusoidal
PWM (SPWM) and space vector modulation (SVM) for multiphase VSiIs is given. The
multiphase i§-phase,n is considered as an add number) V&adogy supplying a star
connected balanced passive motorload is presented in Fig. 4.The inverter is supplied
by a dc voltage sourc&/() via an equivalent series dc source impedahgeepreseting
an inductive filter ) and/or an equivalent series resistari®e (
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Fig. 4.1 Circuit scheme of-phase voltage soce inverter

Carrier -based PWM

For reason fosimplicity, sinusoidal PWM is introduced first. According to Fig. 3.1,
the zeresequence signal is set to zero to obtain SPWM. Tteference signals become

equal to the sinusoidal funddegreasbsal si gnal
Vi (t) = mVcos 5ed (k :l)@ gk 12,.n (4.1)
(o] n =

In the following, two multiphase inverter topologies are analyzed; éind seven
phase twedevel inverters Fig. 4.2 shows reference signals of (4.1) for fmse case
compared with the triangle carrier waveforms, for one fundameatimdandor modub-
tion index set as=0.5.

Sectors

1 Iy m | v | v | vl | VII | VI IX| X

05 I L~ ~l T T~ L~ ™~ [

\\ , / / \ // \ /,/ \\

\<‘ A ™
™~ L1 ™~ L~ ™~ L~

0 360°

Fig. 4.2 Reference signals for fivghase VSIs over one fundamental period (SPWM).
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It is noticeable that fundamental period can be divided into 10 sectors, each spa#ning
degreesConsidering the first sector, as an example, Fig. 4.3 shows five reference signals
over one switching periodr{,) together with a carrier signal, and generated PWM bwitc

ing patterns (switching functions).

0.5
Vi
Vo
Vi
A
~_~ Vi
-05
| I S
| | S,
| | S
| | S
I S,
to ti o t3 ty s 15 t4 t3 b t1 1o
< TSW >

Fig. 4.3: Principleof generation of switching pattern for faphase VSis.

The application timeg, k=0,1,..5 can be calculated based on Fig. 4.3 and by means
of simple trigonometry as:

ol-

'[O:Tﬂ%_ mcoi‘_])g, (42)
2 92 =
ap 8. R’
t, =mT,,sin in —gs J, 4.3
1 sw 8% § 589 (4.3)
tzzmgwsingezgp gin( J. (4.4)
(} -
t3:m'l'sv\,singez—p gin —%e d (4.5)
¢S5 + 5¢
. ap o
t, =mTy,sing &n( J, (4.6)
4 S| g 9
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2

T,,a1 ap
t- =—¥_5 -mco - é 4.7
Y T (4.7)

According to Fig. 3.1, centered PWM (CPWM) can be achieved by adding to the
five sinusoidal reference signals the zeeguence signal expressed as:

V,(t) =- 0'5(V:TBX *+Viin ) (48)

Comparing to the SPWM, an increase of around 5.15% in the dc bus utilization, in
the linear modulation region, is achieved if CPWM is applied topivese system. Thus,
the modulation limit iswa= 0. 52 6 . The -mAkécinpécti éimi ns
4.4 where five reference signals are shown over one fundamental period.

Sectors
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Fig. 4.4 Reference signals for fivehase VSIs over one fundamental period (CPWM).

It can be noted that after the injection (Fig. 4.4) tideadng of the reference signals
remains the same as before injection (Fig. 4.2). Thus, keeping in mind that with high
enough switching frequency those reference signals are still constant during one earrier p
riod, it can be concluded that the switchimgjgences (and so, the application times) of the
active space vectors will be the same as in case of SPWM. The difference is in tree applic
tion times of two zero space vectors. Based on (4.1), (4.8) and Sector 1 (Fig. 4.8}, the a
plication times of two zerepace vectors are calculated as:

ty=1 &L moog{ ) tamcog ) mech B3 (4.9)
2 g2 2¢ ¢ 5 =
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tszhg} -||=ncos"flae \]—&3 8}£nco$ ) thces Eaei Rc (4.10)

Applying basic trigonometric equations, the following simplification is obtained:

ty =ts ‘T;W ({ty tsrtgHty)+ =
‘ ] o . (4.11)
:hg my eo? 8%057 m sin2 sig/
2 e Q (; - % -

Similarly to the fivephase case, Fig. 4.5 st®reference signals of (4.1) for seven
phase case compared with the triangle carrier waveforms, for one fundanedothland
for modulation index set as=0.5. It is noticeable that in this case fundamental period can
be divided into 14 sectors, eactasp n i ndggrees. 7

Sectors
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0.5 == - e S e e T
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WA \ W/ ’ \\\ v L/ \\ /’/ N \\\ /
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0 360°

Fig. 4.5 Reference signals for sevphase VSIs over one fundamental period (SPWM).

Assuming the same (high) ratio of the switchowgr fundamental frequency as be-
fore, and considering the first sector as an example4Eghows seven reference signals
over one switching periodr{,) together with a carrier signal, and generated PWM switch-
ing patterns (switching functions).

The application times, k=0,1,..7 can be calculated similarly to the case of-five
phase invertey, rderring to Fig. 4.6 and by means of simple trigonometry as:

tg =& meod)B, (4.12)
2 (;2 =
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Fig. 4.6 Principle of generation of switching pattern for sepbase VSis.

L ap 0 &

t =mT,Singe 8N —as I, (4.13)
sw g?,; 0 7(;

t, =mTSWsinge57p gin( J, (4.14)

¢ =

ty = mTSWsing‘e?’—p gin —%e J, (4.15)
¢’/ <+ T¢

t, =mT,sin p gin( J, (4.16)

ts :m'l'swsing?—p gin —%e J, (4.17)
cr7 + T¢

tg = m'l's\,vsing‘e‘r’—p gin —%e J, (4.18)
cr7 * T¢

Tewdl p

-

a
7282 mcosée} (4.19)
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Centered PWM (CPWM) can be achieved by adding to the seven sinusoidal refe
ence signals theeresequence signal given by 8. An increase of around 2.57% in the
DC bus utilization, in the linear modulation region, is achieved comparing to the SPWM
[4.26]. Thus, in case of sevgamase VSIs, the modulation limit i8n=0.513. The effect
of @&-m&m injection is shown in Fig. 4.7 w
over one fundamental period.

Sectors

Fig. 4.7. Reference signals for sevphase VSIs over one fundamental period (CPWM).

As in the fivephase case, the switching sequenced & the application times) of
the active space vectors, in the first sector, are identical to those given by (4.18) for
SPWM. The difference is in the application times of two zero space vectors whigh are f
nally calculated as:

. (4.20)

Space vector modulation

Due to the large number of space vectors in multiphase machines there is a lot of
flexibility in choosing the proper combination of them. SVPWM method for a symmetrical
five-phase machine was first presented in [4B§].combining the utilization of two large
and two medium length neighbouring space vectors sinusoidal output voltages are obtained
without any loworder harmonics. The same dwell times, although calculated in a different
way, are obtained in [4.7]. Diffent £hemes based on use of only large active space ve
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