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ABSTRACT

INVESTIGATION OF DC BUS CURRENT HARMONICS IN TWO AN
THREE LEVEL THREE-PHASE INVERTERS

Ayhan, Ufuk
M.Sc., Department of Electrical and Electronics iBegring

Supervisor: Assoc. Prof. Dr. Ahmet M. Hava

February 2012, 134 pages

Within scope of this work, double-fourier analysiethod of rapid calculation and
detailed simulation method, which are used to ihgate DC bus current harmonics
in two level and three level three-phase inversgsgematically, will be emphasized
and two methods will be compared via applying défeé modulation techniques. In
addition, DC bus currents will be investigated wi$y for various working

conditions and modulation methods. After that, wsial methods will be applied
and harmonic spectrums will be determined. Aftdr @l will be showed that

calculated harmonic spectrums could be treatedhéied harmonics around certain
frequencies and these unified harmonics could laehed easily via looking at
predetermined table. Moreover, it will also be skdwhat unified harmonic values
could be used to determine harmonic current commsnthat are necessary for

sizing DC bus capacitor and could be used in varioverter analysis.

Keywords: fourier, dc bus, current harmonics, iteerPWM, unified harmonics



0z

IKI VE UC SEMYELI UG FAZLI EVIRICILERDE DC BARA AKIMI
HARMONIKLERININ INCELENMES

Ayhan, Ufuk
Yuksek Lisans, Elektrik ve Elektronik Mihend&IBolimu
Tez Yoneticisi: Dog. Dr. Ahmet M. Hava

Subat 2012, 134 sayfa

Bu calsmada, iki ve Uc¢ seviyeli U¢ fazh eviricilerde D@ra akim harmoniklerinin
sistematik bigekilde incelenmesi icin kullanilan ayrintili benieetyontemi ve hizh
hesap yontemi olan cift-fourier analitik yontemieealinip ceitli modulasyon
yontemleri uygulanarak iki yakjan deserlendirilip kagilastirilacaktir. Cakmada
DC bara akimlari gili calisma kaullari ve modulasyon yontemleri icin gorsel
olarak incelenecek, ardindan analiz yontemleri lammacak ve harmonik
spektrumlar belirlenecektir. Daha sonra, hesapldremonik spektrumlarin, belli
frekans bdlgelerinde bidgériimis olarak ele alinabile@e ve 6nceden okturulan
tablo ile birletirilmis harmonik dgerlerine kolayca ukalabilecezi; birlestirilmis
harmonik dgerlerinin, DC bara kondansatori boyutlandirmadaelgderolan
harmonik akimi bilgenlerini belirlemekte ve &#li evirici analizlerinde

kullanilabilecegi gosterilecektir.

Anahtar Kelimeler: fourier, da bara, akim harmoaiklevirici, DGM, birletirilmis

harmonik
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CHAPTER 1

INTRODUCTION

1.1 Three-Phase Voltage Source Inverters as Applied t&C Motor Drives and
PWM Rectifiers

Different kinds of electrical energy sources lilmewable energy sources, turbine
driven AC generators exist. The distribution systentonstructed to deliver this
energy to the end user like factory, households, sm on. However, electrical
energy must be conditioned in terms of voltage @rdent to such a degree that can
be used by the end user. An example of this prasabe conversion between DC
sources (renewable energy sources) and AC souE€sgenerators and AC
distribution system) in order to construct a intencected system or to drive AC
driven machines (industrial motors like inductiorachine etc.) using DC source.
Power electronic conversion devices have been tederior these purposes.
Moreover, these power converter circuits improvee teystem efficiency,

controllability and reliability.

There are many types of power converters todayM8idvoltage source inverter)
is the mostly used one among them in a range oWkilt to megawatt and it is used

in different applications like industrial, militargnd general purpose.
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Figure 1.1 The dc bus current and its average ipptercomponents in the three
phase two-level VSI topology

There are different conversion topologies and these be grouped as four main
types. In one application, AC voltage is convertgectly to DC voltage and this
process is called rectification. In order to mirgsithe harmonic current injected to
the AC source (mains), and to sink sinusoidal curvath desired low THD (total
harmonic distortion) and with high power factor fhulse width modulated (PWM)
VSI is widely used and this process is shown &t fiow in Figure 1.2. Another
application is the interfacing between renewablerses like photo voltaic panel,
hydrogen fuel cell, and end user like residenttstories or more generally the
power system grid. In this interfacing process, BW&M VSI is used to inject very
low THD and unity power factor sinusoidal currentthe grid. Third application is
the conversion from AC voltage to DC voltage via \éctifier and reconversion
of DC voltage to AC voltage via PWM inverter. Tlygpe of application is used in
regenerative drives and active filters that needladyic circulation of energy back
and forth through the switches of power converidevator drive system, active
power filtering system and UPS system are some pbemrfor the use of this
application. Last application is again an AC-DC-A®nversion but with the
difference of rectifier stage. In this type, AC-D©nversion is done via diode /
thyristor rectifier and used mostly in industriaCAnotor drive with the dynamic

control of magnitude and frequency of the output &@ltage.
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Figure 1.2 Main application types

As seen from the topologies of main applicationegjpthe key element of such

energy conversion systems is the PWM VSI.

In DC — AC conversion process of the PWM-VSI, thatches are switched at a
frequency over 10-20 times of fundamental frequanayrder to yield a sinusoidal
output voltage or current after a low pass filtgriprocess via LC circuit at the
output. Moreover, in applications where there is meutral return wire like

industrial motor drive, some third harmonic patterare inserted to the pure
sinusoidal reference signal (modulation wave) and magnitude of the pure
sinusoidal output voltage per phase is increased assult of the line to line

cancellation of third harmonic voltages. This résuh a better usage of DC Bus
voltage that is limited. For this purpose and ftiren technical constraints, different

modulation techniques have been invented.



1.2 PWM Techniques

Among the various PWM methods existing, the follogvmethods are popular due
to their simplicity and performance advantagesusadal PWM (SPWM), space
vector PWM (SVPWM), discontinuous PWM (DPWM1) [13ctive zero state
PWM (AZSPWML1) [2], and near state PWM (NSPWM) [Bhe benefit of SPWM
and SVPWM is low ripple at low MDPWM1 benefits with low ripple and low
loss at high M and AZSPWM1 benefits with low common mode voltaye
NSPWM benefits with both low common mode voltage &ow losses at high M
[4]. While SPWM, SVPWM and DPWM1 employ a commonrig (triangle),
AZSPWM1 and NSPWM employ alternating polarity tagées for each phase [5].
All these methods are easy to implement with modeverter control chips with
advanced PWM generation units. The modulation wa¥dhese methods and the

associated carrier signals are shown in Figure 1.3.

I AN A WA
triangular carrier \/ \ / \ /

same polarity /\ ,\ /\,\ /_\
triangular carrier \A/ \A/ SVPWM

e plarty /\ NSNS
VYA

alternating polarity /\/\ ,\ /V\ /_\
triangular carrier \/\/ \A/ u AZSPWM

alternating polarity /\/\ —\ /_\ /
triangular carrier \/\/ \‘_/ \‘_/ NSPWM

Figure 1.3 Two-level three-phase inverter populMPmethods; the high
frequency carrier waves (left) and the modulati@aves (right)




1.3 High Frequency Effects of PWM Operation

PWM operation of the VSI effects the input side #mel output side of the inverter
system via injecting current harmonics at high gty (carrier frequency and
integer multiple of carrier frequency). The outmitthe inverter is composed of
rectangular voltage pulses of which the low padieréd value is the desired
sinusoidal voltage or current. The input side (ds Iside) of the inverter sinks

rectangular high frequency currents which mustilberéd via dc bus capacitor.

In three-phase inverters, with PWM operation, theerter input current (dc bus
current, ¢ in Figure 1.1) consists of high frequency rectdagpulses. The average
value hygcomes from the supply, while the harmonic conteipple current) (s is
bypassed through the dc bus capacitor (filter dégac The ripple current
frequency spectrum is at the carrier frequency (@didebands) and its multiples
(and their sidebands). The dc bus PWM ripple curaed its spectra depend on the
modulation index M PWM method, the load (output) current magnitude)(and
the load power factor angle)( (or power factor PF=cos)) [1], [2], [6], [7]-[9].
The dc bus current and its spectra affect the drerdormance, thus influence the
inverter design both from the dc bus voltage ripgte the dc bus capacitor losses
(due to the capacitor equivalent series resist@R)Eand/or dielectric losses)
perspective. Thus, it is important to obtain thdaded dc bus ripple current

characteristics for an effective inverter design.

The analysis of the dc bus current ripple has Ipeewiously investigated by means
of rms ripple value [1], [2], [6] and by means qfestral component calculations
[7]-[9] for various PWM methods. The rms ripple walobtained via closed form
formulas is easy to use, yet it hides the speatfatrmation, which is necessary in
analysis and design. The spectral analysis coultbhducted by means of detailed
computer simulations (labor and computation intensvith case specific results)
or by means of analytical methods, for example doeible Fourier integral

approach (more general, less computations, buiresgmath skills) [8]-[9]. While

literature based on both rms and spectral methaomsde various aspects of the dc



bus current ripple characteristics, comparison dbase PWM methods and
operating conditions (Mo, lom), understanding of the dominant frequency range in
terms of ripple and losses, etc. is lacking.

The prime purpose of the dc bus current ripple yamalis the dc bus capacitor
design and PWM method selection. However, thisyamaby itself is not sufficient
to complete the inverter design process. In variousrter applications, different
capacitor types are used and each capacitor temiynekhibits different ripple and
loss attributes and involves different design ruldsus, the utilization of the dc bus
current ripple and spectrum analysis results reguinat the capacitor technology is
taken into account. For example, electrolytic aimd €apacitors have different loss
mechanisms and different behavior. Therefore, fachetype of application a
different capacitor type and different design rudé®uld be considered. For this
purpose a basic dc bus capacitor technology clieasdn and design issues should
be discussed to guide a proper design. The capasitppliers/manufacturers
usually provide capacitor operating condition datad give empirical design
methods for the design engineer [10]-[15]. Ther@asclear understanding and a
rigorous guide to the inverter design in terms ofbds capacitor ripple and losses.
Based on the above discussions it becomes obwaotlear understanding of the dc
bus ripple current characteristics and capacitsigihestudy involves very detailed

case by case study for each application.

This thesis work provides an analysis method amaglgc tools to overcome these
difficulties. In addition to the dc bus current plp analysis, it also provides a
fundamental review of the power electronic capacigrhnologies (focused on
inverter applications) which is required in theigas Combining the ripple current
analysis and the capacitor technology informatidnapplies the approach to
specific examples to be used in inverter desiggieltls the information on correct
PWM method and correct capacitor sizing, and themect and simple dc bus

capacitor performance prediction for a given agian.



1.4 Scope of The Thesis

This thesis mainly focuses on the harmonic spectualysis of dc bus current of
two level VSI at different operating conditions aomdder various modulation

methods. The thesis evaluates the harmonic spectignoscopically and globally,

and then provides frequency-local spectral inforomattermed as the centered
harmonic) that is useful and simple for dc buslgggerformance evaluation.

The second contribution involves a 3D harmonic gsialgraph that can be used as
a quick design guide which gives dc bus currentioaic spectrum up to the fourth
integer multiple of switching frequency over varsomodulation index and output
power factor operating points for all five types mbdulation methods. With the
help of this graphic, the choice of appropriate PWidthod for a specific inverter
application becomes easily visible. Likewise, perfance evaluation with simple

calculations becomes possible.

The final contribution of the thesis is the algonit for the selection of dc bus
capacitor for different applications and an estioratof the ripple over dc bus

voltage.

In the 29 chapter, a summary of different application tog@#s using the PWM-
VSI will be given.

In the 3° chapter, dc bus current ripple of VSI will be thoghly studied; ripple

current characteristics depending on the operagomt and PWM technique
utilized will be examined. The microscopic (per PVéptle), the rms, and spectral
components will be discussed for various PWM methnd operating conditions.
The double Fourier analysis approach will be byie#viewed and utilized to

generate the spectral data. Then the equivalet¢reehharmonic approach will be
proposed and its results will be demonstrated.rAfie introduction of the method,
the design stage will be elaborated on. Moreov&fMPmethods in terms of dc bus
ripple performance will be compared.



In the 4" chapter, power electronic capacitors are reviewrd the film and
electrolytic capacitors suitable for PWM-VSI applion are investigated in detail.

In the 8" chapter, different design examples are introdumecapplication basis.
After that, a rectifier system simulation result® alemonstrated and they are
compared with analytical calculation results. M@ output current harmonic is

studied with some simulation examples.

In the 8" chapter, experimental results for dc bus currpetsa for various loads
and operating conditions will be evaluated and camreg with the calculation based

methods.
In the 7 chapter, DC Bus current harmonic spectrum calicuiadf three level

inverters will be briefly discussed as an extensibrihe developed technique to
more advanced inverter topologies.

In the &" chapter, all the work will be summed up and futwoek recommended.



CHAPTER 2

TOPOLOGIES AND BASIC APPLICATIONS

2.1 Introduction

PWM VSiIs are widely used in energy conversion agpions with their high
efficiency and low distortion characteristics. Thag used as rectifier, inverter or
both of them depending on the desired directionpoiver flow for the given
application. Moreover, PWM VSIs can be used asitlerter side of rectifier /
inverter cascaded system that contains diode istyrrectifier stage that interfaces

the dc link with the mains.

As mentioned in Chapter 1, application types cagroeiped in four main types in
which the circulation path and magnitude — freqyeamtation of high frequency dc
bus current differ. The mentioned three-phase pavegversion topologies and
their dc bus current characteristics will be expdal in the following sections. In the
simulations of these topologies, the peak of thessidal input or output current of
PWM converter side of these topologies is 100Agterse.

2.2 PWM Rectifier

PWM rectifiers are increasingly utilized in applioms with constant dc bus
voltage requirement, typically feed passive lo&&/M rectifiers have the samg |

harmonic characteristics with the PWM inverterswaeer, they have some
differences such as the usage of freewheeling diofienverter switches and the

direction of power flow which is from AC side to D€ide. High frequency
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component of dc link currentf) circulates between switches and the dc bus
capacitor as seen in Figure 2.1 and the harmomctepn of }. is seen in Figure
2.2 for a given operating condition in which thendoant current harmonic is
located at doubles{30 kHz). The magnitude of the spectrum decreasts the

increasing frequency.

AC Line * ! ! Lncy
oI Sﬂ@ SISF
L 3 b °| De

| ,Saj[:’} Sbjji’} - @ T | Load

Figure 2.1 PWM rectifier topology and the curreistigbution

ol mmm i I I I

(0] 20.00k 40.00k 60.00k 80.00k 100.00k

Figure 2.2 Harmonic spectrum of dc link curreptiér a working condition of
NSPWM, M = 0.7, = 0°, £=15kHz, (12.5A/div, 20kHz/div)

2.3PWM Inverter

PWM Inverters are mostly used in motor drive, ifgeing between regenerative
sources and mains, and other AC supply applicatiotistheir capability of power
flow from DC side to AC side. Actually their topgp are same with rectifier,

however, inverter controller drives six switchegs{SSx-, X = a,b,c) in such a way
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that all inverter legs act as buck converter antiggiAC current to the load after a
low pass filtering stage of LC filterylcirculates between dc bus capacitor and the
inverter switches. A sample of harmonic spectrunyois seen in Figure 2.4 for a
given operating condition. The only difference w¥erter is the direction of power
flow and the usage of semiconductor devices (tleg@iof freewheeling diode is
lower than rectifier application) compared with tieetifier application. The dc bus
current harmonic spectrum is same as in the rectiffhe spectral analysis in

chapter 3 is based on this inverter structure.

Lge
SajlgL} Sdtf} .1
bty

Figure 2.3 PWM VS Inverter topology and currentraisition with 3@ motor load
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Figure 2.4 Harmonic spectrum of dc link curreptiér a working condition of
NSPWM, M = 0.7, = 0°, £=15kHz (12.5A/div, 20kHz/div)

2.4PWM Rectifier Cascaded with PWM Inverter
In UPS (uninterruptible power source) applicatiansl in motor drive applications
that includes regenerative characteristics wheveepdlow is bidirectionaljnverter

cascaded rectifierin other wordsback to back inverter topologys commonly

11



used. In this topologyx (high frequency current component) is composeavof t
parts which are rectifier side high frequency catrreomponent () and inverter
side high frequency current componen; )l Typically both sides operate at the
same PWM frequency, and depending on the phaserafiife between triangular
carriers of rectifier and inverter, these high treqcy components can be added or
subtracted algebraically or can be added in phasmnain depending on the
polarities and frequencies of triangular carrierdath sides. If the frequencies are
different, then (2.1), where magnitudes are rms,bmdirectly used to calculate the
overall rms value ofy). If the carriers are in the same frequency butimphase,

is higher than the right side of (2.1). If the @@ are in the same frequency and in
phase, thenydis smaller than the right side of (2.1). In therhanic spectrum of
Figure 2.6, triangular carriers are in the samgueacy and in phase and thus some
of the harmonic of rectifier side is cancelled witile harmonic of inverter side.
Therefore the harmonic spectrum is flatter thanctiee in which carrier frequencies
are different. This case is shown in Figure 2. hwlite same simulation parameters
except the carrier frequencies. If the modulatpesywere the same in the case in
which carriers are in the same phase with sameaudrery, the cancellation ofl

and |5 would be better.

| =1 24 2 (2.1)
ht hfr  hii

AC Line S flé} s, fll‘j} s j ! Tgy | ALy s, jé} SbleL} Scj AC Motor
o0 T ol

Figure 2.5 Back to back inverter topology and theent distribution
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Figure 2.6 Harmonic spectrum of dc link capacitamrent | for rectifier working
condition of NSPWM, M= 0.7,¢ = 0°, £=10kHz and inverter working condition
of SVPWM, M = 0.7,¢ = 0°, £=10kHz (12.5A/div, 20kHz/div)
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Figure 2.7 Harmonic spectrum of dc link capacitamrent | for rectifier working
condition of NSPWM, M= 0.7, = 0°, £ = 15 kHz and inverter working condition
of SVPWM, M = 0.7, = 0°, £ = 10 kHz,
(12.5A/div, 20kHz/div)

2.5Diode / Thyristor Rectifier Cascaded with PWM Inverter

This topology is different from other topologiestime sense that rectifier stage is
composed of diodes or thyristors that switch at leguency (fundamental
frequency). This causes injection of dc bus curegnow frequency and harmonics
at low frequency (6 times the fundamental freqyesed its multiples) as seen in
Figure 2.9. In order to filter this low frequencyrent, dc bus capacitor size must
be large enough. The harmonic spectrumsizoénid |5 are illustrated in Figure
2.10.
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The simulation parameters used to output the wanefof Figure 2.9 and the
spectrum of Figure 2.10 are tabulated in Table Rslobserved in the simulation
data, at low frequency, the dominant harmonic isated at 300 Hz for the
fundamental frequency of 50 Hz and the magnitudehef spectrum decreases
rapidly with the increasing frequency. At high foeqcy, the typical spectrum is
observed for the given operating condition.

AC Line #* 1

Lac s, j s, jg} s, j AC Motor

Figure 2.8 Diode / thyristor rectifier cascadedv#WM inverter

Table 2.1 3-phase diode rectifier side simulatiarameters

Vin_rms_per_phas(: finput Poutof |nverter Ls Of reCtIfler |nput de CdC bus
220 V 50 Hz| 34 kW 540 uH 270 HHI 6.8 mF

505.0

AN N NN N NN

500.0

1000

T5.0
S50.0
25.0

0
TS5.00mnn 8000 8500 9000 9500 100 O

Figure 2.9 Dc link currenty of rectifier (red, 25A/div) and dc bus voltageug)
5V/div) with the fundamental frequency of 50 Hzla input of diode rectifier,
(time axis, 5ms/div)
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Figure 2.10 Low frequency (top) and high freque(imyttom) harmonic spectrum
of 14cOf rectifier with 34 kW output power and inverteosking condition of
NSPWM, M = 0.7, = 0°, (12.5A/div, 16.67kHz/div)

Table 2.2 Dc bus current frequency spectrum corspari

Topology Dc bus ripple current
Source Load Source Load
side side side side
diode / thyristor rectifier low
pv / dc battery PWM | frequency high
' N inverter high frequency
PWM transistor rectifier
frequency

At PWM driven sides of these topologies, the dc bugent spectrum changes
depending on the pwm method and operating poirgréfbre they are important in
evaluation of the dc bus performance and desige.tdpologies and the frequency
content of their dc buses are tabulated in Tab? [ all these topologies, the
PWM structure is common and the core point. Sirttede / thyristor rectifier

needs much dc bus capacity with its dc bus culrarmhonics at low frequency and

it injects much current harmonics to mains, thisdkof converter is not focused on
in this work.
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In the next chapter, the detailed analysis @f Harmonic spectrum of PWM
structure depending on various operating conditwilsbe done and also a new
concept of equivalent harmonic approach, which megrouping the fringe

harmonic components under the umbrella of centendwaic, will be introduced.
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CHAPTER 3

ANALYSIS AND CHARACTERIZATION OF DC BUS RIPPLE CURR ENT

3.1Introduction

As mentioned in previous chapters, three-phaseagyelSource Inverters (VSIs) are
widely utilized in ac motor drives, uninterruptilppewer supplies (UPS), renewable
energy systems, etc. to control the energy floveipedy, obtain high power quality
and high energy efficiency. Pulse Width Modulati)PWM) is the standard
approach to operate the inverter switches in otdegenerate the required output
voltages. Due to high frequency switching bothdaheand the dc side of the inverter
involve high frequency rectangular voltage/currpualses that create stress on the
inverter components. This chapter studies the daripple current due to the PWM

operation, and it elaborates on the stressesppkrcreates on the dc bus capacitor.

In this chapter, dc bus current ripple of VSI while inspected; ripple current
characteristics depending on the operating poidt RWM technique utilized will

be studied. The microscopic (per PWM cycle), the,rand spectral components
will be discussed for various PWM method and opegatonditions. The double
Fourier analysis approach will be briefly reviewadd utilized to generate the
spectral data. Then the equivalent centered hawomapproach (EHA) will be

proposed and its results will be demonstrated. rAftee demonstration of the

method, 3D {. graph will be shown as a design tool based on EHA.
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3.2Dc Bus Current Ripple of VSI

This section reviews the dc bus current ripplehef three-phase, two-level inverter
for various operating conditions and PWM methodee ain purpose is to provide
a basic tutorial before attempting advanced amaly§iirst via microscopic

waveforms the physical understanding will be esshbld. Second via evaluation of
the spectral components the dominant frequencyeramdl be shown. In this

section, the spectral data used will be based erdttuble Fourier approach (also
verified by means of computer simulations). Findfig ripple current rms value for
various PWM methods will be evaluated for varioM¥N® methods and operating

condition.

It is helpful to define a modulation index {Moltage utilization level) term at this
stage. For a given dc link voltage ) the ratio of the fundamental component
magnitude of the line to neutral inverter outputtage (Vi) to the fundamental
component magnitude of the six-step mode voltagg.§\¥ep= 2Vadn) is termed
the modulation index M1] as defined in (3.1).

Ivli :Vlm /\/1m—6—step (3.1)

The inverter under analysis is the three phasegetivire PWM VSI and the inverter
iIs assumed to be loaded with balanced three phassoglal output current at
steady state operation.

3.2.1 Microscopic View

Under balanced, sinusoidal steady state operdtieninverter dc bus current ripple
instantaneous waveforms appear as picket-fencege(@angular pulses at the
carrier frequency or higher) and their outer apgeee depends on the load current
magnitude ({dn) and power factor, as shown in Figure 3.1 (obthibg computer
simulations for SVPWM). The magnitude of the sindabload current is the prime
factor in determining the magnitude of current palsWith unity power factor, the

current pulses are always with positive value. Have with decreasing power
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factor negative current pulses appear in the wanefd@he balanced sinusoidal
output current waveforms are expressed in (3.2),aVerage value of the dc bus
current (hyg) is expressed in (3.3), and it is supplied bydbevoltage source. The
difference of dc.and hygis defined as the ripple curreprts given in (3.4), and it is
bypassed through the dc bus capacitor. The phasentsiare assumed as balanced

cosinusoidal with the peak §f,, and lagging power factor abse.

[, = Iom - cos(wt — @) (3.2)

I, = lom - cos(wt — %ﬁ - @)

I. = Iy - cos(wt — %ﬂ - @)

3

layg = (E) «M; - Iy * COS @ (3.3)

Ihe = lgc — Iavg (3.4)

While Figure 3.1 is obtained for SVPWM, it is ddtilt to distinguish it from the
waveforms of other PWM methods by outer appearabimvever, as will be
shown, in the detailed (microscopic) view, sigrafit differences exist. Thus, the
harmonic spectrum of different modulation techngju=man be correlated with

microscopic analysis of dc bus current within atekiing period.

As Figure 3.2 shows, in SVPWM and AZSPWM1, Is composed of two
rectangles in a PWM cycle. Thus, they are expetciedsult in dominant harmonics
centered at double the switching frequency)(Zor ¢ = 0° the rectangle is full
with high average value and low ripple. ko 90° the rectangle has low average
value and high ripple. Thus, high power factor iplow ripple current. As shown
in Figure 3.3, for DPWM1 and NSPWM, the rectangles gathered into one piece.
Based on the appearance of the waveform shaplescdmes obvious now strong
harmonics exist at botly &nd 2f. Fore = 0° the rectangle is full with high average
value and low ripple. Fap increasing the rectangle has low average valuéhayi

ripple. Thus, high power factor implies low ripglerrent. In particular, in NSPWM
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the ¢ dependency is strong and the performance rapiellyadles a® approaches
30°. Apparent from this discussion, the visualestation does not yield sufficient
information about the ripple content and spectnallgsis is necessary.

Ide [A]
100.0
H
t[s]
Ide [A]
100.0
0.0
—B_
t[s]
-50.0
-125.0
F0.00m ¥1.29m F2.50m F3.75m ¥5.00m FE.60m

Figure 3.1 DC bus current waveform over a 60° fefir@amental cycle for SVPWM
under the operating conditions of0,785, =100 A. Top:p = 0°, bottomp =
90°, (50A/div, 1.25ms/div)

Idc [A pu]A Idc [A pu]A
| _“ﬁ | ITT | _J ﬁ"ﬁ L_:_“
0 ‘Ts >t 0 I_I iTs >

J

Figure 3.2 Inverter microscopic dc bus currenta PMWM period for continuous
PWM methods; Left: SVPWM (M0.7, top: ¢ = 0°, bottomp = 90°), Right:
AZSPWM1 (M=0.7, top: ¢ = 0°, bottomyp = 90°)
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Idc [A pu]A Idc [A pu]A

1 S I
0 —pt 0

Figure 3.3 Inverter microscopic dc bus currenta PWM period for discontinuous
PWM methods; Left: DPWM1 (M0.7, top: ¢ = 0°, bottomp = 90°), Right:
NSPWM (M=0.7, top: ¢ = 0°, bottomp = 30°)

3.2.2 Spectral Content

As apparent from the preceding section, the spectrnatent of the dc bus ripple
current is PWM method dependent, as well as theatipg conditions. To illustrate
typical spectral content, several methods and ¢ipgraonditions are considered. A
three-phase inverter drive is considered. Balarstealsoidal operation is assumed.
The load current ripple is neglected. The discus®&éM methods with a pure-
sinusoidal, 100A peak value rated output curreith 80Hz fundamental frequency
are considered. The inverter DC bus is 800V anda#neger frequency {f is 10kHz
for SVPWM and AZSPWM1 and 15kHz for NSPWM and DPWHBIlich that the
average switching frequency is the same (10kHzjlincases. By this way,
continuous and discontinuous PWM methods cause pamer loss on the inverter

switches which means the same thermal stress égsert the inverter.

The harmonic spectrum for various methods is shivam Fig. 3.4 to Fig. 3.9 for
various operating conditions. As shown in Figur¢ &xd Figure 3.5, for SVPWM
and AZSPWM1 at low M the dominant harmonics are at twice the carrier
frequency 2f (AZSPWM1 has some notable harmonics @aaléo). As shown in
Figure 3.6 and Figure 3.7, DPWM1 dominant harmorics at £ As shown in

21



Figure 3.8 and Figure 3.9, NSPWM has harmonics bbthand 2{. Depending on
¢ and M, the dominant term may become atof 2f. While 2 harmonic is

dominant forp = 0°, £ harmonic is dominant fag = 30°.

0.5

0.4

0.3

0.2

0.1

0

magnitude (p.u.)

1*fc

frequency (k*fe)

2*fc

3*fc 4%fc 5*fc

Figure 3.4 Ripple current spectrum (0.1A-pu/diwPSVM, M;=0,3,¢ = 0°,

lom=100 A
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Figure 3.5 Ripple current spectrum (0.1A-pu/divESPWM1, M=0,3,¢ = 0°,
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Figure 3.6 Ripple current spectrum (0.1A-pu/divP\DM1, Mi=0,7,¢ = 0°,

lom=100 A
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Figure 3.7 Ripple current spectrum (0.1A-pu/divP\DM1, M=0,7,¢ = 30°,

lom=100 A
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Figure 3.8 Ripple current spectrum (0.1A-pu/divgRWM, M=0,7,¢ = 0°,

lom=100 A
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Figure 3.9 Ripple current spectrum, (0.1A-pu/dNyPWM, M=0,7,¢ = 30°,

lom=100 A
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3.2.3Total RMS Value

In order to compare the DC link current ripple pemiance of the PWM methods,
the ratio of the harmonic rms value of the DC lewrent }.msto the inverter AC
output fundamental component current rms valug (lon/V2) is evaluated and its
square is termed as the dc link current coeffickep{1]-[3] defined in (3.5).

ch = 2h—rms/| 21rms (35)

For given M and¢, the RMS ripple DC link current is first calculdtever a PWM
cycle, then over a fundamental cycle to obtajp,d Then (3.5) is analytically
calculated for all the methods discussed. EvalgaKg. reveals some important
attributes of the modulators. As Figure 3.10 inthsa all methods are Mind ¢
dependent. The reduced common mode voltage PWMad&thave several times
higher DC link current stress than the SVPWM andAIDP methods. At low M
AZSPWM1 (especially at low c@3 method exhibits large stresses. At higbesp
the AZSPWML1 stresses become less. At higheth DC link current stresses of
the AZSPWM1 method become comparable to the comraitmethods due to the
expiration of the active zero state duration. Ti&IDk current harmonic content of
NSPWM is strongly dependent on PF angd My, of NSPWM decreases with
increasing Mand PF. For PF = 1, NSPWM has lower DC link rippdatent than
all other PWM methods. For PF of 0.8-0.9: i6f all PWM methods are similar.
However, for PF lower than 0.6 4kof NSPWM is inferior to other methods.

h
CPWM-DPWM
{ 1

L L L 1
o1 0.2 0.3 04 0.5 0.6 0.7 08 2.8
Mi

Figure 3.10 RMS ripple current characteristicg ¥&f(M;,cosp) for various PWM
methods
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3.3Ripple Current Spectral Analysis

As apparent from the preceding section, the ripplerent harmonic content is
highly PWM method and operating point dependentt iwerter design and
analysis purposes, it is necessary to have brdadmation on the spectra. Thus, a
method to calculate the spectral content and alsiegmproach to be utilized in the
inverter design is required. While detailed simolas are exhaustive and not
intuitive, the simple rms value approach is ingiéint. Thus in this section the
double Fourier approach [7]-[9] will be utilized abtain the spectral data, and in
the next section a method to provide a simple desigl based on the data obtained
from the double Fourier approach will be introducddhe general analytical
approach to obtain the exact harmonic content oibgieally switching circuits
involves the double Fourier approach. In this apphg first, the phase current
functions as in (3.2) and the PWM switching funetias in (3.6), (3.7), and (3.8)
are defined. Second, these functions are algeltisaioanipulated to obtain a raw
l4c function as in (3.13) to be processed in the douftlegral of (3.14) in order to
calculate the harmonic coefficients. For the cosmalulation expressed in (3.6),
the fourier integral of (3.14) can be expandechg8i10) by using the trigonometric
identity in (3.9) and using the bessel functiorthad first kind expressed in (3.11),
the closed form expression of the harmonic spectroefficients are obtained as in
(3.12).

The closed form expression for cosine modulation olstained easily and
systematically expanding the double fourier integi@ the bessel function,
however, it is impossible to get such a closed foeasel expression for the other
modulation functions since these modulation fundiare piecewise as in (3.7) for
SVPWM and in (3.8) for DPWM1 modulators. Thus, these modulators and
other modulators with phase reversing carrier (NSRWZSPWM1), the double
fourier integral is calculated numerically using tlab code as illustrated in

appendix.
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In (3.2), the phase currents are defined as balatkeee phase cosinusoidal
currents with the magnitude, In (3.14), F() is the double Fourier transform
wherep = a, b, ¢ and y =, X = wrt. Moreover,S, denotes switching function and
M, denotes modulation function. All three phase matioih functions are 120°
phase shifted and denoted\gMp, M,

From the linearity of fourier transform, fourieatrsform of the g is decomposed
into fourier transform of switched phase leg cutseifhese leg current transforms
are added linearly as in (3.15) and the magnitadds harmonic components are

calculated via using (3.16).

In Figure 3.11, each 2 2m) region involves a bounded wall structure which is
laterally bounded with modulation function (modidat function is SPWM in
Figure 3.11). The top (towards the reader) boundthef walls is the output
sinusoidal current function which also changes smally up and down at the
fundamental frequency with respectyt@xis. Moreover, this pattern repeats itself

over &, y) plane.

M(wt) = cos(wt) (3.6)

( E-M-cos(a)t—z), O<wt<Z )
2 6 3

V) n<wt<%ﬂ

%-M-cos(wt), §<wt<2?n
M(wt) = | 41 smp (3.7)
U ?<wt<?
E-M-cos(wt+z), 2—n<wt<7t
2 6 3
L U 5—”<wt<27r)
3
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(1, T ewt<
6 6

s s Vs
\/§-M-cos(wt—g)—1, g<wt<5

T T 51
\/§-M-cos(wt+g)+1, E<wt<?

M(wt) = : 6 ¢ (3.8)
~1, ZT<wt <=
T 7T 3n
\/§-M-cos(a)t—g)+1 - <wt<—
s 3 11w
\/§-M-cos(a)t+g)—1 - <wt<—
\ J
cos @ = % (eje + e‘je) (3.9
F(Sp-lp) = o2 e (m50) [P g nany  glm -5 cosO)) g,
—eJ(m5=0) (27 gty . giom M cos) . gy
el (50) (27 oty . pilmeTom - cos) g
_e(5e0) (2R gty oSm M cos0) gyl (3.10)
_JT" (27 jzcos(0) . ,jnd
@) =500y e +eIn? - do (3.11)
lom 'jn i(m3=— T i(mT_ T
F(Sp . Ip) = W [e](mz (P) -]n+1(m E M)_e](mz (p)]n+1(_m E M)
. 31T . Vs
—T0) (- Z M)+ lmire); (om. M)
forn= —oo...40andm=1,2,3, ... (3.12)

IdC = Sala + SbIb + SCIC

F(Idc) = F(Sala) + F(Sblb) + F(SCIC) (3.13)
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1 o G(3HMpO))
F(SpIp) = 55 - fO"( fgz(l_Mp”(y)) I,eJ (mx+ny) dx) dy (3.14)

Amn + jBmn = Zp:a,b,cF(Sp : Ip) (3.15)

Imn = A% + BZ, (3.16)

Sq lq
q=a,b,c

X(e t)

Figure 3.11 Repeated wall structure with naturahgular sampling

In Figure 3.12, shaded areas are the integrationadw that construct the inner
integral limits in (3.14) for sinusoidal PWM (SPWM)ror other PWM methods,
the boundary of the shaded region (modulation fangtis changed depending on

the PWM waveform under analyze.

28



e

0 2m X(a)st)

0 2 X(a)st)

Figure 3.12 Integration domains for inner integratiouble fourier transform for
SPWM. Fourier Integral is calculated in the leftrdion in the case of normal
triangular carrier and calculation is done in tight domain in the case of reverse

triangular carrier

The general spectrum calculation algorithm work&#sws: In terms of equations,
using the integral of (3.14), the coefficientsfand B,, are obtained as in (3.15),
then the ripple current magnitude for each frequascobtained asql in (3.16).
Here m corresponds to the carrier frequency anchutisiples, and n corresponds to
the fundamental component and its multiples. Thhs, harmonics are at the
mf.tnf,. As a result, the dc link current is obtained s fourier series expansion
F(x,y) given in (3.17). Of the four terms in (3.1Me first one gives the average
current of (3.3). The second term gives the possiblib-carrier frequency
components. The third term gives the carrier fregyeand its multiples (center
frequency harmonics). And the final term gives #igeband harmonics for the
carrier and its multiples. The details of the deubburier approach as applied to dc
current ripple calculation are laid out in [9].

AOO

2

NgE

F(x,y) = [Aon - cos(ny) + Boy, - sin(ny)]

n=1

+ [A0 - cos(mx) + By - sin(mx)]

+
+
8

NEENE

[Apn - cos(mx + ny) + By, - sin(mx + ny)|
1

3
1l
Juy
S
1l
+

(3.17)
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Employing the above described double Fourier imlegpproach and utilizing

advanced computational tools with double integralutines, the spectral

components can be easily obtained. In this work,TMAB software has been used
for this purpose. The spectral data of Figure 8.Bigjure 3.11 were obtained by this
method. However, to confirm the results, detailederter simulation model was
built via Simplorer power electronics simulatiorfte@re and via FFT analysis of
the dc link current the double Fourier results werefied.

While the double Fourier approach gives the spkdtriormation, there are
difficulties in applying this approach in practicEhe approach involves advanced
mathematical skills, and complex to implement fdypical design engineer. The
spectral graphics are strongly dependent on the PWdthod and operating
conditions (M, ¢, lom). The wide range of harmonics are difficult to iindually
consider in the design. Thus simplification is resegy. The following section

elaborates on this issue.

3.4The Equivalent Centered Harmonic Approach

Since the ripple current consists of carrier andelsands and multiples with
sidebands, it is difficult to evaluate the totdkeef of the ripple current by observing
individual components (as there are too many terbsing the total RMS value (as
in Figure 3.10) hides the frequency information,jalhis necessary in design and
performance evaluation. Thus, an approach morenrdtve than the rms value
approach, but not as complicated as the full harsmgpectrum study is required.
As illustrated in Figure 3.13, the equivalent cestieharmonic approach developed
in this section lumps the ripple current carrieequency component and its
sidebands to the center (to the carrier frequeasya single frequency equivalent.
The same is done for the multiples of the carfmrexample harmonics atZénd
the sidebands are lumped at an equivalent harnad@t and so on. In other words,
bunches of harmonics are localized at integer pialtof carrier frequency and
therefore can also be called as ‘local rms’. Theivdent centered harmonic

current equation for the mth carrier multiple freqay h-meis given in (3.18),
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where m is the multiple index of the carrier fregeye and n is the sideband index.

M and N define the range to be covered.

Ih—me = 1’1\1]=—N Ilzl—mn m:1| ey M (3.18)
m
A
m EQUIVALENT
CENTERED
m-1 m+1 HARMONIC

4

Figure 3.13The equivalent centered harmonic representingalmgec frequency
harmonic and its sidebands

The equivalent harmonic concept has a physical mgafrom the practical
application perspective. In both electrolytic aichfcapacitors the loss mechanism
involved is frequency dependent. In both electrolgind film capacitors the ESR
losses are frequency dependent. The carrier freguand its sideband harmonics
are typically very close to each other that in thamge the losses don't vary
significantly. Thus, in terms of losses the harmentan be represented with one
equivalent centered harmonic as defined in (3.18)this case the equivalent
harmonic approach may be used to calculate thedosgh more accuracy than a
simple rms or single frequency calculation. Sintyiain applications with small
film capacitor, the voltage ripple can be approxiha calculated based on the
dominant equivalent harmonic term using thgnw= Ih.nd(0om<C) terminal law.

In practice the dominant harmonics are in the fitsterms and their sidebands
(M=4). Thus, it is sufficient to consider harmoniftem f. to 4f. In terms of
sidebands, while a wide range can be consideredjrét 10 (x10) are sufficient to
represent the exact system (N=10). Considering thisge, for the system
parameters defined in the sub section 3.2.2, thevalgnt centered harmonics have

been calculated using equations (3.6) to (3.9)Herdiscussed PWM methods and a
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full range of M and PF was swept. Moreover, the ac output curest been
normalized (100 Apeak = 1 unit) such that per @gtivalent harmonic content
could be obtained. Using the MATLAB software, th@nfulas were executed
(executed code is attached in the appendix pant) 3aD graphics were obtained as
shown in Figure 3.14. In the figure, the rms totalue consistent with Figure 3.10,
and the first four equivalent centered harmonigs2ft, 3f;, 4f;) are shown. Since it
Is given in normalized form, this graphic is gemenad can be used to obtain the
harmonic information for any operating conditiorhuB, a design engineer can use
(look-up through the data) this graphic directipdathere is no more need for
double Fourier analysis and detailed computer progning to do the calculations.

The 3-D graphic results show that for SPWM and SWPWhe dominant
harmonics are at m=2. For AZSPWM1, the first twonmanics are dominant (the
2f. term being stronger), but the harmonics vary $icgmtly and highly depend on
the operating point. Thus, given an operating ptietdominant harmonics could
be selected by comparing all four harmonics. FoAMDPL the first two are
dominant (the £ term being stronger), and the rest should be tak&naccount
depending on the operating point. For NSPWM, therajing point sensitivity is
the strongest as the graphics show. Thus, giveopanating point all the four
components should be taken into consideration adyeflThe results of Figure 3.4
to Figure 3.9 are consistent with the graphics t@results of this discussion.
Furthermore, many additional simulations were catelli to verify the accuracy of
the 3-D graphic data, and correlation was estadtisfihus only the 3-D graphic

data is shown and simulation results omitted.

In the next section, a general information abowvgroelectronic capacitors will be
given and in the following chapter, based on thgliegtion type and its operating
points, the selection of the right PWM method aatér the inverter design in terms
of dc bus capacitor sizing will be studied. Thisida process becomes possible by

using these 3-D graphic results.
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Figure 3.14 The normalized rms and normalized exdent centered dc bus current
harmonics. From top to bottom: SPWM, SVPWM, AZSPWNMPWM1,
NSPWM. From left to right: normalized rms valueggtl with\2), first centered
harmonic peak value (m=1), second centered harnpmak value (m=2), third
centered harmonic peak value (m=3), fourth centhegthonic peak value (m=4).
M; axis: 0.1 to 0.9 in 0.1 increments, amdxis: 0° to 90° in 9° increments
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CHAPTER 4

POWER ELECTRONIC CAPACITORS

4.1 Introduction

In this chapter, it is aimed to cover all typescapacitors used in power electronic
applications and to focus on film and electrolytipe capacitors that are related to
the topologies and designs elaborated on thisshemsik.

Capacitors are the essential components in powectrehics where energy
accumulation, energy circulating via switching diftgring are basic mechanisms.
Power electronics spectrum ranges from low powerPSMapplications to high
power inverting — rectifying applications. Moreoyedepending on circuit
parameters like voltage and current levels, apidinacategories like industrial
applications, military applications, space applmas and commercial applications
that dictate different environmental parameterse litemperature, atmospheric
pressure etc., different types of capacitors areufeetured to match this wide
spectrum of needs. Fundamental and mostly manuéttypes of capacitors can
be grouped as: Electrolytic capacitors, Tantalunpacaors, Film Capacitors and
Ceramic Capacitors. Electrolytic and film capadtare used in both low power
and high power applications with their wide voltes®d current range. However,
ceramic and tantalum capacitors are used in lowepaapplications with their
limited voltage and current range characterizednfrtheir internal dielectric
material and physical structure different from &lelgtic and film. Capacitors can
be compared with their voltage rating, rms currating and ESR (Equivalent

Series Resistor) value, which is responsible fax thermal dissipation inside
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capacitor, and drifting of these values dependingambient temperature, bias
voltage and atmospheric pressure. With these ialtetosses, temperature
dependency and other parameter dependencies maleaapacitor far from ideal
capacitor which is a theoretical circuit elemertiefiefore the actual circuit model

of capacitor is as in Figure 4.1.

{“ R L

C

Figure 4.1 Capacitor equivalent circuit model [17]

In Figure 4.1,L is the equivalent series inductance sourced frioenléad wires,
internal connection wires and plan&sis the equivalent series resistance that can
be decomposed into the resistance that symbolizesdielectric loss and the
resistance which is sourced from contact resistatesd wire resistance, and
electrolyte resistance for electrolytic capacitorgs the resistance that defines the
leakage current an@€ is the ideal capacitance. Another parameter thathe
measure of ratio of resistive loss to reactive gyein the capacitor is DF
(Dissipation Factor) otano whered is the loss angle. The geometric definition of

DF is shown in Figure 4.2.

R
[&U‘IS = e =MCR

DF = tan® % 100 (%)

Xe PF = cosO :ﬁz :%
1/Mc / B2
( ) ‘ A/ R +(CI)C)
gl _Xe
‘R “tand ~ R
(= 2Tf)

Figure 4.2 Geometrical definition of DF [17]

The comparison of different types of capacitors eeling on mentioned
environmental conditions and capacitor parametedsratings are shown in Table
4.1. In this table, another capacitor parameteel&tric Absorption’ is added as

comparison criteria. Dielectric Absorption is thesidual charge or voltage on
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capacitor after discharging of the capacitor. Tgti®nomenon is called as battery

action.
Table 4.1 Comparison of capacitors [20]
TYPICAL
TYPE DIELECTRIC ADVANTAGES DISADVANTAGES
ABSORPTION
Small case size
Inexpensive DA generally low, but
. Good stability may not be specified
NPO ceramic <0.1% Wide range of values | Limited to small values
Many vendors (10 nF)
Low inductance
Inexpensive Damaged by
Polystyrene 0.001% Low DA available temperature > f85°C
t0 0.02% Wide range of values Large case size
Good stability High inductance
0.001% Inexpensive Damaged by o
X temperature > +105°C
Polypropylene t0 0.02% I..ow DA available Large case size
Wide range of values 2
High inductance
Low DA available
0.003% Good stability Relatively expensive
g Teflon 10 0.02% Operational above Large size
'§ +125°C High inductance
& Wide range of values
P Good DA
i Small Limited availability
E MOS 0.01% Operational above Available only in small
= +125°C capacitance values
& Low inductance
Good stability Large size
o Low cost DA limits to 8-bit
Polycarbonate 0.1% Wide temperature applications
range High inductance
Moderate stability
Low cost Large size
Polyester 0.3% Wide temperature DA limits to 8-bit
t0 0.5% range applications
Low inductance High inductance
(stacked film)
Poor stability
Monolithic ceramic 50.2% Low inductance Poor DA
(High K) ’ Wide range of values High voltage
coefficient
Low loss at HF
Low inductance Quite large
Mica >0.003% Very stable Low values (<10 nF)
Available in 1% values Expensive
or better
High leakage
Large values -
. . . High currents Usually polafrllzed
Aluminum electrolytic High . Poor stability
High voltages
Small size Poor acct.Jracy
Inductive
Quite high leakage
Small size Usually polarized
Tantalum electrolytic High Large values Expensive

Medium inductance

Poor stability
Poor accuracy
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As seen from Table 4.1 and Figure 4.3, aluminunstediytic and film capacitors
have the most wide range of values and ratingstlamcfore they are the mostly
used capacitors in power electronics applications.

10.000
POWER
ELECTRONICS
1.000
630 POWER
5= STORAGE
& 100
S
S 63

Ultra-
capacitors
and modules

COUPLING  ceramic
10 AN DRF capacitors

6,3
POWER SUPPLY
1p 1n 1 1m 1 1k

Capacitance [F] FKPEOH BC b

Figure 4.3 Usage of different kinds of capacitorsracapacitance and voltage
rating plane [19]
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4.2 Terminology and Loss Mechanisms in Capacitors

As in Fig. 4.2, when an AC voltage is applied begwéerminals of a capacitor, this
voltage is distributed mainly on ideal capacitidengent and resistive element in
sub-resonance circuit of a capacitor. Thereforey@tage phasor is decomposed
into capacitive (axis at 90°) and resistive (axxi99 phasors. Moreoved and 0

angles can be defined as in Fig. 4.2. The Equivabamies Resistance (ESR) is
actually the combined effect of all complex enetggs mechanisms that occur
under operating condition. Moreover, the relati@ween ESR and the capacitive

impedance can be formulated as :

tan()= EZSR = ESRwC (4.1)

C

tan(d can be also defined as dissipation factor (DF} thefines the ratio of

dissipated energy to the stored energy.

The loss mechanisms in capacitor can be listedlksis [21]:

» Dielectric Losses: They are usually the most imgrdrtosses in film capacitors.
These losses are associated with polarization ahaxation of dielectric
material. These losses are frequency and temperdgrendant such that largest
losses occur at highest frequency or lowest tentyperaThe dielectric losses of
a given capacitor can be characterized by its pagsin Factor (DF).

» Ferroelectric Hysteresis Losses: These losses laseneed in high dielectric
constant materials such as ceramics.

« Dielectric Conduction Losses: These losses occwr @&sult of actual transport
of charge through nonlinear conductive (highly dejent on applied voltage)
dielectric material. These losses are largest & foequency and high
temperatures.

 Interfacial Polarization Losses: In high voltag@aeaitors, there occurs different
dielectric layers that has different conductivitpdapermittivity and when
voltage is applied, charge accumulates along wathndaries of these layers,
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This process has low frequency characteristics mmgortant in charge —
discharge applications.

» Partial Discharge Losses: This type of losses oatwgas — filled or defective
solid capacitors characterized with partial disgeathrough inside material
under high dVv/dt changes at high voltages.

» Electromechanical Losses: These are the losseséabait from electrostriction
of dielectric material or flexing of internal wignbecause of Lorentz forces.

* Ohmic Resistance Losses: These losses are causesistance effect through
metallic electrodes, internal wiring and terminalghe capacitor. In electrolytic
capacitors, the ohmic resistance through elecealgntributes the largest part of
ohmic resistance loss.

» Sparking Losses: This phenomenon occurs betweeductors and different
points on the same conductor during discharginmubse capacitors.

* Eddy Current Losses: This occurs if large magnfetid in capacitor couples to
the ferromagnetic material in capacitor. Since imernal inductance inside

capacitors are very small, this type of losses bellvery small.

4.3 Electrolytic and Film Capacitors in Dc Link Applications

Generally electrolytic and film capacitors are usedhe dc bus of an inverter or
rectifier. Aluminum type electrolytic capacitors veahigh capacitance / volume
ratio, which makes them ideal to decrease the do/bliage ripple (create a stiff dc
bus voltage) and introduce high energy storage. eNbgless, they have
considerably high series equivalent resistance JESR as a result, low ripple
current rating, typically 20mA / pF [11]. The ESRIwe of an electrolytic capacitor
depends on the dc bias voltage amplitude and frexyuef the applied voltage, and
the operating temperature as seen in Figure 4.5Tabt 4.2. The ESR increases
with voltage, which limits the operating voltagen @e other hand, film capacitors
have very low ESR value which is flat over tempamat and their rms current
rating is higher (typically 1A / uF) [11]. In addih, they can operate under higher
voltage levels. These facts make them very lorgg-lifevices compared to
electrolytic type and they suit well with circuitgith high ripple currents and
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voltages at the dc bus. Their energy storage cigpadiower than the electrolytics.

Their ESR versus temperature and frequency gragimon in Figure 4.6.
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Figure 4.5 ESR of Aluminum Electrolytic CapacitotmESR:23n2 @ 120 Hz,
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Figure 4.6 ESR of film capacitor [25]

Table 4.2ESR % ratio to ESR at 25 °C for aluminum electiiolgapacitors

Capacitor Temperature
Rated Voltage W

45°C| 65°C| 85°CQ
Up to 150 82 77 77
200 to 300 75 70 70
350 to 450 70 60 60
500 61 49 45
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Electrolytic capacitors are used in low frequenayhhcurrent ripple applications
with their large capacity in a unit volume. Theg®placations cover SRC/Diode
rectifier applications at which large low frequencuyrrent ripple causes large
voltage ripple at DC Bus. In order to suppressagstripple, the capacity of dc bus
capacitor must be high enough. Because of itsrelgté between foils, the ESR
value is higher than the film capacitors. This is becao$ahe power loss in

electrolyte [22]. The equivalent circuit of alummtelectrolytic capacitors is shown

in Figure 4.7.
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Figure 4.7 (a) Complete internal circuit of elebttic capacitor (b) Simplified
circuit at low frequencies [22]. The internal lag#ructure of aluminum electrolytic
capacitor [23]
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Ripple Current Ratings vs Temperature and Frequency 945U131K901DCI

25°C
—T1 1 11| Tt
40 20°C

8
Y

3

3]

N
&

/ 85°C

Ripple Current (Amps RMS)
s 8
\ \‘-“-‘

N

o

10 100 1000 10000 100000 1000000
Frequency (Hz)

Figure 4.9 Ripple current rating of film capaciwith the ratings: 130uF, 900V
[25]

Film capacitors are mainly used in high frequenayrent ripple (PWM)
applications. A typical rms current rating of a viilm capacitor is illustrated in
Figure 4.9. In order to filter high frequency cuntreipple, low capacity is sufficient
and the low ESR value of film capacitor brings Iggsver loss compared with
aluminum electrolytics. In Figure 4.8, the two tgpaf film capacitors are shown.
Metalized film technology is newer than film foikdhnology. In metalized film
technology, film layers are covered with very thietal layer and these layers are
stacked. This stacked structure causes ESR teatxrcompared with film foil
structure. Moreover, the current ripple capacitystaicked film capacitor is higher
with the help of its low ESR value and direct taraied electrode structure.
Another advantage of stacked-metalized film capadi the self healing ability
with the aid of clearing effect that is the vapatian of very thin metalized layer at
the dielectric breakdown point at the instance ighhvoltage pulse. By this way,
the breakdown point is isolated from other layers.

In power electronics applications which cover tilevkatt to Megawatt range, film
or the electrolytic capacitors are the choice witkir high capacity, high voltage
rating, and high current ripple rating. In wind pawapplications, where PWM
rectifier converts AC to DC, using film capaciteradvantageous over electrolytic

capacitors with its small volume, less ESR that msemore current ripple, and
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higher voltage rating in the order of kV. Moreovém, other applications like
renewable power conversion applications such aar smlls and hydrogen fuel
cells, where DC power is converted to AC of powed,gand traction drives that is
sourced by DC source such as batteries, PWM invisrte choice and again film
capacitor is the best choice with its small voluimgh current ripple capability and

higher voltage rating compared with electrolytics.

As an example, in a 600 kVA windmill applicatior,QD volts rated 1000 pF film
capacitor with the dimensions of 203mm x 160mm mB9(Length, width, height)
replaces the dc bank of 12 electrolytic capacitbed contains 4 branches one of
which contains 3 serially connected capacitorsh edavhich is 350 V, 19.44 Arms
rated and has the dimension of 63.5 mm x 110mmmker, height) [26]. This
shows that the necessary volume of film capacitord0% of the volume of
electrolytic capacitor bank. Another advantagehef film capacitor is the operating
life which is expected as 122000 hours for film acr and 20000 hours for
electrolytic [26].

In low voltage grid operated diode/thyristor reetifapplications (400Vrms line-to-
line voltage rated grid) for motor drives, UPS syss$ etc., in kW to MW range,
electrolytic capacitor is the choice with its largapacity in a unit volume as
mentioned in previous sections. Large capacityeisded in the dc bus in order to
make a low impedance path for low frequency dc dcarsent harmonics. Higher
voltage levels in these applications involve filmpacitors, as illustrated in the

previous paragraph example.

Photovoltaic power conversion involving three-phaystems, benefit from the
balanced operation and the dc bus capacitor size bea small. As in such
applications the converter life is very importardrh the perspective of return on
investment, high life with small film capacitors deenes the favorable choice.
Although the electrolytic capacitor technology isitable in terms of ratings
(because the typical dc bus voltage is less th&V &@hich could be matched by
two series capacitors with electrolytic type), htdre converter life determines the
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design. Several manufacturers have been recentlydircing products with film

capacitors.

Electrical vehicles, full or hybrid, also benefibin the film capacitor technology.
Although the application involves voltage levelsdehan 500V, the electrolytic
capacitor technology has been less and less fdeomdie to the life issues
associated with the high temperature operatingrenments [27].

In high power battery powered traction motor dritege dc bus must be designed in
a way to bypass the high frequency ripple curreateed from the PWM switching
of the VSI. Thus, the choice is the film capacuoth high current ripple rms rating
at high frequency. Moreover, film capacitor helpseducing the voltage transients

caused of the leakage inductance and fast switafittie inverter switches [28].

In summary, electrolytic capacitors are widely usethrge number of conventional
applications in the low voltage grid system, tHefcapacitors are widely used in
high voltage and/or high reliability/long life segshs. Therefore, both capacitor
types are important for inverter applications amalst these types of capacitors are
focused on in this work, in the design of dc bupacator of different PWM VSI
applications demonstrated in the next chapter.

In the next chapter, typical operating conditioms PWM VSI and the ripple
characteristics at these conditions will be studmsth the aid of ripple current
analysis tools demonstrated in the chapter 3. Afftat, some formulations about dc
bus capacitor design will be set and a design #hgor will be constructed.
Moreover, some dc bus capacitor design examplesyfacal topologies will be

demonstrated.
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CHAPTER 5

TOPOLOGIES, APPLICATIONS, INVERTER DESIGN AND
PERFORMANCE EVALUATION

5.1 Introduction

In the second chapter, the inverter applicationgewreviewed and various
application fields, such as motor drives, UPS systePWM rectifiers, renewable
energy systems, etc. were identified. Although é¢hegplications have major
differences in terms of user, and ratings, the riteveoperating conditions for all

these can be summarized in only a few operatingesothus, when considering an
inverter design for an application, depending omctinverter operating conditions
are valid, a simple design approach can be followskewise, performance

evaluation becomes an easy task.

This chapter first reviews the inverter applicaicand classifies the application
types into a few inverter operating modes. Follgvthis step, inverter design,
including PWM methods selection, dc bus capaciygetand size selection
becomes a simple task. With the design completesl performance can also be
evaluated. Depending on whether the applicatiomireg a single stage as in the
PWM rectifier case, or regenerative motor driveoimng back to back inverters, or
an alternative structure among the previously dised, the design and performance
evaluation steps are conducted in different manmbus, this chapter provides

detailed design examples for each of these basgsca
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In this chapter, using the dc link current analys@s and information about dc bus
capacitor characteristics mentioned in previousptgra, some guidelines about
inverter design and dc bus capacitor sizing willdeenonstrated with application
specific design examples and after that R-L-E mbdeled simplified load system
simulation results will be demonstrated. Finallye tharmonics at the output of the

3-phase 3-wire VSI will be mentioned briefly witimsilation results.

Three-phase, two-level VSIs have three common egpins one of which is
driving induction motors, servo motors, synchron@enerators. Induction and
servomotors while operating at low speed requive\oltage corresponding to low
M;. Also both motors have near unity power factoadjestate behavior in this
range. For induction machines high speed operatooresponds to lagging power
factor and high M For synchronous machines high speed operatioitatyyp

corresponds to high Mbut near unity power factor due to the field &dodn or

permanent magnet.

The second involves grid interface like PWM reetifi uninterruptible power
supplies (UPS) system grid side, renewable enepglications such as solar and
wind power converters. For this type of operatipower transfer between the
power grid involves high Ivand typically the power factor is unity.

The third application involves power supplies wheneusoidal output voltage is
generated to feed passive / active loads (whichbeaoonsidered similar to PWM
rectifier application).

DC/AC power supplies and UPS outputs also opefasingle frequency and high
M, but the load power factor is typically laggingddess than unity. In summary
the operating points described in Figure 5.1 caowest of the three-phase inverter

applications.
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5.2 PWM Method Selection

Considering that the wide range of applicationdsedll fall into a small class of

operating conditions, the available PWM methodsidcdie evaluated for these
conditions to determine which method is suitable éach application. For the

selected operating points, assuming an ac loa@muwith 100A (peak) per phase,
and with the parameters of section 3.2.2, the dcrimple current rms value and the
dominant equivalent harmonic components (termednB3 have been evaluated
and the results are comparatively listed in Tablefér one basic (SPWM) and four
advanced PWM methods. The results of the tablebt@ned from the 3-D graph

of Figure 3.14. In the tabley is calculated from (3.3).

Typical Applications

| L

TYPE | TYPE Il TYPE Il
Induction/Synchronous Induction Motor PWM Rectifiers,
Motors High Speed Region Renewable energy-grid
Low Speed Region (PF =0.87,0 = 30°, M = 0.7) interface,
(PF=1,p=0° M;=0.3) Synchronous Motor

High Speed Region
(PF =1,0=0° M;=0.7)

Figure 5.1 PWM inverter applications and typicaé@giing points

Table 5.1 Rms and dominant harmonicsypdfl PWM methods
M; =0.3 M; =0.7 M; =0.7
PWM ¢ =0° ¢ =30° ¢=0°
method lav=28,6 A lavg&=58,1 A lav=66,8 A
(Int) rms| mD | (Ins) rms| mD | (Iy¢) rms | mD
SPWM 39,9 2 36,2 2 37,7
SVPWM 39,9 2 37,4 2 39
AZSPWM1| 44,2 2 46,3 1,2 41,4
DPWM1 40,1 1 37,4 1 39,2
NSPWM NA NA| 40,3 1 25,5 2

N

=L DNDN
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In terms of dc bus ripple current, SPWM supplies kbwest rms value with the
dominant harmonic at f SPWM is mostly used in 4-wire applications (3 gda
wires + neutral wire) such as UPS grid interfageesithere is no third harmonic
signal injection which causes third harmonic cutsdn flow to the neutral wire in
case of it's existance. The dc bus ripple currearffggmance of SVPWM is very
near to the performance of SPWM for all three tgpapplications. Thus, in 3-wire
applications, SVPWM is the substitution for SPWMlahalso provides better dc
bus voltage usage (wide linear range @f. Mor motor drive low speed applications
SVPWM is the best method as it has the lowest ipmer current and the dominant
equivalent harmonic is atAfeasy to filter). For induction motor drive at higpeed
AZSPWML1 is the worst method, while other methodsilex some trade-off
relations; SVPWM is the easiest to filter (with imanics at 2§, DPWM1 has low
switching losses and similar rms ripple but morf@alilt to filter (with harmonics
at ), NSPWM has low common mode voltage and similas mipple current
characteristics to DPWML1. Thus, depending on th#éopmance priorities set for
the application, a method is chosen. For near Wktyand high Mapplications, as
it appears clearly from the table, NSPWM is ovebatter method than all. This
section, thus provides the first clear step in itaredc bus side design by involving
the PWM method choice. Having a PWM method seledtesl next step involves
the dc bus capacitor design depending on the hafsisapacitor technology

knowledge which is summerized in chapter 4.

5.3 Review and Design of DC Bus Capacitors for Invertey

In chapter 2, typical PWM VSI topologies are stateith their dc bus current

characteristics and in chapter 4, power electr@ajoacitors are investigated and
film and electrolytic capacitors are focused orhviiteir wide usage in high power /
high voltage applications within the scope of twsrk. Depending on these

background data, detailed design works will be done
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Inverters with diode / thyristor rectifier inputequire large capacitors as filters to
suppress the low frequency harmonics due to theitigide. Thus, in such
applications, electrolytic capacitors are the falbe choice, especially in voltage
levels 500V or less. If the dc bus voltage is o0 V, two or more of them are
serially connected in order to increase the ovevaltage rating. If the input
involves a dc supply (such as battery, fuel cdiiptpvoltaic module) or a high
frequency converter (dc-dc converter or, PWM reafif in this case, the filtering
requirement is at high frequency and small capacéds sufficient. In such cases
film capacitors are favorable, and avaliable in @ewnrange expanding beyond
500V.

In electrolytic capacitors the component life amdfprmance is highly temperature
dependent. The ESR is the dominant loss mechanmd, it is frequency
dependent. Especially in the sub kHz range the ESRgh and causes thermal
problems if the ripple current is high. Typicallptrthe voltage ripple criteria, but
the current ripple criteria dominates the desigim Feapacitors used in inverter
applications have self-healing property, their thalr reliability is higher and their
life is longer. Polyester and polypropylene capasitare the most frequently used
type. Film capacitors can carry more high frequewayrent than electrolytic
capacitors. As a rule of thumb, film capacitor cearry 1A/pF, however,
electrolytic capacitor can carry 20mA/uF [11]. It electrolytic and film
capacitor sizing for inverter application, alonethwithe capacitor manufacturer
datasheet information, the ripple current informmatis necessary to estimate the
losses and calculate the voltage ripple. Severglengaand application notes

elaborate on the design and performance issues lmiisicapacitors [11], [23]-[28].

In the PWM VSI dc bus design, if the dominant pepkle current (}p, equivalent
centered harmonic) at the dominant frequengy)(fs known, and the peak voltage
ripple Viipple Is specified, then the required capacitance caratmeilated as in (5.1).
This formula comes from the simplified harmonic rabdf the dc bus system. The
dominat frequency ripple current forces the domircapacitor voltage harmonic at
the same frequency as the impedance formula shows.
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C=—2 I, (5.1)

27"»"]cmD'Vripple

In order to calculate the high frequency voltageple more precisely, a more
accuratéVyipple formula can be introduced as in (5.2). In thigadpn, b current is
assumed as composed of rectangle pulses and tleertfe Ve Voltage is
triangular and using parsevals theorem a relagarbtained betweenclharmonics

2
1
——— g +
‘J@)mlfﬂi m]‘

In three-phase diode rectifier dc bus design, aragon that relates Mpie, Vimax

1

2
Vi _ gy -
i@mz@m”% I AV = 2Vp=AV, 52)

Poas, and the frequency of pulsed current (f) is nemgss$o calculate a dc bus
capacitance value to suppresgpé (Vpp) to a desired level. In a typical three-phase
diode rectifier, the ripple current pulsates at taies the fundamental frequency.
Assuming the rectifier output current is disconting, output load power can be
calculated using the energy difference over thebds capacitor in a pulsating
period. Thus, from the energy difference in a pyteeiod, from equation 5.3,
output power of the rectifier can be related to tlee bus parameters and the
pulsating frequency. Moreover, combining it withetpbower and voltage ripple
equation in (5.4), equation of (5.5) is obtainedaasapproximate dc bus design
formula. Given the C value, if the available cap@achas sufficient current ripple
capability (to be checked through manufacturer stegats), then this capacitor can
be used. Otherwise, a capacitor with higher curcapiacity to accommodate the

specified ripple current should be selected.

1 2 1 2
AE=2-C-(Vac+ 1) = 5 C-(Vac =) = C Ve * Vpp, (5.3)
AE AE
Pload:?:T:C'Vdc'V;)p'f
f
Vop
Pioaa = Vac * lioaa and Vae = Vipax — /2 (5.4)
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C — Pload (55)

Vripple
Vripple*(vmax_ > )*f

The equations of (5.1), (5.2) are used to estimppe over dc bus or to find the
initial capacitance of dc bus capacitor design rllgm of PWM VSI. Equation of
(5.5) is used to estimate the voltage ripple ower dc bus of three-phase diode
rectifier or can be also used to find the initiapacitance of dc bus capacitor design

algorithm.

Another design tool is the loss calculation of tleebus capacitor depending on the
specs given by the manufacturer. For electrolyapacitors, DF value of the
capacitor is given by manufacturer at low frequeferypund 120 Hz). Using this
DF data, The ESR of the capacitor at low frequerman be calculated
approximately as in (5.6) [29]. Another method afcalation of ESR and DF at
high frequencies is as in (5.7) and (5.8) [36]this formulation, ESRis the ohmic
loss at high frequency which has negative temperatoefficient characteristic (1-2
% per °C near room temperature) and % the dissipation factor at low frequency
usually has a positive temperature coefficient¥®3er °C typical). And a typical
value of Dk for electrolytic capacitors is DF= 0.013 [10] .

ESR

tan(o) = = ESR-w-C (5.6)

DF = DFyp + 2nfC - ESRy; (5.7)
DF

ESR = m;g + ESRy¢ (5.8)

The conventional approach uses the worst caseefigrgSRax to find the total
ESR power loss of a capacitor employing (5.9). &ithe losses in this approach are
overestimated, the approach yields an oversizedotap. The more accurate
approach should employ the detailed current harmepéectrum information and

take into account the frequency dependent ESR &5.19), where, I,1,1,,, 1,3, -
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are the rms magnitudes of the dominant frequerpgyleicurrent components and

ESR,1, ESR,,,, ESR,;, ... are the corresponding ESR values.

Poss = Irgms- ESRpax (5-9)

Pross = (I31.ESR 1) + (122 ESRy2) + (I33. ESRy3) + -+ (5.10)

Using the above approach, the ESR losses of atr@igic capacitor and the ESR
related loss part of a film capacitor can be cal@d. Moreover, for the film
capacitor, the dielectric losses which occur duedltage ripple should be taken
into account separately. However, in medium or highver applications where
modulation frequency is up to 20 kHz, the contiidautof the dielectric loss part of
the formula may be ignored since the dielectris lpart becomes effective over 100
kHz range. Thus, a more general loss calculatiomdita is obtained in (5.11)

which covers all loss components.

Pioss = Iiprms * ESRpmp + % Coc * Vitppie * fmp-tand (5.11)
In the proposed approach, first the harmonic cargmectrum is taken into
consideration. From here the dominant current eipghd its frequency b and
Imp) are obtained. Then, selecting a capacitor for dhen ripple current, the
resulting peak to peak voltage ripplepye is calculated in (5.1) for PWM driven
application or in (5.5) for low frequency applicati If this meets the design
specification, the loss calculation can be purs@tierwise the capacitor value is
incremented until the design specification is niéten, the total dissipation in the
film capacitor can be calculated as in (5.11), whée first term involves the ESR
losses, which is also the only loss formula focetaytic capacitor, and the second
term involves the dielectric losses. In this formUESRyp symbolizes the ESR of
the capacitor at the dominant frequency ansi-k symbolizes the rms value of the

dominant harmonic component of dc bus current.
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The capacitor loss calculation thus, in the progageproach involves (5.11) and in
this approach the harmonic current components lagekey components. The
approach developed for PWM driven applicationsimed to obtain the simplified
harmonic spectrum (illustrating the dominant congua and their frequencies in
an easy to read normalized look-up table) in Figuid and it can be used for each
PWM method, operating condition, and current maglat For low frequency {)
applications, that forces high dc bus capacitynsuee low dc bus impedance to
obtain low voltage ripple on the bus, electrolyapacitors are the choice with high
capacity density as demonstrated in previous papdg: However, over 1000V dc
bus voltage, three of these capacitors must be embath in series to provide
sufficient voltage rating. The series connectionrdases the overall capacity of a
branch and therefore the capacity density of tl@dir decreases with the square of
the number of the serialized capacitors. Thus,utimvoltage ripple is acceptable
for low frequency applications of which dc bus 1®&p1000 V, film capacitors can

be the choice for its less volume and long opendtfe.

In design algorithm, first the converter topology selected and then a PWM
method is chosen that results in minimup dms with maximum dominant
harmonic frequency. By this way the current rippteess on the capacitor, the
voltage ripple on dc bus and the dimension of tapacitor will be minimized.
After that, depending on the frequency of the dc bipple current of the
application, two options occur. If application caints frequency current ripple, then
film capacitor is chosen to filter high frequendgple current. If the application
contains low frequency ripple current, electrolyt@pacitor is chosen to suppress
low frequency current ripple with large capacityftek determination of the
capacitor type, ripple current rms is calculated an initial capacitor is chosen due
to the voltage ripple criteria. After the powerdasalculation with the parameters of
initial capacitor, core temperature of the capacitocalculated, and if the core
temperature is below the threshold defined in phecssheet, design is completed,
otherwise, another capacitor is paralleled anddbe calculations are repeated until
the core temperature is decreased below the tHeshbie flowchart of the
algorithm is demonstrated in Figure 5.2.

53



In this section, the tools and the algorithm whingips in designing the dc bus of
three phase PWM inverter/rectifier and three phliageée rectifier are demonstrated.

In the next section, these tools will be used endbsign examples.

‘ Start ‘

'

‘ Select Converter Topology ‘

'

‘ Select PWM Method ‘

'

Does the DC Bus have low frequency
Current Ripple ?

A

Use Film Capacitor
(High frequency ripple)

Vdc > 1000 V and high

Viipple acceptable ?

USEEIem.FlOIyliC Use Film Capacitor Select Capacitor using Cuﬁiﬂr:i::ﬂe
apacitor Dominant Current Ripple Info |+— rms and
with a small C value frequency info
¢ Increase C ~ —» Calculate Ripple by (4)
Size Capacitor Using (6)  — Voltaqe R:Pple
Specification
Select Capacitor first using ) .
current ripple and —| g:;r?rr: Ijg)nple Ir:;: Ripple Voltage OK 7 ] Vgg:g;clz?i)g’:e
Capacitance info quency
NO
Find Power Loss Using (5) Decrease ESR via a
And find AT = Rip * Ploss paralleling capacitor > y
Find Power Loss Using (5) Decrease ESR via
And find AT = Ryp * Pioss paralleling capacitor
NO
Power Loss and AT OK ?
NO
Power Loss and AT OK ?
YES YES

Design is Complete

Figure 5.2 Dc bus capacitor sizing flow chart
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5.4 Design Examples

5.4.1PWM Rectifier Design Example

As previously discussed in chapter 2 and secti@n tnity power factor with high
M; operation is widely used in many applications. P\\dtifiers, PV systems, are
several of many application fields. In such systetine dc bus mainly experiences
high frequency PWM ripple coming only from one sidamely, the inverter side.
Since the operation is high frequency, the dc lagscitor type is film.

In this example, PWM rectifier with 220 V rms inputltage per phase, 46.7 kW
input power, 800 V dc bus voltage, 50 Hz grid frexgey will be designed. For the
rectifier operation, common operating poinpis 0° and M= 0.7. Starting with the
flow chart in Figure 5.2, first step is to chooke tmodulation type. From Table 5.1,
it is seen that NSPWM is the best method for iiitesn minimum high frequency
current () at maximum dominant harmonic frequency (mD = 2f{ Since the
operation is high frequency, the dc bus capackpe tis film. With the design
parameters of ¥ = 800 V and i} max= 100A, Ta = 50°C, § = 15 kHz and using 3D
graph in Figure 3.14, fromlmp ims= 17.7 A andds ims = 25.5 A, a film capacitor
with the following specs can be chosen initiallg02F, 38A rms @ 10kHz, 7.5¢n
ESR, R, =5 °C/W. And calculating the voltage ripple fr¢1), Viippeis found as
6.3 V peak to peak (pp). This is lower than 1% acdeptable. Moreover, the
power loss can be calculated, using (5.11), as W&hd this causes a temperature
rise (AT) of 24.35 °C. This value is also acceptable sifhce Tp + AT = 74.35 °C
and this is lower than 120 °C. Therefore the de@gompleted.
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5.4.2PWM Rectifier Cascaded with PWM Inverter Design Exanple

This design covers the modern transformerless YB@rms and regenerative motor
drives with active front end. Since the system amst input and output sides,
different cases must be considered. First cageidwire input UPS system, which
contains half bridge topology at the input sidet fr@vides neutral wire {4wire)
return and contains 3-wire secondary side. Othee ¢a the 3-wire input, 3-wire
output regenerative motor drive system. For botkesa power ratings, dc bus
voltage and line frequency are same and the dgsigameters are listed as follows:
380 V rms input voltage per phase, 81 kW input poW@w80A peak current rating
for both input and the output, 800 V dc bus voltdsfeHz grid frequency.

5.4.2.1Transformerless UPS System Case

In this case, due to the neutral return of 4-wmgut rectifier, third harmonic signal
injection can’t be applied and the only applicaBWM strategy is SPWM for both
the input and output side. The input and the outguthe transformerless UPS
system is tabulated in Table 5.2. The PWM methotth@finput side is SPWM with
M; = 0.7, PF = 1 operating point on which real povwgetransferred between the
mains and the input with dominant harmonic at(8iD = 2). For the output side,
PF changes between 0.8 and 1. Within this ranges 817, PF = 1 operating point
causes more ripple current stress as concluded Tiatote 5.1 and will be used for

the design to cover the highest stress point faradeling application.

Table 5.2 Transformerless UPS system operatinggoin
Input (SPWM, §=10kHz) Output (SPWM £10kHz)
M PF hirms | lmpms | M PF hfrms | Imbrms
0.7 1 37.7A| 27.7A 0.7 1 37.7TA  27.7TA

Since both rectifier and inverter side high frequeourrents contribute to dc bus

current harmonics and assuming that the the carakinput side and the output
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side are not synchronized, equation (2.1) is usedombine their effects in rms
manner. Therefore, the overall dc bus high frequengrent harmonics rms value

can be calculated as approximately 53.3 A.

A film capacitor with the following specs can beoskn initially: 130uF, 61A rms
@ 10kHz, 1.7 ® ESR, R, = 3.4 °C/W. And calculating the voltage ripplerfro
(5.1), Viipple is found approximately as 6.8 V peak to peak (pi)s is lower than
1% and acceptable. Moreover, the power loss cataloslated using (5.11) as 4.8
W and this causes a temperature rise of 16.3 °G. vidiue is also acceptable since
Tc =Ta + AT = 66.3 °C for R = 50 °C and this is lower than 120 °C. Therefore,
the design is completed for this case with thealitchosen capacitor.

5.4.2.2Regenerative Motor Drive with Active Front End Case

In this case, both the input and the output ararg-and all modulators can be used
for both sides. For the input side of which opem@point is stated in Table 5.3, and
from Table 5.1, it is seen that NSPWM is the Imesthod for it results in minimum
high frequency current) and it also results in dominant harmonic freqyeot
maximum integer index (mD = 2, @Pfwhich halves the dc bus impedance that
eases filtering of high frequency current. Moreover the output side, M= 0.3, PF

= 1 operating point causes more ripple currensstead will be used for the design
to cover the highest stress point for demandindi@don as concluded from Table
5.1. For the output side inverter, the PWM meth®a&hosen as SVPWM which
results in minimum k with mD = 2 (halves the dc bus impedance that sase
filtering of high frequency current) and more dshuoltage usage in 3-wire output
drive compared with SPWM.
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Table 5.3 Regenerative motor drive with active fremd

Input (NSPWM, §=15kHz) Output (SVPWM,£E10kHz)
Mi PF hfrms ImDrms |\/li PF hfrms ImDrms
0.7 0.87 ---

0.7 1 25.5A| 18.2A 0.7 1 --- ---
0.3 1 39.9A| 34.4A

Since both rectifier and inverter side high frequenourrents contribute to dc bus
current harmonics and carrier frequencies are reifite ({=10kHz for input side,
15kHz for output side), equation (2.1) is used tonbine their effects in rms
manner. Therefore, the overall dc bus high frequengrent harmonics rms value
can be calculated as approximately 47.35 A.

A film capacitor with the following specs can beosbkn initially: 130uF, 61A rms
@ 10kHz to 30kHz, 1.7 fa ESR, R, = 3.4 °C/W. And calculating the voltage
ripple from (5.1), Vippie is found approximately as 2.1 V peak to peak (jop)ttie
input side and 5.96 V pp for output side and ggttime square root of the sum of
their squares, Mple is found as 6.3V pp. This is lower than 1% andeptable.
Moreover, the power loss can be calculated usirtRfsas 3.8 W and this causes a
temperature rise of 12.9 °C. This value is alseptable sinced= Ta + AT = 62.9

°C and this is lower than 120 °C. Therefore thegleis completed.

5.4.3Diode/Thyristor Rectifier Cascaded with PWM Inverter Design Example

Starting from the rectifier side and following takyorithm in Figure 5.2, first step
is to calculate the dc bus capacitance that previde desired peak to peak voltage
ripple. In order to provide a 5% ripple and frone #gquation (5.5) and with a quick
simulation of rectifier side using the parametensTiable 5.4, the C value is
calculated as 6.8 mF. Since the capacitance ig,ldhg voltage ripple contributed

from PWM inverter side is negligible.
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In motor drive application, asynchronous inductroachine high speed operation
covers the operating point of TYPE II, pm machimghhspeed operation covers the
operating point of TYPE lll, and the low speed drigovers TYPE | operating
point. These typical operating points are clasdifie Figure 5.1. Since TYPE I
operating point induces the most stress in ternmdcdius ripple current, the design

will be done regarding this operating point as tatad in Table 5.5.

Table 5.4 Parameters of diode rectifer

Vin_rms_per_phas() finput Poutof Invel’ter Ls Of reCtIerr |nput Cdc bus
220V 50 Hz 29 kW 540 pH 6.8 mF

Table 5.5 Motor drive application operating points
Input Output (SVPWM, £10kHz)

M PF hfrms | Imbrms
Three phase diode rectifier with 0.7 0.87 | 37.4A] 28.5A

Ib=12.5 Arms @4 = 300 Hz 0.7 1 -
0.3 1 -—-

Moreover, 12.5 A rms low frequency current (dominain300 Hz) comes from the
rectifier side and 37.4 A rms high frequency curi@mes from inverter side. Since
Ve max IS approximately 500 V, two aluminum electrolytiapacitors must be

connected in series and finally, the dc bus capabitanch is obtained as in Figure

5.3.

Figure 5.3 Dc bus capacitor branch
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Each capacitor is rated as 300V and this givesvamnadl rating of 600V. And the

capacitor block should be rated #$2.52 + 37.42 = 39.4 A rms. This shows that
each capacitor at capacitor branch should be e#€39.4 A rms at 20 kHz, because
dominant current harmonic is at 20 kHz. Therefohmm a catalog of a
manufacturer, 14mF, 300V, 43A rms @ 20 kHz curratgd aluminum electrolytic
capacitor is choosen. Thus, the overall branchagpia 7 mF because two of them
are connected in series. Jumping to the next sfephe algorithm, thermal
dissipation should be calculated. From datashbetESR at 300 Hz is given as 9
mQ and ESR at 20 kHz (dominant frequency) is giver8.8sn1. Therefore the
power dissipation can be calculated agssP 12.5% - 0.009 + 37.4% - 0.0083 = 13
W per cap. This causes a temperature rise of 68rr& R, of 5°C / W. With a X

= 50 °C ambient temperature, this results in a temgperature of J = Ta + AT =
115 °C for each capacitor. And fromcTis smaller than 120 °C, design is

completed.

5.5 Comparing Theoric Calculations and System Simulatio Results

In this section, dc bus ripple current harmoniccsuen analysis and the voltage
ripple on the dc bus will be analyzed via using Bienplorer simulation tool.
Moreover, the fft spectrum results will be compareith the spectrums obtained

from double fourier analysis.

By using d-q axis controlled PWM rectifier systenoawel, with the flexibility of
controlling the phase and magnitude of balanceektiphase sinusoidal currents of
rectifier input, and also changing the magnitudehef balanced three phase input
voltages, all three types (TYPE I, TYPE Il, TYPHE Hre covered depending on the
phasor relation in Figure 5.4. Simulation modeki®wwn in Figure 5.5 and the

control model is illustrated in Figure 5.6.

In the simulation model, LF is used to prevent¢bheent ripple to flow to the load

side and ESR symbolizes the internal loss of dachpacitor (Gc).
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Figure 5.4 Rectifier circuit (top) and phasor dagr(bottom) for lagging power
factor operation

Figure 5.5 Three-wire two-level voltage sourcetifiec used to simulate R-L-E

system.
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Figure 5.6 Three wire two level voltage sourcetifiec control block diagram
5.5.1 Comparison for Typical Application |

Typical application | parameters are listed in Bahl6. For TYPE | operating point,
NSPWM method is not covered since the i under 0.6. Within remaining
modulators, AZSPWM1 causes dominant current ripyalenonic at 2f with same
amount of 2f harmonic of SVPWM, but the extra harmonic atirfcreases the
voltage ripple value. DPWML results in current tgpparmonic atd but with the
advantage of higher carrier frequency which is tindes the § of AZSPWM1,
voltage ripple value of DPWML1 is lowered below thgple value of AZSPWML.
Thus, AZSPWML1 results in the highest voltage rippkue within all three
modulators. This is agreed with the dc bus voltage current ripple waveforms of

Figure 5.10 and Figure 5.11, also the fft spectrant double fourier spectrums are

well matched.
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Table 5.6 Simulation circuit parameters for typiapplication |

Modulation Ve Iphase max| Vphase m Fe Ffund
M; PF,o
type V) (A) (V) | (Hz) (Hz)
SVPWM,
0.3 1,0° 800 100 154.82 10000 50
AZSPWM1
DPWM1,
0.3 1,0° 800 100 154.82 15000 50
NSPWM
Cobc, ESR
RIoad (Q) LF (mH) Linput (mH) |%nput (I’T\Q) (mF, ITQ)
27.925 100 0.8 20 0.4,5
Dc bus voltage D, q, n axis
Modulation controller PI current controller Ts
type parameters Pl parameters
Kp K| Kp K| (usec)
SVPWM,
0.5 100 1 75 100
AZSPWM1
DPWM1,
1 100 3 750 66.67
NSPWM
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Figure 5.7y spectrum from simulation fft (top, 12.5A/div, 20kidiv) and j;
spectrum from matlab analysis (bottom, 10A/div) &PWM
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Figure 5.9 §; spectrum from simulation fft (top, 12.5A/div, 20kkdiv) and j;
spectrum from matlab analysis (bottom, 10A/div, H5idiv) for DPWM1
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Figure 5.10 Dc bus capacitor voltage waveform (biygdiv) and they: current
waveform (pink, 20A/div), time axis (0.5ms/div) fSVPWM
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Figure 5.11 Dc bus capacitor voltage waveform (biygdiv) and they: current
waveform (pink, 20A/div), time axis (0.5ms/div) fBZSPWM1, DPWM1
respectively from top to bottom

5.5.2 Comparison for Typical Application I

Typical application Il parameters are listed in [Eab.7. For this operating point,
the current ripple value of SVPWM is dominant a§, 2fowever, AZSPWML1 is
dominant at both.fand 2f. Thus the voltage ripple value of AZSPWM1 driven
application is higher than the one of SVPWM. NSPVéhd DPWML1 current
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ripples are also dominant af however, their carrier frequency is 1.5 times the
carrier frequency of other modulators and this rsaltesir voltage ripple value
lower than the ripple value of AZSPWML1. This is egpl with Figure 5.16 and

Figure 5.17, also the fft spectrums and doubleiéowpectrums are well matched.

Table 5.7Simulation circuit parameters for typical applicatill

Modulation Ve Iphase_max| Vphase m Fe Ffund
Mi; PF,o
type V) (A) (V) | (Hz) (Hz)
SVPWM, 0.87,
0.7 800 100 369.64 1000C 50
AZSPWM1 30°
DPWM1, 0.87,
0.7 800 100 369.64 1500( 50
NSPWM 30°
Cbc, ESR
RIoad (Q) LF (mH) Linput (mH) |%nput (I’T\Q) (mF, ITQ)
13.819 100 0.8 20 04,5
Dc bus voltage D, q, n axis
Modulation controller Pl current controller Ts
type parameters Pl parameters
Kp K, Kp K, (usec)
SVPWM,
0.5 100 3 75 100
AZSPWM1
DPWM1,
1 100 3 750 66.67
NSPWM
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5.5.3 Comparison for Typical Application IlI

Typical application Il parameters are listed irblea5.8. In this operating point, as
correlated with the current ripple rms value ané gpectrum distribution of
modulators, NSPWM results in minimum voltage rippédue and SVPWM results
in voltage ripple slightly higher than the one dRWM. The voltage ripple values
of AZSPWM1 and DPWM1 are higher than the rippleuesl of other modulators.
Moreover, AZSPWM1 results in the maximum voltagpple value of all the
modulators. Thus, the voltage and current ripplaplys are as expected and fft

spectrums are well matched with the analyticaludaton results.
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Table 5.8Simulation circuit parameters for typical applicatilll

Modulation Ve Iphase max| Vphase m Fe Ffund
M; PF,o
type V) (A) ax(V) (Hz) (Hz)
SVPWM,
0.7 1,0° 800 100 357.38 10000 50
AZSPWM1
DPWM1,
0.7 1,0° 800 100 357.38 15000 50
NSPWM
Cbc, ESR
Rioad (Q) LF (mH) I—input (mH) I:anput (ITKZ) (mF, ITQ)
13.819 100 0.8 20 04,5
DC bus voltage D, g, n axis
Modulation controller Pl current controller Ts
type parameters Pl parameters
Kp K| Kp K| (usec)
SVPWM,
0.5 100 3 75 100
AZSPWM1
DPWM1,
1 100 3 750 66.67
NSPWM
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spectrum from matlab analysis (bottom, 10A/div, H@kdiv) for AZSPWM1
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As demonstrated in the previous graphs, simulafipifft graphs and analytically

calculated . harmonic spectrum graphs are well matched forthake typical

application operating points. In typical applicatid and typical application II,
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SVPWM supplies the minimum high frequency voltagple over dc bus because
of its minimum }¢ rms value of which dominant harmonic componenttigfa In
typical application Ill, NSPWM method usage resuitsninimum | rms value and
dominant harmonic component located ai By this way, NSPWM results in
minimum high frequency voltage ripple for this apgation point compared with
other modulators. Moreover, it is demostrated tha¢ analytical spectrum
calculation results are well matched with the ffestrum of simulation data for all

three application types.

5.6 Output Current Harmonic of Two level VSI

In a whole design of a VSI, dc bus design is nffigent, the AC side must also be
investigated to match the desired performanceriitéd the whole inverter system.
This section supplies supporting information alibetAC side and the works in [1]
— [5] references could be followed for the detail.

Output phase currents of VSIs are generated byplassg filtering of phase voltage
outputs of them. Since phase voltage outputs argoeed of harmonic component
at line frequency and harmonic component at switgh(carrier) frequency and

integer multiple of switching (carrier) frequengy,portion of current harmonic at
switching and over frequency passes to the owtppéending on the impedance of

output filter at the corresponding frequency.
The two level three wire inverter structure is shated in Figure 5.24. In this

figure, inverter voltage outputs and the low pa#ieréd (with the R-L loads at

outputs) current outputs are labeled.
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Figure 5.24 Two level 3 wire inverter with low pdster (R-L) outputs

The V; voltage at phase a output of inverter is referdrioethe ground potential as

in Figure 5.24. The Yvoltage and a phase output curregt Waveforms can be

seen in Figure 5.25. Following waveforms are olgdias the simulation result of

the open loop inverter circuit in Figure 5.24 withe following simulation
parameters in Table 5.9.

Table 5.9 Parameters for inverter

Vdc

Lout (m H)

Rout (€2)

@ (%)

M;

Iomax

f. (kHz)

800

1

3.55

0

0.7

100

10/15

600.0
500.0

250.0

-250.0

-600.0

A0 00

5000

G000

7000

S0.00m

Figure 5.25 A phase output voltage,)\¥nd a phase output currenj) (haveforms
for o =0°

78



110.0

A/

-50.0

-110.0
A0 00 50.00m 60.00m 70.00m 80.00m

Figure 5.26 Output current waveform for SVPWM
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Figure 5.27 High frequency harmonic spectrum opatturrent (§) for SVPWM,
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Figure 5.29 High frequency harmonic spectrum opatturrent (f) for DPWM1,
(0.5A/div, 10kHz/div)
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Figure 5.30 Output current waveform for AZSPWMI10A%div, 10ms/div)

5.00k 20.00k 30.00k 40.00k

Figure 5.31 High frequency harmonic spectrum opatturrent (f) for
AZSPWML1, (1A/div, 10kHz/div)
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Figure 5.32 Output current waveform for NSPWM, (3@#, 10ms/div)
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Figure 5.33 High frequency harmonic spectrum opatiturrent () for NSPWM,
(1A/div, 5kHz/div)
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As illustrated in Figure 5.26, 5.28, 5.30, 5.32r tbe given operating point,
SVPWM results in the lowest high frequency harmorontent and AZSPWM1
results in the highest high frequency harmonic eonat the output of the inverter.
The highest high frequency content of AZSPWML1 osdoecause of the lack of
zero vectors in this modulator. Switching betweenn &d — \4. voltage levels
increase the voltage harmonic magnitude at theckimig frequency and this results

in more high frequency current at the output.

In summary, in this chapter, a guide for the degsifjdc bus of typical three VSI
application types with the selection of PWM methedet. Moreover, the design
algorithm is applied to the examples for all typieaplications. In addition, the
performance of all four PWM methods in terms oplgcurrent and ripple voltage
are compared for all application types and the ydical calculation results are
compared with the fft spectrum obtained using satioh tool. Finally,

supplementary information is given about the A PWM VSI with simulation

results.
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CHAPTER 6

EXPERIMENTAL RESULTS

6.1 Introduction

In this chapter, it is aimed to verify the analgtievork, which is demonstrated in
previous chapters, via experimental results obthinsing a three phase diode
rectifier cascaded 3-4 kwatt inverter setup. Theupeters of the inverter is given
in Table 6.1. Dc link current data is collected uging wide bandwidth hall effect
current sensor and the sensor probe is connected=&gure 6.1. The fft analysis of
this data set is done on matlab software. Expetinsedone in two parts. At first
stage, a three-phase 4-kW, 380-V, 4-pole, imM#0' rated induction motor is
driven under no load operation at #0.4 and M= 0.8 modulation index points. At
the second stage, three-phase star connected edld&ic load (R = 78, L =
3.3mH) is connected to the output of the invertezhsthat inverter is loaded under
rated current condition and dc bus current datoikected for M = 0.4 and M=

0.8 points. The operating points of data collecaom also given in Table 6.2.

In this experiment, the high bandwidth data coltettis obtained via tektronix
current probe which has 0.1 Hz to 10 Mhz measurénbamdwidth with a
sensitivity of 1A/V. It is composed of a hall efteprobe and a measurement
electronics box which mainly outputs the measuredent with the predefined

sensitivity scale.
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Depending on the limited laboratory conditions,yophssive loading is obtained.
The induction motor at no load operates mostly treacand is used for the
condition of approximately zero power factor comit(e = 90°).

Another passive load is the star connected resistbiank with 78 per phase,

series connected with 3.3 mH per phase inductdiltey out the high frequency
voltage ripple of inverter output and to yield soidal output current. Since the
overall load is heavily resistive, the approximatehity power factor condition is
obtained ¢ = Q°).

Table 6.1 Parameters for the motor drive system

Protection, Bridge
Input 3@ AC line rectifier, Dc bus
reactor fuse
Variable _ Series connected
Three phase Semikron
transformer o two
circuit braker, SKD30/12
cascaded 2200uF, 450V
_ _ 1.8 mH 39 1200V, 30A _
isolation electrolytic
reactor and 20A fuse )
transformer capacitors
Inverter switch, Controller lac lo
gate driver electronics measurement| measurement
SKM75GB123D
TMS320F2808
dual pack . _ . LEM LA25
fixed point Tektronix
IGBT modules, P/SP1
DSP, hall effect
Skyper 32 Pro _ hall effect
_ peripherals, | current probe
gate driver current transducer
A/D converters
module
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Table 6.2 Operating points for experimental data

PWM No load motor exp.g=90°) | RL load exp. ¢=0°)
M; fc (kHz) M; fc (kHz)
0.4 0.8 10 15| 04 08 10 15
SV X X X X | X | X
AZS1| X X X X | X [ X
DP1 X X X X X X
NS X X X X

As mentioned in first paragraph, fft data gfdurrent of dc bus capacitors are taken
for the defined operating points, then the dataramesferred to matlab environment
and these fft spectrums are plotted via matlab lgeapool. In Figure 6.6, the
spectrum of a modulator is shown plotted up to 6Altipla of f.. Since, the
magnitudes decrease with increasing integer maltpi f;, and the dominant
harmonics are located ig ér 2f;, only the spectrum covering this frequency range

is zoomed and analyzed.

Hall effect
probe
Circuit
Breaker —
A — o — ga_: P ., , , , W ﬁﬁg}; J _I
25| |88 b oV n
C_'f%ﬁ’_;@ Zep—rn—g | Jc i1
R o |t et
jg Bridae DC-Bus 1l
He%dﬁicr 5
AC-Grid = Gate Drives : : :
|
4 111 Measurements
o ’} signaig |1 1=y
Signals I 111 YiY
+ e
| .
Leve! Shilter/ - osp
“»  Brotection Card :_ .
Gat
Sigﬁﬁs

Figure 6.1 The motor drive system of experimentaikwv
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6.2 No load induction motor experiment results

In this experiment, induction motor is driven untlgo v/f ratios depending on two
modulation index points of M= 0.8 and M= 0.4. For M = 0.8, and for the dc bus
voltage of \4c = 500V, V/f ratio is obtained as 5.092 V/and for M = 0.4, v/f ratio
is obtained as 2.546 V}$or the same M.

]

Fy
Measure P1:maxiC1) PZrms{C1) F3:maxiC2) Pa:rms{CZ) Pa:max{C3) FErms{C3)
value T8 1.83W 418 my a7 mv 1854 2963 A
status v v o v

500 rnvidiv
-1.4000%

Figure 6.2 Modulation waveform (green, 0.5V/divwtut current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 10A/div), time axis (2ms/div) for SVPWM,;#0.8, {=10 kHz
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Al I |

| |
LA AR e e R TR
— : : : :
Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value AR 235V BOT mY 137 mi 4.96 A 3.035A
status ' ' ' v

Figure 6.3 Modulation waveform (green, 0.5V/divtut current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 5A/div), time axis (2ms/div) for AZSPWM1,;#0.8, £=10 kHz

0P e 0 LA 1 et T
Cl L AT .| i | ||||II' 4 ||. LA | | .|| gt DL (I RES v 1
: ! | . | |I 1 | | [ | | | | |

..... I gl | [ 1 L
Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value B2V 180V 563 my 131 my 459 4 2931 A

status '

o v

Figure 6.4 Modulation waveform (green, 0.5V/diwiut current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 5A/div), time axis (2ms/div) for DPWML1,;¥D.8, £=15 kHz
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Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H

value 6.9 2564 563 m 128 mv 462 A 29344
status ' v

Figure 6.5 Modulation waveform (green, 0.5V/divtut current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 5A/div), time axis (2ms/div) for NSPWM,;#0.8, £=15 kHz

Using the positiveFFT function

Freq (Hz)

Figure 6.6 M= 0.8, SVPWM, dc bus current harmonic fft fp=f10 kHz,
(0.5A/div, 10kHz/div)
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Using the positiveFFT function

Figure 6.7 M= 0.8, SVPWM, dc bus current harmonic fft fpe=f10 kHz,
(0.5A/div, 5kHz/div)

Using the positiveFFT function

x 10"

Figure 6.8 M= 0.8, AZSPWML1, dc bus current harmonic fft fpef10 kHz,
(0.5A/div, 5kHz/div)

Using the positiveFFT function

S Ty R T [ T
| | | | | | | |
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| | | | | | |

| | | | | | |

2 —-———=-=-- I tomm - B T e ——————— Fmm - R -
| | | | | | |

| | | | | | |

21.5 ******** o= T e B [ o= T Bl
| | | | | | |

| | | | | | |
e ol i ettt el |

| | | | | | |

! | | | ! | |
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I I I ? Cf I I I I

0 o Ynan) Yo Ola'a Coc@ | Pasonm e ! Qodo: o 'n Do Ya)
0.8 0.85 0.9 0.95 1 1.05 11 115 1.2
Freq (Hz) ?

Figure 6.9 M= 0.8, AZSPWM1, zoomed dc bus current harmonitofft
fc = 10 kHz, (0.5A/div, 0.5kHz/div)
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Using the positiveFFT function

Freate) x 10"
Figure 6.10 M= 0.8, DPWM1, dc bus current harmonic fft foef15 kHz,
(0.5A/div, 5kHz/div)

Using the positiveFFT function

N0 ey Sy T T e |
| | | | | | | |
| | | | | | | |
| | | | | | | |
| | | | | | | |

1—---—-—-—--= - + - === - - = = |- = = - - - === = = — — |

| | | | | | |

ﬁ | | | | | | |
bol | | | | | | |
g‘ | | | | | | |
| | | | | | |

[ = el T e 5 E |
| | | | | | |
| | | | | | |
| | | | | | |
| | | | | | |

fo) o b Y o'niNe nnO) @@@@@ @@(Dmfﬁmm cotocoococecodococococod
1.3 1.35 14 1.45 1.5 1.55 1.6 1.65 1.7
Freq (Hz) x 10"

Figure 6.11 M= 0.8, DPWM1, zoomed dc bus current harmonicdiftff = 15 kHz,
(0.5A/div, 0.5kHz/div)

Using the positiveFFT function

Feate) x10°
Figure 6.12 M= 0.8, NSPWM, dc bus current harmonic fft fp=f15 kHz,
(1A/div, 5kHz/div)

In the no load motor experiment, motor load is rtde and therefore = 90°. At
the operating point af = 90° and M= 0.8, when the 3D harmonic spectrum plot of
Figure 3.14 is examined, it is seen that equivai@nmonic magnitudes of SVPWM
and AZSPWM at 2fare nearly same and matched with the fft dataigarg 6.7

and Figure 6.8 respectively. Moreoveg, équivalent harmonic of AZSPWM is
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double the § equivalent harmonic of SVPWM from Figure 3.14, dhid is agreed
with the fft data. Again for the same operatingditian, f. equivalent harmonic of
NSPWM is double the.fequivalent harmonic of DPWM1 from 3D spectrum and
this is matched with the fft data in Figure 6.1@ dfigure 6.12. In addition, 2f
equivalent harmonic of DPWM1 is approximately saasethe 2f equivalent of
NSPWM as extracted from 3D spectrum and agreedtivHft data.

Fy
Measure P1:maxiC1) PZrms{C1) F3:maxiC2) Pa:rms{CZ) Pa:max{C3) FErms{C3)
value T8 1.39% 863 my 104 my 456 A 3.047 A
status v v o v

500 rnvidiv
-1.4000%

Figure 6.13 Modulation waveform (green, 0.5V/dm)tput current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 5A/div), time axis (5ms/div) for SVPWM,;¥D.4, £=10 kHz
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Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value 6.9 IM 563 my 132 4934 3187 A
status v v [ v

Figure 6.14 Modulation waveform (green, 0.5V/dm)tput current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 5A/div), time axis (5ms/div) for AZSPWML1,%0.4, £=10 kHz

Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value T 1.39Y BO7 mv 128 my 448 A 3.081 A
status o v ' v

Figure 6.15 Modulation waveform (green, 0.5V/dm)tput current waveform
(blue, 2A/div), dc bus voltage (red, ac coupled/di¥) and }: current
(brown, 5A/div), time axis (5ms/div) for DPWML1,;¥D.4, £=15 kHz
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Using the positiveFFT function

Frect () x 10"
Figure 6.16 M= 0.4, SVPWM, dc bus current harmonic fft for=f10 kHz,
(0.1A/div, 5kHz/div)

Using the positiveFFT function

0.5 1 1.5 2 25
Freq (Hz) x 16"

Figure 6.17 M= 0.4, AZSPWM1, dc bus current harmonic fft foef10 kHz,
(1A/div, 5kHz)

Using the positiveFFT function

Aorlitude

Freate) x 10"
Figure 6.18 M= 0.4, DPWML, dc bus current harmonic fft fo=f15 kHz,
(0.1A/div, 5kHz/div)

For the operating point of M= 0.4 ande = 90°, the § equivalent harmonic of
AZSPWM reaches to the peak point of 3D spectrunplyi@nd same harmonic of
SVPWM falls to the minimum point and this is alsellmatched with fft data in
Figure 6.16 and Figure 6.17. Moreover, @fjuivalent harmonics of both SVPWM
and AZSPWM should be very low as observed in 3xspm and this is checked
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with the fft data. In addition, for the same opemgtcondition (M = 0.4 andp =
90°), as inferred from 3D spectrum, all equivaleatmonics of DPWML1 is small in
magnitude and the spectrum is flat and this is atgeed with the fft data in Figure

6.18. The low frequency harmonics is sourced fromlow frequency fluctuations

of three phase diode rectifier that supplies tiveriter dc bus.

6.3 RL load experiment results

In this experiment, as demonstrated in introduc¢tié®Q per phase star connected

R load is interfaced to the inverter output withies® connected inductors of 3.1 mH

in order to suppress the voltage ripple of thedlplease inverter outputs. For the 50

Hz operation X;,quctor = 2fL = 0.97Q and the overall impedance is calculated

asZ =75+ j0.97 and this gives a power factor anglepof 0.74°= 0°.

i i

cz

Fy
Measure P1:max(c1) PZrms(C1) P3:max{C)
value 6.9 271 36.0
g

500 myidiv
-1.4000 %

Figure 6.19 Modulation waveform (green, 0.5V/dm)tput current waveform
(blue, 2A/div), dc bus voltage (red, ac coupledy/2lv) and ks current
(brown, 5A/div), time axis (2ms/div) for SVPWM,;¥D.8, £=10 kHz
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Measure P1:rmaxic) PZrms(C1) P3:maxiC2) Pa:rms(C2) P&:max(s3) PE:rms(C3)
value 584 263 236 436 460 A 2631 A
status ' ' ' v

Figure 6.20 Modulation waveform (green, 0.5V/dm)tput current waveform
(blue, 2A/div), dc bus voltage (red, ac coupledy/2lv) and k¢ current
(brown, 5A/div), time axis (2ms/div) for AZSPWM1,;%0.8, £=10 kHz
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Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value 6.0V 288 32V 4 66 451 A 2833 A
status ' ' ' v

Figure 6.21 Modulation waveform (green, 0.5V/dm)tput current waveform
(blue, 2A/div), dc bus voltage (red, ac coupledy/2iv) and k¢ current
(brown, 5A/div), time axis (2ms/div) for DPWML1,;¥D.8, £=15 kHz
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Fy
Measure P1imaxic1) PZirms(C1) P3:max(C2) P4ImMs(C2) P& mMaxc3) PEIIMS(S3)
value a4 243 228V 432 433 A 2864 A
status ' ' ' v

Figure 6.22Viodulation waveform (green, 0.5V/div), output cuntrgvaveform
(blue, 2A/div), dc bus voltage (re@c coupled20V/div) and s current
(brown, 5A/div), time axis (2ms/div) for NSPWM, M0.8, £=15 kHz

c_' s ______________ ettt M

¥

P

Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value 284 1.84% 254 521 460 A 36224
status ' ' ' v

Figure 6.23 Zoomed indcurrent waveform (green, 5A/div), ac coupleg V
waveform (red, 20V/div), time axis (20us/div) foYBWM, M; = 0.8,
fc = 10kHz
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Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value 34 137 1754 41T 362 A 27934
status ' ' ' v

Figure 6.24 Zoomed indcurrent waveform (green, 5A/div), ac coupleg V
waveform (red, 20V/div), time axis (20us/div) foPR/M1, M, = 0.8,
fc = 15kHz

In Figure 6.23, the zoomed in waveform gfdurrent of SVPWM is illustrated for
the operating point of M= 0.8,¢=0°. It is seen from the waveform that two current
rectangles in one switching periods(rare explicit and this makes the Barmonic
dominant for the given operating point and modulatdoreover, for the same
operating point, thed current of DPWM1 at oneg] includes one explicit rectangle

as illustrated in Figure 6.24 and therefokeid dominant atfas agreed with fft

spectrum of Figure 6.27.
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Using the positiveFFT function

Figure 6.25 M= 0.8, SVPWM, dc bus current harmonic fft for=f10 kHz,
(0.5A/div, 5kHz)

Using the positiveFFT function

Freq (H2) x 106°
Figure 6.26 M= 0.8, AZSPWM1, dc bus current harmonic fft foef10 kHz,
(0.5A/div, 5kHz)

Using the positiveFFT function

Freq (Hz)

Figure 6.27 M= 0.8, DPWML, dc bus current harmonic fft fo=f15 kHz,
(0.5A/div, 5kHz)
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Using the positiveFFT function

Freq (Hz) i

Figure 6.28 M= 0.8, NSPWM, dc bus current harmonic fft fpr=f15 kHz,
(0.5A/div, 5kHz)

In this part of experiment, inverter is operatetghwiear unity power factag = 0°
and high modulation index of M= 0.8. In this operating point, from 3D graph of
Figure 3.14, for the SVPWM method, the dominantianic is located at 2fand

in the fft data, dominant harmonic is located at (Bigure 6.25) and thus well

matched with the analytical result of 3D graph.

For AZSPWML1 switchedg} current fft spectrum, for the same operating pdim
dominant harmonic is located at 2Figure 6.26) which is agreed with the 3D graph
of Figure 3.14.

The dominant harmonic of DPWM1 should begarfd less harmonic component at
higher frequencies of spectrum. This conditiongeead with the fft data in Figure
6.27. Moreover, at this operating point, the &juivalent harmonic of NSPWM is
dominant and this condition is also correlated with data in Figure 6.28.
Moreover, from 3D harmonic spectrum graph of FigBr#4, the 2f harmonics of
DPWM1 and NSPWM are nearly same and this is alseealwith the fft data.
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Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value 34 1.40% 36.0% 482 2924 1.3524
status v v ' v

Figure 6.29Modulation waveform (green, 0.5V/div), output cuntrgvaveform
(blug 2A/div), dc bus voltage (re@c coupled20V/div) and | current
(brown, 5A/div), time axis (5ms/div) for SVPWM, M0.4, £=10 kHz

Measure P1:max(c1) PZrms(C1) P3:max{C) FP4:rms=(CZ Fa:maxiC3) PEIrms(C3H
value 3.8 171 228 406 IB0A 1.655 A
status v v % v ' v

-1 4 0 mi oo a0 g e

Figure 6.3Modulation waveform (green, 0.5V/div), output cuntrgvaveform
(blug 2A/div), dc bus voltage (re@c coupled20V/div) and | current
(brown, 5A/diy, time axis (5ms/divjor AZSPWM1, M=0.4, {=10 kHz
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F Y
Measure P1:maxiC1) PZrms{C1) F3:maxiC2) Pa:rms{CZ) Pa:max{C3)
yalue 36

141 360V 4. BB Y 384 A
status o v

FErms{C3)
1.387T A

Figure 6.31Modulation waveform (green, 0.5V/div), output cunrgvaveform
(blug, 2A/div), dc bus voltage (re@c coupled20V/div) and j current
(brown, 5A/divy, time axis (5ms/div) for DPWM1, M0.4, £=15 kHz

Using the positiveFFT function
1.5

********************************* - - - - - - - - - T - - - - - - - === ===

Figure 6.32 M= 0.4, SVPWM, dc bus current harmonic fft for=f10 kHz,
(0.5A/div, 5kHz)

100



Using the positiveFFT function

Freq (Hz) x 10"

Figure 6.33 M= 0.4, AZSPWML, dc bus current harmonic fft for=fd.0 kHz,
(0.5A/div, 5kHz)

Using the positiveFFT function

Freq (Hz) x 10"

Figure 6.34 M= 0.4, DPWM1, dc bus current harmonic fft for fd5 kHz,
(0.5A/div, 5kHz)

For the operating point af = 0° and low modulation index of M= 0.4, the fft

spectrums ofy} currents of SVPWM, AZSPWM1 and DPWM are obtained;ept

for the spectrum of NSPWM, since NSPWM doesn’t winmkarly under M= 0.6

point and thus is not used in this range. The spexs of SVPWM, AZSPWM and
DPWM1 are well correlated with the 3D graph of FgG.14.

As demonstrated earlier, low frequency fluctuationthe dc bus current is sourced
from the diode rectifier that interfaces with theains and charges the dc bus
capacitor branch. In no load motor experiment, esithe drawn real power is very
low (the losses of the motor), the magnitude of ltve frequency dc bus current

fluctuation is low as illustrated in Figure 6.35.
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A
Measure P maniic]) P2rms{C1) P3man{C2) P4:rms{ch P& max(C3) PErmsiC3)
walue 1.2 200 my =361 218 A 671 mA
status v v T &

Figure 6.35 No load motor diode rectifier AC ingutrent (blue, 1A/div), DC
output current (green, 0.8A/div), (5ms/div); 0.8

Using the positiveFFT function
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Figure 6.36No load motor diode rectifier AC input current @ 05A/div,
500Hz/div), M =0.8

Using the positiveFFT function

5 006 -——-————————————————— - i ————————————————————— 1:* ————————————————————— 1
Food T A - |
olooo ? ooet it 43 T @, o) ?, i P, Q:D
o 500 1000 1500
Freq (Hz)
Figure 6.37o load motor rectifier DC output current fft (@QA&/div, 500Hz/div),
Mi =0.8
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The spectrums of the rectifier per phase inputenurand the rectifier dc output
current are illustrated in Figure 6.36 and Figur876for the no load motor

experiment with M= 0.8.

In the RL load experiment, since much power isipé&ed in the resistive load
bank, much current is drawn from dc bus and heraa the rectifier output and the
inputs. The input per phase current and the dcubutprrent of the diode bridge
rectifier is illustrated in Figure 6.38, for theaypting point of M= 0.8. Moreover,
the fft spectrum of these waveforms are obtainegignire 6.39 and Figure 6.40. In
Figure 6.40, the typical harmonic distribution ltexh at even integer multiples of
third harmonic (150Hz) of the fundamental freque(@3yHz) is observed.

&
Measure P1:maxiC1) PZrms{C1) F3:maxiC2) Pa:rms{CZ) Pa:max{C3) FErms{C3)
value 1.2 200 m =361 TAA 3.004
status v v k1 &

Stop 420 A4
Sis|Edge  Megative

Figure 6.38 RL load diode rectifier AC input curréblue, 5A/div), DC output
current (green, 3.2A/div), (5ms/div),iM 0.8
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Using the positiveFFT function
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Figure 6.39 RL load rectifier AC input current (@.5A/div, 500Hz/div), M= 0.8

Using the positiveFFT function
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Figure 6.40 RL load rectifier DC output current(ft8A/div, 500Hz/div), M= 0.8

In summary, in chapter 6, the experimental datacwig collected via using the
experimental setup that drives available loadsiénlaboratory is investigated and it
is demonstrated that the fft of the experimentahda well matched with the

analytical harmonic spectrum calculation resulterédver, ac input and dc output
current waveforms of the three phase diode rectiffethe experimental setup are

investigated and typical spectrums are observed.

In the next chapter, a brief information about #iePWM VSI will be given and
the expansion of the 2L double fourier analysith®3L will be demonstrated.
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CHAPTER 7

BASIC INVESTIGATION OF THREE PHASE THREE LEVEL PWM VS|

In this chapter, dc bus harmonic current analy$§iStoee Level Voltage Source
Inverter is demonstrated with additional low fregeye harmonic analysis. In the
following pages, The brief information about therdd Level PWM VSI is given
and some simulation works are illustrated and aification of previously used
harmonic spectrum analysis method for 2L PWM VSinientioned to be applied

for multi level PWM VSI topologies.

3L (three level) 3-Phase PWM inverter outputs ohthiee different voltage levels
per phase output at a switching time)(TThis VSI topology gets its name ‘3L’
from these three kind of voltage levels. Thesdaga levels are ¥/ 2, -Vyc / 2,
and O volts. Last voltage level is performed viangsclamp diodes which are
labeled as (DU1, DU2, DV1, DV2, DW1, DW?2) in Figurel. In order to prevent
the short of dc bus during clamping action, actwétches are used to isolate the dc
bus rails from neutral rail (the middle rail in Big 7.1). These active switches are
labeled as (SU1, SV1, SW1, SU4, SV4, SW4) in Figute
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Figure 7.1 3L inverter topology and current cir¢ida path in a switching state

At positive half cycle of modulation waveform, outpof 3L inverter leg switches
between V. / 2 and O volts voltage levels. Assuming the urptywer factor
operation, that means output current is also pasithe current path during the on
state (inverter leg output is pulled up t@:¥Y 2) is shown in Figure 7.1. In this
switching state, V and W phase legs outputs arapa to O volts level and current

loop is closed via clamp diodes.

At negative half cycle of modulation waveform argsaming unity power factor
operation, the current path during the on stateefter leg output is pulled up to -
Vac/ 2) is symmetric to previous path with respectreutral wire (middle rail).
This current path is shown in Figure 7.2. In thistshing state, U phase leg output
is pulled down to -\ / 2 level and V, W phase leg outputs are clampe@ ¥olts
via upper clamp diodes (DV1, DW1).
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Figure 7.2 3L inverter topology and current cir¢ida path in a switching state

Switching between ¥/ 2 and 0 volts voltage levels helps decreasiegsthitching
loss of semiconductor switches compared with thgawd 0 volts switching levels

of 2 level inverters.
Following waveforms and spectrums are the outptt3LoPWM VSI simulation

with following simulation parameters shown in Tall.1. The output loads of the

inverter are three phase balanced sinusoidal dusoemces.

Table 7.1 3L PWM VSI simulation parameters

Modulation

M

D (%)

|o_max(A)

Vad2 (V)

fe (Hz)

SVPWM

0.7

0

100

400

10000
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Figure 7.3 From top to bottomiclp (Vad/2 rail current) harmonic spectrum
(12.5A/div, 20kHz/div), dc n(-Vad2 rail current) harmonic spectrum
(12.5A/div, 20kHz/div), and thed o(neutral wire current) harmonic spectrum

(25A/div, 20kHz/div)

P IdCfP . Ia
-+ >
0 Idch 3L Iy
> PWM >
VSI
_l_
Vi2 —/— L
Idch . >
N

Figure 7.4 Dc bus current notations for 3L PWM VSI

As illustrated in Figure 7.34d pand kc_ncurrents harmonics are same in magnitude

(| IdC_Pl =| lac N |) as a result of symmetrical switching ofV 2 and — V. / 2 rails.
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Moreover, as a special working condition of unitwer factor operationd( = 0°),
they are same in magnitude in odd integer multipleg, however, they are 180°
out of phase at even integer multiple offrom the node equation at node4,d=

- (lgc_p+ lgc n) and therefore] Idc_o| =2 |dc_p| at odd integer multiple of.fand
lac 0 = O at even integer multiple of. fMoreover, there occures low frequency
current harmonics at 150 Hz and 450 Hz differemtnf2L PWM VSI.

500.0

-500.0
160.0m 170.0m 180.0m 190.0m 200.0m

Figure 7.5 Inverter A phase output and the modutatvaveform

=

500.0

250.0

. T

-500.0

160.0m 170.0m 180.0m 190.0m 200.0m
Figure 7.6 A phase output current waveform andnibdulation waveform in
phase

In the following graphs (Figure 7.7 — Figure 7.1Be harmonic spectrums of lp
current of 3L inverter under each modulation teghriare compared depending on

different operating conditions.
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Figure 7.7 SPWM ripple current spectrum, low fragryeharmonics (top,
12.5A/div, 333Hz/div), high frequency harmonicstfbm, 12.5A/div, 10kHz/div),
(M;i=0,3,9 = 0°, b=100 A)
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Figure 7.8SVPWM ripple current spectrum, low frequency harmsrtop,
1.25A/div, 200Hz/div), high frequency harmonicstfom, 12.5A/div, 10kHz/div),
(M;i=0,3,¢ = 0°, b,=100 A)
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Figure 7.9 AZSPWML1 ripple current spectrum, lowgirency harmonics
(top, 12.5A/div, 333Hz/div), high frequency harmasibottom, 12.5A/div,
10kHz/div), (M=0,3,¢ = 0°, bL,=100 A)
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Figure 7.10 DPWM1 ripple current spectrum, low freqcy harmonics
(top, 12.5A/div, 500Hz/div), high frequency harmasibottom, 12.5A/div,
25kHz/div), (M=0,7,¢ = 0°, b,=100 A)
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Figure 7.11 DPWM1 ripple current spectrum, low fregqcy harmonics
(top, 12.5A/div, 1.25kHz/div), high frequency hamncs (bottom, 12.5A/div,
20kHz/div), (M=0,7,¢ = 30°, b,=100 A)
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Figure 7.12 NSPWM ripple current spectrum, low fregcy harmonics
(top, 12.5A/div, 20kHz/div), high frequency harmesibottom, 12.5A/div,
20kHz), (M=0,7,¢ = 0°, by=100 A)
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Figure 7.13 NSPWM ripple current spectrum, low fregcy harmonics
(top, 12.5A/div, 500Hz/div), high frequency harmesi
(bottom, 12.5A/div, 25kHz/div), (M0,7,¢ = 30°, k=100 A)

As illustrated in the graphs, for the continuous @\Wethods, at low M the dc
bus current harmonics are dominant at thentl double the,fand the magnitude of
harmonics at low frequencies (150Hz, 450Hz) arey vew. In the discontinuous
PWM methods at high Mthere occures dc bus current of low frequencyhuge
magnitude and this is the largest dc bus curremindiic compared with the

harmonics of high frequency of which the dominam occures at.f

Generally for all operating conditions, the harneooontent of the rail currents can
be calculated analytically via using double foulrgegral. Depending on different
modulation technique and carrier type, the domairwhich fourier integral is

calculated differs and this domain is the fingentpof modulation method in the
sense of dc bus current harmonics. The trianguéarier type used in this
simulation is the Phase Disposition (PD) carriertHis type, two carriers in the
same phase are used for each positive and negeysle of the modulation

waveform as shown in Figure 7.14.
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Figure 7.14 PD carrier waveforms: carrier for figeicycle of modulation
waveform (green ) and carrier for negative cyclenofdulation waveform (blue)

The limits used for harmonic spectrum calculatidihyg pis different than the limits
used for ¢ n The inner integral limits used fogclpfor two types of triangular
carriers are shown in Figure 7.15 and the limitslfg y are illustrated in Figure
7.16. In order to analyze the neutral current hauosy the linearity of double

fourier is used as in (7.1).
F(laco) = F[~(lacy + lacy)] = —=F (lacp) = F (acy) (7.1)

The analysis guidelines demonstrated in this clhayate be also used for multi-level
PWM VSiIs. The key point is to define the fourieteigration domain and to observe
the dc bus current circulation path through thetdveis and the dc bus capacitor
bank. After the decomposition aof lcurrent, last step is to use the linearity propert

of fourier integral in order to calculate the oveharmonic spectrum.
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Figure 7.15 Inner Integral calculation domains ygegion) for normal triangular
carrier (left) and reverse triangular carrier (tjgior positive cycle of modulation
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y(at)y y(at)y
| |
2! , 2!
!
32 '
2 |
| | |
e N g L. .. e
0 T X ) 0 T x(a )

Figure 7.16 Inner Integral calculation domains ygegion) for normal triangular
carrier (left) and reverse triangular carrier (tjglor negative cycle of modulation
signal

In summary, the double fourier analysis tool of VM VSI can be extended to 3L
and multi level PWM VSI topologies and a correlatican be done between the
inner fourier integral limits and the spectrum afieus PWM VSI topologies.
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CHAPTER 8

CONCLUSIONS

This thesis work mainly reviewed the dc bus ripplerent characteristics of three-
phase voltage source inverters, evaluated thergpebtracteristics, and provided a

simple approximation for spectral components.

In chapter 2, four main PWM VSI topologies are destmted with sample
harmonic spectrum graphics of dc bus currents. Giheulation paths and the
contributers of dc bus current are illustrated wstthematics of topologies. The

application areas of these topologies are alsoioresd.

In chapter 3, the dc bus current waveform is foduse to explain the mechanism
of the construction of it's harmonic spectrum. Thie k. waveforms of all four
main modulation methods are examined in one switcperiod and a correlation is
obtained betweenyd current rectangles distribution and the harmomectum.
Double fourier transformation is demonstrated asaalysis tool for calculation of
spectrum of pulse width modulated dc bus currerite Bquivalent centered
harmonic approach, which models the carrier andbsidd dc bus capacitor current
harmonics with an equivalent harmonic at the cerigame is applied to the
multiples of ), is demonstrated. This simplification aids inaclenderstanding the
dominant harmonics and their effects. As a consempjewith this approach,
capacitor losses (ESR or dielectric) and voltagple can be accurately calculated.
The centered current harmonics are put in 3-D gcafoin look-up to be used in dc

bus capacitor design. Therefore, the designer duadshave to do complex
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calculations such as double Fourier integrals andolved computational

algorithms.

In chapter 4, the power electronic capacitors avestigated. In high voltage and
high power applications, film and electrolytic capars are used depending on
their high voltage and ripple current ratings, tlihese types of capacitors are

focused on in the scope of the thesis work.

In chapter 5, typical PWM VSI applications are istigated in detail and these
applications are grouped under three main opergioigts (M, ¢). In addition,
PWM methods are evaluated and suggested for tlgpsmlt operating points with
the dc bus ripple performance being the main caimgtrDc bus capacitor design
examples are given for these typical applicatiaviereover, full system rectifier
simulation is done covering all these three opegatioints and all four modulation
methods. The fft results are compared with theydical calculation outputs. The

ac side of the inverter is investigated brieflymstome simulation outputs.

In chapter 6, experimental results are interpretecthe experimental setup, the
high frequency dc bus capacitor current data alleated and fft of these data are
plotted in the Matlab plotter tool. The aggreemeetiween these fft graphs and the

3D equivalent harmonic graph is investigated aiggh leorrelation is observed.

In chapter 7, the three level (3L) three phase PV8\lis investigated briefly and it
is shown that the analytical tool of double fourman be used to analyze the
harmonic spectrum of dc bus rail and neutral peutrents via making some

modifications to the analysis steps used in twell®WM VSI.
Overall, this thesis work supplies the main toolorder to improve the design of

an inverter and it's dc bus capacitor via obtainsimgple 3D look up graph, a basic

design algorithm and grouping the applications wjkcific design examples.
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As future work, the investigation of dc bus raildameutral point currents of three
phase three and multi level PWM VSiIs could be daman extension of this thesis

work.
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APPENDIX A

MATLAB CODE FOR DOUBLE FOURIER ANALYSIS

% kkhkkkkkkkkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkhkkkhkkk kkkkk kkkkkkkkkkkkhkkk

% By: Ufuk Ayhan

% Date: 31/12/2011

O FRHkRE Rk bRk kR ARk R Ak S

% “modulator_svp” function defines the SVPWM wawenh

% “y” is the array in the range 0 <y <2pi with datoints predefined by integral
% calculator (quad(.) function)

% M is the scaled modulation index of M = Mi * 127

function outl = modulator_svp(y,beta,M,m)

y = mod(y+beta,2*pi);
[k,I] = size(y);

sign=1;

for(i =1:1)

if ((y(i) >= 0 & y(i) <= pi/3) | (y(i) > pi & \(i) <= 4*pi/3))
func = (sqrt(3)/2)*M*cos(y(i)-pi/6);
outl(i) = modulator_int(func,m);

elseif ((y(i) > pi/3 & y(i) <= 2*pi/3) | (y(ip> 4*pi/3 & y(i) <= 5*pi/3))
func = (3/2)*M*cos(y(i));
outl(i) = modulator_int(func,m);

elseif ((y(i) > 2*pi/3 & y(i) <= pi) | (y(i) >5*pi/3 & y(i) <= 2*pi))
func = (sqrt(3)/2)*M*cos(y(i)+pi/6);
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outl(i) = modulator_int(func,m);
else
error('interval is wrong');
end
end
end
% “modulator_dp” function defines the DPWM1 wavefor

function out = modulator_dp(y,beta,M,m)

y = mod(y+beta+pi/6,2*pi) - pi/6;
[k.l] = size(y);
sign = 1;
for(i =1:1)
if ((y(i) >= -pi/6 & y(i) <= pi/6))
func = 1;
out(i) = sign*modulator_int(func,m);
elseif ((y(i) > pi/6 & y(i) <= pi/2))
func = (sqrt(3)*M*cos(y(i)-pi/6)-1);
out(i) = sign*modulator_int(func,m);
elseif ((y(i) > pi/2 & y(i) <= 5*pi/6))
func = (sqrt(3)*M*cos(y(i)+pi/6)+1);
out(i) = sign*modulator_int(func,m);
elseif ((y(i) > 5*pi/6 & y(i) <= 7*pi/6))
func = -1,
out(i) = sign*modulator_int(func,m);
elseif ((y(i) > 7*pi/6 & y(i) <= 3*pi/2))
func = (sqrt(3)*M*cos(y(i)-pi/6)+1);
out(i) = sign*modulator_int(func,m);
elseif ((y(i) > 3*pi/2 & y(i) <= 11*pi/6))
func = (sqrt(3)*M*cos(y(i)+pi/6)-1);
out(i) = sign*modulator_int(func,m);

else

125



error(‘interval is wrong’);
end
end

end

% “modulator_ns” function defines the NSPWM wavefor

function out = modulator_ns(y,beta,M,m)

y = mod(y+beta+pi/6,2*pi) - pi/6;
[k,1] = size(y);

for(i=1:1)

if ((y(i) >= -pi/6 & y(i) <= pi/6))
func = +1;
out(i) = modulator_int(func,m);

elseif ((y(i) > pi/6 & y(i) <= pi/2))
func = (sqrt(3)*M*cos(y(i)-pi/6)-1);
out(i) = modulator_int_comp(func,m);

elseif ((y(i) > pi/2 & y(i) <= 5*pi/6))
func = (sqrt(3)*M*cos(y(i)+pi/6)+1);
out(i) = modulator_int_comp(func,m);

elseif ((y(i) > 5*pi/6 & y(i) <= 7*pi/6))
func = -1,
out(i) = modulator_int(func,m);

elseif ((y(i) > 7*pi/6 & y(i) <= 3*pi/2))
func = (sqrt(3)*M*cos(y(i)-pi/6)+1);
out(i) = modulator_int(func,m);

elseif ((y(i) > 3*pi/2 & y(i) <= 11*pi/6))
func = (sqrt(3)*M*cos(y(i)+pi/6)-1);
out(i) = modulator_int(func,m);

else

126



error(‘interval is wrong’);
end
end

end

% modulator_AZS function defines the AZSPWM1 wavefo

function outl = modulator_azs(y,beta,M,m)

y = mod(y+beta,2*pi);
[k.] = size(y);

for(i =1:1)

if((y(i) >= 0) & (y(i) <=pi))
sign = -1;

else
sign =1;

end

if ((y(i) >= 0 & y(i) <= pi/3) | (y(i) > pi & \(i) <= 4*pi/3))
func = (sqrt(3)/2)*M*cos(y(i)-pi/6);
if( sign == 1)
outl(i) = modulator_int(func,m);
elseif (sign == -1)
outl(i) = modulator_int_comp(func,m);
end
elseif ((y(i) > pi/3 & y(i) <= 2*pi/3) | (y(ip> 4*pi/3 & y(i) <= 5*pi/3))
func = (3/2)*M*cos(y(i));
if( sign == 1)
outl(i) = modulator_int(func,m);

elseif (sign == -1)
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outl(i) = modulator_int_comp(func,m);
end
elseif ((y(i) > 2*pi/3 & y(i) <= pi) | (y(i) >5*pi/3 & y(i) <= 2*pi))
func = (sqrt(3)/2)*M*cos(y(i)+pi/6);
if( sign == 1)
outl(i) = modulator_int(func,m);
elseif (sign == -1)
outl(i) = modulator_int_comp(func,m);
end
else
error(‘interval is wrong');
end
end

end
% function for the inner integral reduction for nal triangular carrier
% “m” is the integer multiplier of the carrier fregncy (fc)
% “x” is the resultant array of calculation of mégades depending on modulation
% function
function out = modulator_int(x,m)
out = (exp(i*m*(3*pi/2+ (pi/2)*Xx)) - exp(i*m*(p/2 - (pi/2)*X)));

end

% function for the inner integral reduction for eese triangular carrier

function out = modulator_int_comp(x,m)

out = exp(i*m*(pi/2+(pi/2)*x)) - 1 + exp(i*m*2pi) - exp(i*m*(pi/2)*(3-x));

end
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% function for the overall double integral calcidatfor different PWM

% methods

% “n” is the integer multiplier of fundamental freency (fo)

% “phi” is the phase angle in radians between titpwd of the inverter at

% fundamental frequency and the output currenthefghase (one of a, b, ¢)
% “iL” is the magnitude of the output sinusoidat@nt

% “beta” is the phase angle between balanced fitrases (2pi / 3 in radians)
% “mod_select” defines the modulation function unsjgectrum calculation

function out = fourier_multiplier(m, n, phi, M, ilbeta, mod_select)

switch mod_select

case 1% SVPWM
f = @(y) exp(i*n*y) .* cos(y-phi) .* modutar_svp(y,beta,M,m); % SVPWM
Int11 = quad(f,0,2*pi,0.0000001);
mn_iV1 = (iL/(i*2*pi"2*m)) * Int11;

out =mn_iVv1;

case 20 DPWM1
f = @(y) exp(i*n*y) .* cos(y-phi).* modulat_dp(y,beta,M,m); %DPWM
Int11 = quad(f,0,2*pi,0.00001);
mn_iV1 = (iL/(i*2*pi"2*m)) * Int11;

out = mn_iV1;

case 30 NSPWM
f = @(y) exp(i*n*y) .* cos(y-phi) .* modutar_ns(y,beta,M,m); % NSPWM
Int11 = quad(f,0,2*pi,0.0000001);
mn_iV1 = (iL/(i*2*pi*2*m)) * Int11;

out =mn_iV1;

case &0 AZSPWML1
f= @(y) exp(i*n*y) .* cos(y-phi) .* modutar_azs(y,beta,M,m); % AZSPWM
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Int11 = quad(f,0,2*pi,0.00001);
mn_iV1 = (iL/(i*2*pi*2*m)) * Int11;
out = mn_iV1;

end

% “leg_spectrum” function calculates the harmomiectrum of one leg of inverter
% “delta” is the space between bunches of frindesvitching frequency integer
% multiples

% n_fringe is the number of fringes per switchirggliency multiple

% n_wc is the number of multiples of switching fuegcy to plot

% fc is the switching (carrier) frequency

% fo is the fundamental frequency of modulatingction

function out = leg_spectrum (fc, fo, n_wc, n_fringelta, phi, M, iL, beta,

mod_select)
phi = -1 * phi;
pf = phi + beta;
wc = 2*pi*fc;
wo = 2*pi*fo;

fringe_array = zeros(1, ((n_fringe + 1) * n_wc + ¢t - 1) * delta));
i =0; Amn =0; Bmn =0;

for m=1:n_wc
for n = (-n_fringe/2) : (n_fringe/2)
I=i+1;
AB_mn = fourier_multiplier(m, n, phi, N.,,beta,mod_select);

fringe_array(1, (i + (m-1)*(n_fringe+%)(m-1)*delta)) = AB_mn;

end
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out = fringe_array;

end

% “dc_link_spectrum” function calculates the harmemspectrum of Idc
function [outl, out2] = dc_link_spectrum(fc, fo,wc, n_fringe, delta, phi, M,
iL,mod_select)

[f1, f2] = leg_spectrum(fc, fo, n_wec, n_fringe, tielphi, M, iL, 0, mod_select);
[f3, f4] = leg_spectrum(fc, fo, n_wc, n_fringe, tel-2*pi/3+phi, M, iL, -2*pi/3,
mod_select);

[f5, f6] = leg_spectrum(fc, fo, n_wc, n_fringe, tkel-4*pi/3+phi, M, iL, -4*pi/3,
mod_select);

outl =fl1 + f3 + 5; % addition of leg spectrums for over carrier band

out2 = f2 + f4 + f6; % addition of leg spectrums for sub carrier band

end

e L L L SRR
% * thisis the 3D Equivalent Harmonic plottifughction

% * fc: carrier frequency

% * fo: output frequency

% * n_wc: number of centers (1*fc, 2*fc, ....)

% * n_fringe: number of harmonic fringes arowsahter

% * delta: space between center bunches

% * iL: magnitude of output load current

% * mod_select: selection of modulation type:

% * 1) SVPWM
% * 2) DPWM1
% * 3) NSPWM
% * 4) AZSPWM
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% * plot_select: *

% * 1) line bar graph *
% * 2) 3D bar graph of unified hamnncs *
0/0 kkkkkkkkkkkkkkkkhkhhkkkhkhkkhkkkhkhhhkhkhkkhhkkkhkkhhhkkhkhhkkkhkikx kkkkkkkkkkkkkkkkk

function dc_link_spect_3D_rms_plot(fc, fo, n_wcfnmge, delta,iL,

mod_select,plot_select)

spectrum_array_m = zeros(11, ((n_fringe + 1) * n#(a_wc-1)*delta));

fringe_mag_1 = zeros(11,11);

fringe_mag_2 = zeros(11,11);

fringe_mag_3 = zeros(11,11);

fringe_mag_4 = zeros(11,11);

fringe_mag_5 = zeros(11,11);

fringe_mag_6 = zeros(11,11);

fringe_mag_7 = zeros(11,11);

fringe_mag_8 = zeros(11,11);

fringe_mag_9 = zeros(11,11);

fringe_mag_10 = zeros(11,11);

fringe_mag_rms = zeros(11,11);

|_hrms_sqr = zeros(11,11);

fr_mag_1 =0;fr_mag_2 =0;fr_mag_3 = 0;fr_mag_4fr hag_5=0;fr_mag_6 =
0;fr_mag_7 = 0;fr_mag_8 = 0;fr_mag_9 = 0;fr_mag=10,

switch plot_select

case 1

fori=1:11

[s1, s2] = dc_link_spectrum(fc, fowt, n_fringe, delta, 0,i/10,
iL,mod_select);
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spectrum_array_m(i,:) = s1; % s1: carrier integer multiple harmonics
% s2: subcarrier harmonics
end

bar3(abs(spectrum_array_m));

case 2
fori=1:11 % loop index for Modulation index
fork =1:11 % loop index for output current phase

[s1, s2] = dc_link_spectrum(fc, fo, n_wcfnnge, delta, -(pi/20)*(k-1)
,i*1.273/10, iL,mod_select);

spectrum_array_m(i,:) = s1% modulation arrays ( Mi = 0.1, Mi = 0.2, ....)

for j = 1:(n_fringe+1)
% summation of squares of harmonics around center
fr_mag_1 =fr_mag_1 + abs(spectrum_array_m(i,j))"2;
fr_mag_2 =fr_mag_2 + abs(spectrum_array_m(i,j4ingé+1+delta))"2;
fr_ mag_3 = fr_mag_3 + abs(spectrum_array_m(i,j+2fiinge+1)+2*delta))"2;
fr_ mag_4 = fr_mag_4 + abs(spectrum_array_m(i,j+3fiinge+1)+3*delta))"2;
fr_mag_5 = fr_mag_5 + abs(spectrum_array_m(i,j+4fiinge+1)+4*delta))"2;
fr_mag_6 = fr_mag_6 + abs(spectrum_array_m(i,j+5f(inge+1)+5*delta))"2;
fr_ mag_7 = fr_mag_7 + abs(spectrum_array_m(i,j+6fiinge+1)+6*delta))"2;
fr_mag_8 = fr_mag_8 + abs(spectrum_array_m(i,j+7fiinge+1)+7*delta))"2;
fr_mag_9 = fr_mag_9 + abs(spectrum_array_m(i,j+8f(nge+1)+8*delta))"2;
fr_mag_10 = fr_mag_10 + abs(spectrum_array_m(ifr9fringe+1)+9*delta))"2;
end

fringe_mag_rms(i,k) =

sqrt(fr_mag_1+fr_mag_2+fr_mag_3+fr_mag_4+fr_magr5shg_6+fr_mag 7+
fr_mag_8+fr_mag_9+fr_mag_10);
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fringe_mag_1 (i,k) = sqgrt(fr_mag_1);
fringe_mag_2 (i,k) = sqgrt(fr_mag_2)
fringe_mag_3 (i,k) = sqrt(fr_mag_3);
fringe_mag_4 (i,k) = sqgrt(fr_mag_4);

fr mag 1=0;fr mag 2=0;fr mag_3=0; fr_ mag @& fr mag_5 =0;
fr mag 6 =0;fr mag 7=0;fr mag 8=0; fr_ mag @ fr_ mag_10 =0;

end

end

% plotting commands

x_axis =[0:10] * 0.1;
subplot(1,5,1);
bar3(x_axis,fringe_mag_rms/100 );
subplot(1,5,2);
bar3(x_axis,fringe_mag_1/100 );
subplot(1,5,3);
bar3(x_axis,fringe_mag_2/100 );
subplot(1,5,4);
bar3(x_axis,fringe_mag_3/100 );
subplot(1,5,5);
bar3(x_axis,fringe_mag_4/100);

end
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