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Summary

Due to the arising liberalization and deregulation of the electric energy mar¬

ket, the demands on an AC-transmission system are steadily growing.

Therefore, also more sophisticated AC-system controllers and topologies
are highly needed.

This thesis is focusing on one of these more sophisticated topologies, the 3-

phase 3-level Voltage Source Inverter (shortly: 3-level VSI), which might
become an interesting high power circuit for transmission applications.

In a first step, the mathematical equations of the 3-level VSI connected in

shunt to an AC-system are derived, which has been performed in a most

general way. The hereby achieved results are the basis for all further investi¬

gations in this thesis.

The proceeding chapter is dedicated to appropriate modulation schemes for

3-level VSI transmission applications. It is shown that off-line optimized
pulse patterns with selective elimination of harmonics and a sophisticated
carrier based PWM method are best suited to fulfil the requirements. In ad¬

dition, both modulation schemes are compared with respect to their har¬

monic pollution of the AC-system and the utilization of the 3-level VSI in a

wide frequency range (50Hz - 1450Hz).

A qualitative harmonic analysis results in the particular harmonic orders,

which have to be expected in the individual 3-level VSI AC- and DC-side

quantities. The analysis also includes the derivation of general harmonic

transfer rules, which describe the relationship between the AC- and the DC-

side harmonics. All investigations are performed for both symmetrical and

asymmetrical operation conditions.

The harmonic analysis shows up a remarkable drawback of the 3-level VSI

topology, which is manifested in an undesirable 3rd harmonic oscillation in

the two DC-side voltages. The generation principle of this 3rd harmonic os¬

cillation and its dependancy on the 3-level VSI operation mode, the modula¬

tion index of the switching functions and its switching frequencies will be

studied in depth for off-line optimized and carrier based PWM.

The general valid results achieved in the two preceding chapters will then be

verified by simulations. This will be performed for the pure reactive opera¬

tion mode by means of a 3-level VSI Static Var Compensator (SVC) with

realistic system parameters. The simulations do not only fortify the analyses
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but also uncover further disadvantages caused by the 3rd harmonic DC-side

oscillation, which yields the result that the 3-level VSI DC-side capacitors
should not be chosen too small.

Another drawback of the 3-level VSI concerns the undesirable DC-unbal¬

ance of the two splitted DC-side voltages. Hence, detailed investigations

with respect to the 3-level VSI self-balancing attributes are carried out and

the various DC-unbalance sources are introduced. The theoretical results,

which are basing on the general 3-level VSI transfer functions, are con¬

firmed by simulations of a 3-level VSI SVC. In addition, the simulations

show up the quantitative impact of all DC-unbalance sources and further

prove that an active DC-balance control will be of high need.

Consequently, the chapter to follow is focusing on two possible DC-side

DC-balance control measures, which consist in appropriate modifications of

the pulse patterns. It can be seen that the efficiency of these control meas¬

ures strongly depend on the operation point and the operation mode of the 3-

level VSI. More, for the pure reactive operation mode, only one of the two

proposed methods is suitable to control the DC-balance of the two DC-side

voltages. This method will be investigated further in depth by designing a

control scheme for a 3-level VSI SVC with realistic system parameters. The

simulations both prove a high efficiency of the controller over a wide opera¬

tion range but also uncover some inherent disadvantages, when operating in

the pure capacitive region. In order to eliminate these drawbacks, very seri¬

ous studies will be of high need.

Finally, the last chapter is dedicated to the control of the 3-level VSI AC-

side quantities under symmetrical and asymmetrical AC-system conditions.

For that purpose, the dynamic transfer functions of the system are derived in

its most general form, which also includes the influence of disturbances in

the AC-system voltages. These transfer functions constitute a very good ba¬

sis for studies concerning the dynamic system behaviour for all applications

(connected in shunt to the AC-system). Basing on the above mentioned

transfer functions, a current control is designed for a 3-level VSI SVC with

realistic parameters. This is done with respect to symmetrical and asymmet¬

rical AC-system conditions by means of both a closed loop and a feed-for¬

ward controller. In addition a current limiting controller, which exclusively
is active in case of transient over-currents, is superimposed to the conven¬

tional control scheme. The simulations show a quite reasonable perform¬
ance, even during large AC-system disturbances, if the AC-system is not

weak. In weak AC-systems, the performance with respect to AC-system dis¬

turbances is bad and further in depth investigations are highly desirable.
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Zusammenfassung

Aufgrund der zunehmenden Liberalisierung und Deregulation des elektri-

schen Energiemarktes wachsen in gleichem Mass auch die Anfordenmgen

an das elektrische iibertragungssystem. Daher wird schon in naher Zukunft

ein steigender Bedarf nach modemeren Netzregeleinrichtungen und Schal-

tungen bemerkbar sein.

In dieses Arbeit wird eine dieser modemen Schaltungen, der 3-phasige 3-

Punkt Spannungszwischenkreis Wechselrichter (kurz: 3-Punkt WR) unter-

sucht.

In einem ersten Schritt werden die allgemeingultigen Gleichungen des par¬

allel ans Netz geschalteten 3-Punkt WRs hergeleitet. Die hierbei erhaltenen

Ergebnisse bilden die Basis fur alle weiteren Untersuchungen in dieser Ar¬

beit.

Das darauffolgende Kapitel widmet sich geeigneten Modulationsverfahren

fur 3-Punkt WR Netzanwendungen. Es wird gezeigt, dass off-line opti-
mierte Pulsmuster mit Elimination von Harmonischen sowie ein sophisti-
sches Tragerverfahren besonders gut geeignet sind fur Netzanwendungen.

Beide Modulationsverfahren werden dann bezuglich ihrer erzeugenden

Netzverzerrungen und im Hinblick auf die Ausnutzung des 3-Punkt WRs in

einem weiten Frequenzbereich (50Hz - 1450Hz) miteinander verglichen.

Eine allgemeine harmonische Analyse zeigt die Ordnungszahlen der Har¬

monischen auf, welche in den einzelnen AC- und DC- seitigen 3-Punkt WR

Stromen und Spannungen erwartet werden miissen. Diese Analyse beinhal-

tet ebenfalls die Herleitung von allgemeinen harmonischen Transferregeln,
welche den Zusammenhang zwischen den AC- und DC-seitigen Ober-

schwingungen beschreiben. Die erhaltenen Ergebnisse sind sowohl fur sym-

metrische wie auch fur asymmetrische Betriebsbedingungen gultig.

Die harmonische Analyse deckt des weiteren einen grossen Nachteil der 3-

Punkt WR Topologie auf, welcher im Auftreten einer sehr unerwiinschten 3-

ten Harmonischen (und deren ungeradzahlige Vielfache) in den beiden DC-

seitigen Spannungen besteht. Die Erzeugung dieser Harmonischen sowie

ihre Abhangigkeiten von der 3-Punkt WR Betriebsart, dem Aussteuergrad
der Schaltfunktionen und deren Schaltfrequenz werden sowohl fur off-line

optimierte als auch fur tragerbasierte Verfahren eingehend untersucht.

Die in den beiden vorangegangenen Kapiteln erhaltenen (sehr allgemeingul-
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tigen) Resultate werden dann mit Hilfe von Simulationen verifiziert. Das Si-

mulationsmodell besteht aus einem 3-Punkt WR mit realistischen System-

parametern, der als reiner Blindleistungskompensator arbeitet. Die daraus

resultierenden Ergebnisse bestatigen nicht nur die durchgefuhrten Analysen,
sondern decken weitere Nachteile auf, welche wiederum auf die uner-

wiinschten DC-seitigen Oszillationen zuriickzufuhren sind. Dies fiihrt zu

der Erkenntnis, dass die DC-seitigen Kapazitaten nicht zu klein ausgelegt
werden sollten.

Ein weiterer Nachteil des 3-Punkt WRs besteht in einer moglichen DC-Un-

symmetrie der beiden Zwischenkreisspannungen. Daher werden eingehende

Untersuchungen bezuglich des Selbst-Symmetrierverhaltens des 3-Punkt

WRs durchgefuhrt. Ebenfalls werden die verschiedenen Ursachen fur eine

DC-seitige Unsymmetrie vorgestellt. Die allgemeingiiltigen theoretischen

Resultate, welche auf den dynamischen 3-Punkt WR ubertragungsfunktio-
nen basieren, werden aufgrund von Simulationen des 3-Punkt WR Blind-

stromkompensators bestatigt. Die Simulationen zeigen auch den quantitati-
ven Einfluss der einzelnen Unsymmetrieursachen auf und bestatigen die

Notwendigkeit einer zusatzlichen Symmetrierregelung.

Daher werden im darauffolgenden Kapitel zwei Symmetriermassnahmen

vorgestellt, welche auf geeigneten Modifikationen der Pulsmuster basieren.

Es kann gezeigt werden, dass die Leistungsfahigkeit dieser Massnahmen

sehr stark sowohl von der Betriebsart (Wirk/Blind-Leistungsbetrieb) als

auch vom spezifischen Arbeitspunkt innerhalb der Betriebsart abhangt. Des

weiteren wird deutlich, dass fur reinen Blindleistungsbetrieb nur eines die¬

ser Verfahren angewendet werden kann. Basierend auf diesem Verfahren

wird eine Symmetrierregelung fur den 3-Punkt WR Bhndstromkompensator
mit realistischen Systemparametern entworfen. Die Simulationsergebnisse

bestatigen der Regelung eine hohe Leistungsfahigkeit in einem weiten Be-

triebsbereich, zeigen jedoch auch einige Nachteile im kapazitiven Bereich.

Um diese Nachteile zu eliminieren bedarf es eingehender weiterer Studien.

Das letzte Kapitel dieser Arbeit ist der Regelung der AC-seitigen 3-Punkt

WR Grossen gewidmet. Zu diesem Zweck werden die allgemeingiiltigen
dynamischen Ubertragungsfunktionen des Systems hergeleitet, welche

ebenfalls den Einfluss von Storungen in den Netzanschlussspannungen be-

riicksichtigen. Diese Ubertragungsfunktionen stellen eine ausgezeichnete
Basis fiir Studien betreffend des dynamischen Systemverhaltens fur alle 3-

Punkt WR Anwendungen (mit Parallelschaltung ans Netz) dar. Basierend

auf den oben erwShnten Ubertragungsfunktionen wird eine Stromregelung
fiir den 3-Punkt WR Blindstromkompensator mit realistischen Systempara-
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metem entworfen. Diese Regelung beriicksichtigt sowohl symmetrische wie

auch asymmetrische Netzanschlussspannungen durch einen Fiihrungsregel-

kreis fiir den Strom und eine Storgrossenaufschaltung bei Netzspannungs-

fehlern. Zusatzlich wird der Regelung ein strombegrenzender Regler, wel-

cher ausschliesslich bei transienten Uberstromen aktiviert wird, iiberlagert.

Die Simulationen zeigen brauchbare Ergebnisse, sogar bei grossen Netz-

spannungs-einbriichen und -unsymmetrien, solange kein schwaches Netz

vorliegt. In schwachen Netzen ist das Storverhalten der Regelung schlecht

und weitere tiefergehende Studien sind von Noten.
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1 Introduction

1.1 The electric energy economy today

Nowadays, the electrical utilities and the related industry are undergoing

profound changes due to a generalizing world economy and the developing

trend toward liberalization. Not only the electrical power generation but also

the transmission and distribution will remarkably be affected by this

progress ([1] - [6]).

On one hand, a steadily world wide growing demand for more electrical en¬

ergy can be observed, which is opposed by very restricted permissions for

the building of new transmission lines, which in addition is also very cost

intensive.

On the other hand, pushed by liberalization and privatization, a competitive

boundary exceeding open energy market will exist, where utilities have to

recruit wholesale customers, which may be located more than thousand

miles away from the utility's domicile. Electrical energy might then have to

be delivered over long distances via prescribed routes in between a highly
interconnected AC-system.

Hence, the requirements on a transmission network have increased in the

past years and will continue to do so in the future. Besides a better utiliza¬

tion of existing transmission lines, also the fine-tuned and fast controllable

flow of electrical energy through prescribed routes are the main topics to be

addressed. This in its turn inherently also asks for an enhancement of the

AC-system stability in order to still ensure high levels of reliability.

Further, the demands on power quality grow permanently, since todays in¬

dustrial electronic control systems, basing on integrated circuits, are very

sensitive to even short outages or sags and also to harmonics in the supply¬

ing network. A survey performed by several US industries estimate the fi¬

nancial losses due to power quality problems to be as high as 5 billion US

dollars annually [4].

Unfortunately, our traditional electrical power systems are not designed to

provide all the services mentioned above and therefore, are not capable to

fulfil the tasks coming along with them. For example, up to today, power

flow over the most lines is moreover determined by the line's impedance.
This causes the currents in a meshed system not to flow the geographically
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shortest way, but the electrically shortest one according to Kirchhoff's law,

which also might result in undesirable loop flows [3]. These loop flows in its

turn might overload an AC-line and also reduce the system stability. From

this example it is evident, that e.g. a fine-tuned control of individual line im¬

pedances could to a large amount improve the performance and utilization

of an AC-system.

1.2 Traditional and todays AC-system controllers

Originally, either permanently connected or at most mechanically switched

components (inductors, capacitors, tap changers, breakers etc.) have been

installed in an AC-system for the purpose of optimized power transfer, com¬

pensation and stability (figure 1.1a) and b)).

However, this very simple technology cannot provide a fine tuned controlla¬

ble power flow and also, in case of e.g. a mechanically controlled series ca¬

pacitor, might cause Sub-Synchronous Resonances (SSR) [3] to be excited.

This SSR arises when the electrical resonance, determined by the series ca¬

pacitor and the inductive part of the AC-system, interacts with the mechani¬

cal resonance of the turbine-generator system, which might cause serious

damage to the generator shaft.

More, since mechanical switching is quite slow (about 5 AC cycles), also

the response to a change in the AC-system is slow. As a consequence, in or¬

der to ensure stability, an operating safety margin has to be taken into ac¬

count and the transmission lines are operated at a nominal level far below

their rated thermal capacity, which represents the theoretical maximum of

transferable power. Further drawbacks of mechanical switches are their

moderate lifetime as well as the need for frequent maintenance.

The replacement of the mechanical switches by thyristors was a first deci¬

sive step towards more flexibility and controllability of an AC-transmission

system (figure 1.1 c)). These thyristor switches convince with a more fre¬

quent and faster response (at most 2-3 AC cycles) than mechanical switches,

have longer lifetimes, are more reliable and do not ask for extensive mainte¬

nance.

Further, basing on these thyristor switches and sophisticated control

schemes, it is possible to realize variable reactances, either capacitors or in¬

ductors, which show up a much better performance with respect to power

flow control, compensation and damping attributes.
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Milestones for this technology include the installation of two Static Var

Compensators (SVC) in 1977 and 1978, a NGH-damper (N_arain G. Hin-

gorani) in the mid 80s [3] and a single and a 3-phase Thyristor Controlled

Series Capacitor (TCSC) in 1991 and 1992 respectively ([7]).

The SVCs are capable to provide both voltage and stability control (damp¬

ing), however this device is not well suited to control active power flow. The

NGH-damper is installed across a mechanically controlled series capacitor
and addresses the damping of the above mentioned sub-synchronous reso¬

nance (SSR). The TCSCs finally enable an increased power transfer over an

AC-line, reduce power flow loops and also have inherent power oscillation

damping attributes.

However, there are still quite a few problems left, which cannot be solved

with the conventional thyristor technique. This is moreover caused by the

limited performance of the thyristor itself, which, once switched on, only
switches off, if the current through it equals 0. Hence, the switching fre¬

quency is limited to the fundamental frequency of the AC-system and with

that also the control response to about 2-3 AC-cycles. From this, it also

seems to be evident that with respect to power quality problems like tran¬

sient voltage sags, flicker, harmonic pollution, the conventional thyristor
based controllers might not be expected to do a good job.

1.3 Flexible AC Transmission Systems (FACTS) - the

solution for the future

Fortunately, and actually just right in time, a new technology was pushed in

the late 80s, particularly by the Electric Power Research Institute (EPRI) in

the USA. EPRI coined this technology Flexible AC. Transmission Systems
(FACTS) and primarily intended to find solutions enabling fine tuned power

flow and fast stability control as well as a better utilization of existing trans¬

mission lines.

In this context, the above mentioned 3 conventional thyristor based systems,
the SVC, the NGH-SSR damper and the TCSC can be seen as a first genera¬

tion of Flexible AC Transmission System (FACTS) controllers.

The basis for the second generation of FACTS controllers was the develop¬
ment of a new high power semiconductor switching device, the so-called

Gate-Turn-Off thyristor (GTO). Compared to the conventional thyristor, the

GTO thyristor can be both switched on and switched off. In the late 80s,
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where an intensive research concerning FACTS was just about to start, these

GTOs have been well established in variable speed drives applications,
where they constituted the heart of the meanwhile well known 2-level Volt¬

age Source Inverter (2-level VSI, figure 1.1 d)).

Though state of the art in drives applications, only a few investigations re¬

garding the benefits of the GTO based VSI for transmission applications
have been performed up to that time ([8]). More, no practical experiences
have been known so far.

Theoretical studies have soon shown that the VSI, connected to an AC-sys¬
tem either in shunt or in series, is capable to exchange any active or reactive

power with the AC-system ([9], [10]). While the active power exchange will

ask for an additional energy source or sink on the DC-side (e.g. battery, rec¬

tifier, back-to-back VSI), the pure reactive operation mode exclusively re¬

quires a small DC-side capacitor.

Further, depending on the switching frequency of the GTOs, also the re¬

sponse of the VSI to any changes in the AC-system can be made very fast

and response times less than a quarter of a period may be absolutely realis¬

tic. In addition, based on the VSI topology, more sophisticated tasks (e.g.

concerning power quality), which are far out of the scope of conventional

thyristor controllers, could be fulfilled. Last but not least, remarkable sav¬

ings on reactive components and on real estate can be achieved.

Hence, the principal features of these 2nd generation FACTS devices, real¬

ized with the VSI topology, promise the following advantages for the con¬

trol of an AC-system ([11] - [18]):

• increased capacity by loading the transmission lines to levels

nearer their thermal limits

• reduction of the need for building new expensive transmission

lines

•reduction of individual generation reserve margins by an

improved exchange of power between the particular utilities

• fine -tunable power flow control through prescribed routes

• avoidance of power loop flows

• decreased electrical losses

• enhancing the stability and damping of existing AC transmission

systems

• capability to improve electrical power quality
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First representatives of large second generation FACTS controllers to be

built include 3 Static Var Compensators with 2-level VSIs ([19] - [21]),

which are also known as Advanced Static Var Compensator (ASVC),

STATic CONdenser (STATCON) or STATic COMpensator (STATCOM).

The numerous advantages of an ASVC compared to a SVC with conven¬

tional thyristors is discussed in detail in e.g. [9] and [23] - [25].

Another topology, a Unified Power Flow Controller (UPFC), being the most

versatile FACTS device, is presently under development and is going to be

commissioned in the near future ([26] - [29]).

It can be expected that the 2nd and further generations of FACTS controllers

will probably influence the development of future transmission systems to a

large extent. This statement might be augmented by the fact that permanent

improvements in the inverter and semiconductor technology can be ex¬

pected, which will promise even faster control performance, lower losses

and hopefully also lower prices.

With respect to the latter mentioned, the major disadvantage of the second

generation of FACTS controllers is definitely their higher price compared to

conventional equipment. This has to be seen as one of the main reasons why

many utilities, at least in Europe, are still hesitating to integrate these power¬

ful controllers in existing AC-systems. Therefore, a remarkable reduction of

the costs for FACTS devices must be acknowledged as an important goal for

future developments.

1.4 2-level VSI versus 3-level VSI

Quite a few different second generation FACTS topologies have been pro¬

posed yet, which are also intended to fulfil different tasks. However, all

these different controllers have a common heart, which is, as mentioned

above, the well known Voltage Source Inverter (VSI), equipped with GTO

thyristors. The flexibility ofthe VSI for FACTS applications may be utilized

in a modular design, which at the end could also reduce the engineering
costs ([5]).

Further savings could be achieved by an extended version of the 2-level

VSI, the so called 3-level VSI, which has been proposed some years ago and

which is meanwhile quite well established in high power drives and traction

applications (figure 1.1 e)).

In comparison to the 2-level VSI, where the output terminals are either con-
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nected to the positive or to the negative pole of the DC-side voltage, the 3-

level VSI is capable to contribute with 3 different potentials in its output

voltages. Except of the positive and the negative pole of the DC-side volt¬

age, also the DC-side mid-point voltage can be connected to die AC-side

terminals. For that purpose, two capacitors are installed on the DC-side (in¬

stead of one for the 2-level VSI), whose midpoint potential represents the

additional level of the 3-level VSI output voltages.

This 3-level VSI topology has a remarkable benefit in comparison to the 2-

level VSI:

• due to the additional third potential, the 3-level VSI output-voltages can

be much better synthesized to a pure sinusoidal waveform, which yields
a reduced harmonic distortion. This in its turn will save the costs for AC-

side filters.

Hence, the 3-level VSI might be an interesting alternative for the 2-level

VSI, which especially could contribute to the cost reduction, being essential

for the attractiveness of modern FACTS controllers.

1.5 Scope of the thesis

Despite the two main advantages described in the previous chapter, there are

stiU no practical experiences with the 3-level VSI in the field of high power
FACTS applications, except of some small scale laboratory models for an

ASVC and HVDC ([30] - [32]). This is moreover manifested by the fact that

on second sight, the 3-level VSI also shows up some inherent drawbacks

compared to the 2-level VSI, which ask for more serious investigations.

To analyse these 3-level VSI disadvantages and to make solution proposals
is within the scope of this thesis.

Further, studies with regard to general 3-level VSI attributes and suitable

modulation and control schemes will also be addressed in this work. For that

purpose, the first two chapters cover the following topics:

• derivation of the general valid instantaneous 3-level VSI equa¬

tions and

• requirements and investigations of appropriate 3-level VSI modu¬

lation functions.

One remarkable disadvantage of the 3-level VSI consists in an increased

voltage stress for the DC-side capacitors because of the oscillating neutral
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point potential, which cannot be avoided if the capacitors are not chosen too

large. Therefore this thesis also includes a

• general harmonic analysis, showing the harmonic orders of all

individual 3-level VSI quantities both for symmetrical and asym¬

metrical operation conditions, which is followed by

• investigations concerning the dependancy of the 3-level VSI spe¬

cific DC-side harmonics on the operation mode and modulation

scheme as well as on the switching frequency.

Another serious problem to have a closer look at is with respect to the bal¬

ance of the two DC-side voltages. Ideally, these two voltages are assumed to

be balanced, i.e. they contribute with the same DC-values. However, for sev¬

eral reasons, unbalance occurs, which results in an extra voltage stress for

the semiconductor switches and capacitors and also introduces highly unde¬

sirable even numbered harmonics on the AC-side. In order get a better un¬

derstanding for these phenomenons and also to find appropriate solutions, in

particular the following topics are of high interest and will be studied in this

thesis:

• self-balancing attributes of the 3-level VSI

• sources for a DC-side unbalance and their impact

• DC-side balancing control schemes

A further crucial point concerns the control of the 3-level VSI, both under

symmetrical and asymmetrical AC-system conditions. The hereby arising

problems are also present for the 2-level VSI and therefore, suitable control

schemes for the 3-level VSI can also be applied to the 2-level VSI.

Especially during AC-system disturbances, the VSI is expected to provide

support for the AC-system and thus, a disconnection is highly undesirable.

Unfortunately, the 3-level VSI behaviour during asymmetrical AC-system
conditions, e.g. line faults or voltage sags, is very critical, if no additional

controller is implemented. In occurrence of these faults, the currents and

voltages in the VSI might take on values of several times of the nominal

rated values. This means to disconnect the device from the AC-system,
since an overdimensioning to that extent cannot be tolerated from an eco¬

nomic point of view.

Hence, the need arises for appropriate fast control schemes to keep the VSI

quantities in between reasonable boundaries during asymmetrical AC-sys¬
tem conditions, without the urge of disconnection.
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The thesis under consideration also deals with this topic according to the

following approach:

• derivation of the dynamic phasor equations of the 2- and 3-level

VSI connected to an AC-system, also including the dynamics of

the AC-system itself,

• influence of the different control variables and disturbance varia¬

bles on the 2- or 3-level VSI system quantities and control per¬

formance,

• derivation of a 2- or 3-level VSI control scheme for a symmetrical

AC-system,

• derivation of a 2- or 3-level VSI feed-forward controller with cur¬

rent limiter under asymmetrical AC-system conditions.

All general investigations performed are verified on a 3-level VSI SVC-ex-

ample (ASVC), which might be the most promising application to be built

and demonstrated in the near future.

Finally it should be emphasized that this thesis is exclusively focusing on a

general analysis and on basic control schemes of the 3-level VSI topology.
This does not include studies with respect to the various benefits, which this

topology could provide for an AC-system (power flow control, stability en¬

hancement or damping characteristics of the 3-level VSI). For that purpose

the reader is referred to the literature cited in the previous chapters.

i
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2 The 3-level VSI in transmission appli¬
cations

2.1 Overview

In this chapter the 3-phase 3-level Voltage Source Inverter (3-level VSI) cir¬

cuit and the principles of its operation are introduced.

Further, a mathematical analysis of the 3-phase 3-level VSI connected to a

3-phase AC-system is presented.

Hereby, the instantaneous equations of the 3-phase 3-level VSI are derived,
both on the AC- and the DC-side. These equations will also include the in¬

teractions of the AC- with the DC-side and vice versa. The analysis is per¬

formed in a most general way and valid for all appUcations and modulation

methods.

It wiU be shown that, compared to the 3-phase 2-level VSI, additional equa¬

tions have to be taken into account for the 3-phase 3-level VSI topology.

2.2 The 3-level VSI circuit and basic operation princi¬

ples

The 3-phase 3-level VSI, which from now will shortly denoted 3-level VSI,
is an extended version of the 3-phase 2-level VSI (shortly: 2-level VSI) and

will be discussed in this chapter. Concerning the 2-level VSI, it is presumed
that the reader is confident with the topology and its operating principle,
which is weU described in power electronics Uterature (e.g. [33] - [35]). The

circuit of the 3-level VSI is shown in figure 2.1.

Each phase ph=a,b,c of the 3-level VSI is built up of 4 semiconductor

switches (slph...s4ph) and two additional clamping diodes (dlph,d2ph).

Every switch, as indicated in figure 2.1 for sia (dotted box), consists of a

semiconductor turn-off device (e.g. GTOs or IGBTs) and an antiparallel di¬

ode. With that, the phase currents i^b c may flow in both directions from the

AC(DQ- to the DC(AC)-side.

The connection of each phase with the midpoint of the DC-side (Neutral
Point NP) via the clamping diodes dlph and d2ph assures, that the maximum
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fig 2.1: The 3-level VSI circuit represented with GTO valves

voltage across each valve does not exceed the individual DC-side voltages

uDi or uj)2 respectively. It should be mentioned at this point, that the DC-

components of uDi and uD2 are expected to take on the same value.

The output terminals a,b,c can either be connected to the positive DC-side

potential uDi, to 0 (the Neutral Point NP) or the negative DC-side potential

uD2 according to the on/off states of slph...s4ph shown in table 2.1.

ua,b,c sla,b,c s2a,b,c S3a,b,c "a,b,c

"Dl on on off off

0 off on on off

"UD2 off off on on

table 2.1: 3-level VSI output voltages u^b c
in dependency on the on/

off-states of the turn-off devices sl,2,3,4abc

"On" in table 2.1 means that the turn-off device of the corresponding switch

is conducting, wliile "off' means that the turn-off device is blocking. Com¬

pared with the 2-level VSI an additional potential (the midpoint voltage of

the two DC-voltages uqi and uD2) can be connected to the AC-terminals.
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Other on/off-combinations than those shown in table 2.1 for the turn-off de¬

vices of slph...s4ph are not allowed.

Further it has to be ensured that two consecutive switching actions do not

include a transition from Upj, = uD1 to u-j, = -uD2 or vice versa, since simulta¬

neously firing or blocking of adjacent series connected devices might result

in a critical voltage stress to the valves. Therefore the output voltages uph
have to be controlled according to table 2.2.

actual state: ua b c
= next permissible transition: ua b c

=

UD1 0

0 uD, or -uD2

' -UD2 0

table 2.2: permissible transitions of the 3-level VSI output voltages

ua,b,c m dependancy on their actual state

From table 2.2 and table 2.1 one can see, that via the additional potential 0

the advantages of a series connection (increase of the rated power) can be

achieved without suffering the drawbacks (two adjacent turn-off devices are

switched simultaneously).

An in depth analysis of the conduction and switching losses was not per¬

formed in this thesis. However, it can be assumed that basing on the rated

power of the 2- and 3-level topologies, the losses of the 3-level VSI are

sUghtly higher than those of the 2-level topology. This will mainly be

caused by the more complex snubber circuits for the 3-level VSI, necessary

to ensure maximum di/dt and du/dt-values for the individual valves. Never¬

theless, as mentioned yet, this wUl not further be investigated here.

Depending on the sign of the phase currents i_j,, either the turn-off device or

the antiparaUel diode of a switch is conducting. The clamping diodes dlph
and d2ph only carry the current, if the NP is connected to the AC-side termi¬

nals. This is summarized in table 2.3 for the 3 possible output voltages Uph =

Udi- °. -UD2-

Compared to the 2-level VSI, there are also some drawbacks, which are

Usted below and proved in the following chapters:

• higher voltage/current stresses for the switches and DC-side capacitors

depending on the capacitors' size (discussed in chapter 6).

• drift of the neutral point NP on the DC-side (discussed in chapter 7).
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Uph = «D1 path of the phase current iph from the AC- to the DC-

side terminal via

iph>0 slph (antiparaUel Diode) and s2ph (antiparaUel Diode)

iph<0 slph (turn-off device) and s2ph (turn-off device)

Uph = » path of the phase current iph from the AC- to the DC-

side terminal via

iph>0 s3pb (turn-off device) and d2ph (clamping diode)

iph<0 s2ph (turn-off device) and dlph (clamping diode)

Uph = "UD2 path of the phase current iph from the AC- to the DC-

side terminal via

iph>0 s3ph (turn-off device) and s4_j, (turn-off device)

iph<» s3ph (antiparaUel Diode) and s4pb (antiparaUel Diode)

table 2.3: 3-level VSI current paths from the AC- to the DC-side ter¬

minal in dependency of Uph and iph

However, since the above mentioned lacks can be compensated by means of

an appropriate design and control measures, the 3-level VSI is very interest¬

ing for many high power appUcations.

For further investigations, each phase of the 3-level VSI wiU be represented

by an ideal change-over switch, as shown in figure 2.2.

•NP • NP

fig 2.2: change-over switch representation of a 3-level VSI phase
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This simpUfication is established by the fact, that this thesis concentrates on

the system performance (including the AC-system and controls), rather than

the behaviour of the individual semiconductors.

2.3 Model of the 3-level VSI in transmission applica¬
tions

2.3.1 Topology

A model of the 3-level VSI, which is connected in shunt to an ideal AC-sys¬

tem, is shown in figure 2.3. Though the main appUcation investigated in this

uZa, Zb, Zc im iD

fig 2.3: simplified model of a 3-level VSI connected to an AC-sys¬
tem represented with ideal switches

thesis, a SVC, does not ask for any energy source or sink on the DC-side

(e.g. another VSI (back to back), a DC-line etc.), it is nevertheless included

here. This is due to the fact that all theoretical investigations are performed
in a most general way. Exclusively the validity of the achieved results will

be verified by means of a SVC-example.

Whenever we exclusively focus on the SVC application of the 3-level VSI,
the DC-side source or sink will be omitted.

2.3.2 Notation of the quantities

The quantities are written in [p.u.] notation according to appendix
A.1.2. Hereby, aU voltages are related to the nominal fundamental ampli¬
tude Ul of the AC-system voltages uLph, ph=a,b,c. The currents in its turn

are referred to the nominal fundamental amputude Ij of the 3-level VSI out-
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put currents ipb. The nominal impedance is defined by the quotient of the

just mentioned nominal voltage and nominal current amplitudes and is the

basis for the [p.u.] representation of the passive components. All p.u. quan¬

tities are written in italic style. Further, constant amplitude values are

indicated by upper-case characters, while quantities varying in time are

described by lower-case letters throughout this thesis.

2.3.3 AC-system voltages

The AC-system generator voltages uGph, ph = a,b,c, are represented by a

set of 3 ideal stiff and cosinusoidal AC-sources. This can be written as

ucPh= UGph-cos((axt + Dph); go, = 2k/, (2.1)

where UCph denote the amplitudes and Dph the phase-displacements be¬

tween the 3 phases ph = a,b,c. 0), is the fundamental angular frequency
and /[ the fundamental frequency of the AC-system.

In a symmetrical AC-system the amphtudes have the same value in all 3

phases and the phase-displacements differ by 2/3 • n:

UCa = UCb = UCc = Uc (2.2)

Da = 0 Db = -2/3 • 7t Dc = 2/3 n (2.3)

The AC-system voltages at the primary terminals of the converter trans¬

former are represented by uLph, ph = a,b,c.

2.3.4 Passive components

The resistance rL stands for the total losses and lL for the total inductance

of the AC-Unes.

The resistance r corresponds to the transformer losses, also including the 3-

level VSI losses, while the inductance / equals the transformer stray induct¬

ance.

The DC-side capacitances c are assumed to be equal, however the voltages

uDl and uD2 across them might have different instantaneous values.

23.5 Switching functions

The valves are modelled as ideal change-over switches and are de¬

scribed by the switching functions sph, which only can take on 3 values
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according to the convention in eqn. (2.4).

s
h
= 1, if the phase ph is connected to the upper capacitor c, (2.4)

s
h
= 0, if the phase ph is connected to the neutral point NP,

s h= -1, if the phase ph is connected to the lower capacitor c.

The most simple switching function s
h,

where each valve of the 3-level

VSI is switched on and off only once per period, is denoted Fundamental

Frequency Modulation (FFM) and is presented for phase a in figure 2.4.

i

«pi^.
1—i—

7C/2

1

7t

1

3rt/2 2rc
(Of

-1

fig 2.4: switching function sa of phase a for Fundamental Fre¬

quency Modulation (FFM) and definition of the Neutral

Point (NP)-angle p

Herein, also the Neutral Point (NP)-angle P is introduced, which corre¬

sponds to the time segments where the neutral point NP is connected to the

output terminals. This NP angle p fulfils two different tasks:

• adjustment of the modulation index m, which is defined as the amplitude
of the fundamental component of sph (chapter 3.3.3, eqn. (3.1)). For

FFM modulation, m can be expressed by m = 4/;t • cosP. With that a

large modulation index is achieved for smaU values of P, while a small

modulation index is the result of a large NP angle P. It can be seen in

figure 2.4, that the maximum value for p is P = Jt/2, which equals to

m = 0. Hence, the NP-angle p also can be seen as a degree of freedom

for the control of the 3-level VSI.
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• with an appropriate choice of p, harmonics in sph can be eliminated or

minimized. A more detailed description of this optimization is given in

chapter 3.4.

Finally it should be pointed out, that the 3-level VSI FFM switching func¬

tions sph also can be decomposed in a sum of two identical 2-level VSI

FFM switching functions, which both are phase-displaced by an angle P in

opposite directions. This graphical decomposition is shown more in detail in

appendix B.2.1.

Now the instantaneous equations of the whole system wUl be derived in the

next chapter basing on the assumptions made so far.

2.4 3-level VSI system equations

This chapter provides the derivation of the system equations for the 3-level

VSI connected in shunt to an AC-system (figure 2.3).

Hereby, also the interaction of the 3-level VSI AC-side with the DC-side

quantities and vice versa wiU be taken into account. This interaction cannot

be neglected, when small DC-side capacitors have to be assumed, as it is a

must in transmission applications (price!).

The procedure to perform this analysis is based on a 'closed loop' shown in

(figure 2.5), which graphically describes the relationships between the

fig 2.5: 'closed loop' for the quantities of the 3-level VSI, which is

connected in shunt to an AC-system
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quantities of the system under investigation (figure 2.3).

Herein, the switching functions sph and their squared values s^h or their ab¬

solute values \s h\ respectively constitute the "interface"-variables, which

determine the interaction of the DC-side (left half of figure 2.5) with the

AC-side (right half of figure 2.5).

The DC-side voltages uDl and uD2, modulated with sph and s*h or \s h\,
will be reflected to the AC-side as the 3-level VSI output voltages uph,
ph=a,b,c (chapter 2.4.1).

The impressed 3-level VSI AC-side voltages u
h, together with the AC-sys¬

tem voltages u, h,
will be the driving force for the AC-side currents i

h

(chapter 2.4.2).

These AC-side currents iph, modulated with sph and s2ph or \sph\, will re¬

sult in the impressed 3-level VSI DC-side currents iD1, iD1 and i0

(chapter 2.4.3).

FinaUy, the DC-side currents im, iD2 and i0 will generate the DC-side volt¬

ages um and uD2 across the capacitors c (chapter 2.4.3). With that, the

loop is closed.

Last but not least, it should be mentioned that the above described closed

loop will also be the basis for the quaUtative harmonic analysis presented in

chapter 4.

2.4.1 3-level VSI equations on the AC-side

First, the 3-level VSI output voltages u
h
wUl be presented, which can be

described by eqn. (2.5) or eqn. (2.6).

_

v ph I ph y ph J ph n
,.

uPh~ 2 m 2 m

_

Sph + \Sph\ Sph~\sph\ ,

uph~ 2 m 2 m ^ '

Both equations fulfil the convention eqn. (2.4) for the switching func¬

tions sph, which can be verified with the help of figure 2.3. Though as¬

tonishing on first sight, this can be explained by the fact that the

squared value and the absolute value of quantities, which exclusively

equal to -1,0, and +1 (eqn. (2.4)), will always be identical.

For sure, this will be subject to change, if the switching functions s
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for simplicity reasons are approximated by e.g. their fundamental com¬

ponent, which will be discussed more in depth in chapter 2J.

Finally it should be mentioned, that the representation by means ofthe abso¬

lute value \s h\ (eqn. (2.6)) mathematicaUy coincides with the approach of

two 3-level VSI switching functions in each phase a,b,c (one for the upper

and one for the lower 3-level VSI valves, [30]).

Rewriting eqn. (2.5) and eqn. (2.6) yields eqn. (2.7) and eqn. (2.8).

uph= -f ("Dl + "D2> + -f- • ("Dl - uDl) (2.7)

or

j \s I

uPh= -f ' ("D1 + "D2) +
2

' ("D1 ~ "D2) (2.8)

It should be emphasized that eqn. (2.7) and eqn. (2.8) also include the case

of unbalanced DC-side voltages uDi and uD2.

With

(»Dl + uDl) = uDsum 3nd ("D1-"P2) = UDdiff (^9)

eqn. (2.7) and eqn. (2.8) can finally be written as eqn. (2.10) and eqn. (2.11).

Sph ,S ph
Uph~ ~2

'

UDsum + ~~2~
'

UDdiff (2.10)

or

sph .
\sph\

uph~ ~2
'

UDsum + ~2~
'

UDdiff (2.11)

It is an interesting result, that uph both depends on the sum uDsum and

the difference uDdiff of the two DC-side voltages uD1 and uD2. While

the first summand in eqn. (2.7)-eqn. (2.11) is well known from the 2-

level VSI, the second one exclusively contributes to the 3-level VSI to¬

pology.

At this point it has to be noted that this second summand in eqn. (2.7)
or eqn. (2.10) is of major importance for further investigations and

must not be neglected. Especially the following two topics can only be

explained by referring to the term being a function of the difference
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uDdiff:
• analysis of the DC-side self-balancing behaviour of the 3-level

VSI, which will be shown in chapter 7.4.

• appearance of specific harmonic orders in the AC-side cur¬

rents despite their elimination in the switching functions s
h,

which will be discussed in chapter 6.4

Therefore it makes sense to spUt uph into two parts uphsum and uphdljr ac¬

cording to

Uph = Uphsum + Uphd,ff (2-12)

with

-,
f£*/„_. j. „_.* = :£*

uphsum= -Y<UD\
+ UDl)

=

-f"
• uDsum & 13)

and

c2 v2

5
Ph , -.

S
ph

uphdiff~ ~2~
'

\UD\
~ UD2> ~

~2~
'

UDdiff (2.14)

or

\Sph\ / x
\Sph\

uphdiff~ ~2~
'

^UD\
~

UD2) ~

~2~
'

Ddiff (2.15)

Both parts u hsum
and u

hdl^
contribute to the harmonics on the AC-side,

which will be analysed in chapter 4.

In a next step, the system equations on the AC-side, which determine the

AC-side currents i
h,
wdl mathematicaUy be described.

2.4.2 System equations on the AC-side

The Kirchhoff law applied to the AC-side of the system in figure 2.3 yields

eqn. (2.16).

ucPh + usp= uzPh + uPh (2-16)

The voltages uZph across the AC-system impedance and the decoupling im¬

pedance, consisting of r and /, can be expressed by
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uZph = (»"/. + r) iph + (lL + /) • -£h = rto, iph + ltot —ph

Inserting uZph in eqn. (2.16) results in the system equation (eqn. (2.17)).

diDh .

ucPh + usp= rto, 'ph + hot j[
+ uPh (2-17)(

According to eqn. (2.12) {uph = f(uphsum,uphdlff)), the currents iph wUl

also be spUt in two terms:

iph = iphsum + iphdiff (2.18)

The first term iphsum in eqn. (2.18) is generated by the AC-system generator

voltages uc h
and the term uphsum of the inverter output voltages. The sec¬

ond term ifMiff 1S generated only by means of u
hdlff.

Therefore eqn. (2.17) can be written as eqn. (2.19) and eqn. (2.20), where

uSPsum ^d uspdiff denote the zero-sequence voltages originated by uphsum,

uphdlff and uGph (eqn. (2.21), eqn. (2.22)).

UGph + USPsum~ rtot' lphsum+ltot ^
+Uphsum \*»W)

0 + uSPdlff= r,ot iphdlff+ltot d-^f£+uphdlff (2.20)|

uSPsum =

3
• l(uasum + ubsum + ucsum) ~ (uGa + uGb + «Gc)J (2-21)

uSPd,ff=2' ^Uad,ff + Ubd,if + Ucdlff) (2.22)

Note: for symmetrical ideal cosinusoidal AC-system generator voltages

uCph, the second summand in eqn. (2.21) (uCa + uCb + uGc) equals 0 for all

time instants.

Performing this separation of the voltages and the currents makes sense

since it is now easier to assess their individual contributions with regard to

the harmonics or, which wiU be shown in chapter 7.4 and chapter 8.4.1, to

the DC-side self-balancing and DC-side balancing control.
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2.4.3 3-level VSI equations on the DC-side

The equations for the DC-side currents iDi and iD2 as a function of the AC-

side currents iph and the switching functions sph and s2ph or |jpAJ respec¬

tively are given by eqn. (2.23) - eqn. (2.26).

hi =

'a+l
.

Sb+l
.

Sc+l
la'Sa

2
+lb'Sb

2
+lc'Sc

2
(2.23)

= \\ X iph-^h + X hh-^Ph)
ph = a,b,c ph = a,b,c

or

hi =

. I*J+S«1F- h\+sb.. \sc\+sc
(2.24):"

2
*

2
c 2

=

/?/i = a,fc,c ph = a,b,c

lD2 ~ laSa
2 b Sb

2 c Sc
2

(2.25)

=

2 '{ X 'ph-sph- 2s 'ph's2phj
ph = a,i,c pA = a,b,c

or

,
_

•
\Sa\-Sa.. \sb\-h.. KI"Jc

'D2 '«
"

2
' V

2
'c

2
(2.26)

=

2' l X iPh'SPh~ X lPh' IVlJ
pA = a,A,c pA = a,b,c

Again the reader is invited to verify their validity with the help of figure 2.3

and the convention eqn. (2.4) for the switching functions s
h.

Further, for the calculation of uDsum (eqn. (2.36)), the difference iDdiff of

the two DC-side currents iDX and iD2 will be a helpful auxiliary variable,

which is calculated in eqn. (2.27).
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hdiff = hi - 'D2 = 'a
•

sa + 'b sb + icsc = X lPh '

*Ph
ph = a,b,c

In the same way the NP-current i0 (= -(iD1 + iD2)) can be expressed ac¬

cording to eqn. (2.28) or eqn. (2.29).

i0= ia (1 - sa) + ib (1 - si) + ic • (1 - S*) (2.28)

or

'o= '.'(I- KD + ''* • (1" N) + 'e
• (1" W) (2-29)

Since ifl + i4 + ic = 0 is true for aU time instants, eqn. (2.28) and eqn.

(2.29) can be simphfied to eqn. (2.30) and eqn. (2.31).

ph = a,fc,c

or

'o = "('a • N + ''* • Kl + lc \sc\) = " X 1p" ' l5P"l (2.31)

pA = ajb,c

It should be emphasized here, that a closer look at eqn. (2.30) or eqn. (2.31)

yields valuable results about the DC-side self-balancing behaviour of the 3-

level VSI and is also very helpful for the analysis of a DC-side balance con¬

trol scheme for SVC-apphcations. This wiU be performed in chapter 7.4 and

chapter 8.4.1.

Further, it is an interesting fact, that i0 does not depend on the DC-side load

current iD, but only on im and iD2 :

i

'o= -[('oi + 1d) + ('d2-j'z>)] = -('di + »D2) (2-32)

The DC-side voltages uDl and uD2 are a function of the currents iD1, iD2
and iD, which are flowing through them:

dum
, .

_

duD2
'di + h= c -r"1 hi ~ h= -c -. (2-33)

Solving eqn. (2.33) for the individual DC-side voltages um and uD2 results

in eqn. (2.34) and eqn. (2.35).
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uDl = -J(i'z)i + h)dt + const (2.34)

UD\

ph — a,b.

iph °2Ph + X
ph = a,b,

iph vJ+^J<if+ const

uDl

ph = a,b.

W Kh\ * 1
ph = a,b.

iph sph 1+ 'o )dt + const

uD2 = — I ('02 - 'o)^ + const (2.35)

M02 = -J[i{ X *
pn = a,o,c

2

"*!»*- X
ph = a,b.

iph sph)~ iD \dt + const

"02 =

pn = aj>,c

M-- I
ph = a,b,

iph sph)~ iD \dt + const

The sum uDsum and the difference uDdlff of the two DC-side voltages uDl

and uD2 can now be calculated according to eqn. (2.36) and eqn. (2.37).

uDl + UD2 = UDsum = -{('01 ~ hi + 2h)dt + COnst (2.36)

uDl + «02 = "DJHm = -fihdiff + 2lD)* + CO/Wf

"01 + "02 = "0«m =

; f( X '/»*
'

JJ»* + 2iJr + """'

yph = a,b,c
J

It should be noted, that the sum um + uD2 depends on the difference

'01 _ '02' while uDl - uD2 is afunction of iD1 + iD2 (= -i0).

More, from eqn. (2.37) it can be concluded, that the individual DC-side

voltages uDl and uD2 will not have identical instantaneous values, since the

NP-current i0 cannot be assumed to equal 0 at each time instant.
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"01
-

"02 =

uDdiff
= "J ('01 + hi** + Const (2.37;

"01
~ "02 = uDdiff

= ~-jiodt + C0TlSt

"01
~ "02 = uDd,ff

= -\[ X 'p*
' ^P")dt + COftSt

CJKph = aJ,,c
J

or

"01
~ "02 =

uDd,ff
= "J[ X 'P*

' Mj* + C0HSt

ph = a,d,c

With that, all quantities of the 3-level VSI, which is connected in shunt to an

AC-system, are mathematicaUy described.

Of course, these equations can also be applied to the 2-level VSI by defining

uDl = uD2 = uD/2 (uD = total 2-level VSI DC-voltage) and sph = ±1.

2.5 Accuracy of approximations for s2pk and \sph\

It was shown in chapter 2.4, that the 3-level VSI DC- and AC-side quantities

can be expressed in dependency on

• either the switching functions sph and their squared values s2h

• or the switching functions sph and their absolute values \s h\.

If the switching functions sph are described by their exact values -1,0, +1, it

can easUy be verified that s2h and \spll\ wiU be identical in each time in¬

stant: Sjh=\sph\.

However, this might be subject to change, if an approximation wiU be cho¬

sen for sph in order to e.g. simphfy a mathematical analysis. Then, the

squared value of this approximation (sjk) might no longer coincide with its

absolute value (\sph\). As a consequence the question wiU arise, which ap¬

proximated quantity, sjh or l*^, wUl yield more accurate results with re¬

spect to the calculation of the 3-level VSI quantities. The investigations to

come will focus on an answer for this question.
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2.5.1 Approximation of the switching functions by means of its funda¬

mental component

In order to simplify mathematical analyses, the switching functions s h
are

often approximated by their fundamental component s „nl according to eqn.

(2.38).

V
-

sphi = S1 • cos (ay + Dph + <U (2.38)

with

ph = a,b,c Da = 0, Db = -2/3 • Tt, Dc = 2/3 • jr.

and

<t>u = Z(uph,uLph) (eqn. (4.1), chapter 4.3.1).

Applying eqn. (2.38) to s2h and \sph\ yields eqn. (2.39) and eqn. (2.40).

s}„~s}hl =(S1-cos(o)1f + DpA + <t)a))2 (239)

= ^-{1 + cos [2(&y+ />,„ + <)>„)]}

\°ph - \sphl\ = \si cos(co1f + D/,A + JI (2.40)

=

25,

ji
1

k = 2,4.

1

*2-
— cosl kDcos[£(Cu '+^p«+<t>J]J

25,{»f-cos[2(a)j '+^p„+<Uj-
2

15
cos[4(©1f+Z)pfl+())K)]H

Regarding the third Une of eqn. (2.40), it is evident that \sphi\ constitutes an

approximation of an approximation, since only the first 3 terms of the fou-

rier row for the approximation \sphl\ have been taken into account. How¬

ever, this additional simplification introduces a negligible error, since the

higher ordered harmonics of |^rti| (me 6th, 8th,...) exclusively contribute

with (very) smaU ampUtudes (1/35,1/63, 1/99,...).

Finally, by comparing eqn. (2.39) with eqn. (2.40), it is obvious that these 2

different approximations wiU not yield the same results. Hence, it will be of

high interest, which approximation (s2hl or \sphl\) wiU show up smaller de¬

viations from the exact values of the 3-level VSI quantities.

This has been studied by means of simulations with MATLAB, where the
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exact values for predominant NP-current harmonics (eqn. (2.30) and eqn.

(2.31)) have been compared with the values achieved with the approxima¬
tions presented in eqn. (2.39) and eqn. (2.40). Hereby, both switching func¬

tions spk with and without significant zero sequence systems (predomi¬

nantly a 3rd harmonic) have been taken into account.

With respect to switching functions sph without significant zero se¬

quence systems (especially a negligible 3rd harmonic), it could be seen

that the approximation \sphl\ (eqn. (2.40)) yielded more accurate results

than the approximation of s*hl (eqn. (239)). However, in case that the

switching functions s h
showed up significant zero sequence systems

(predominantly a 3rd harmomc), both approximations \sphl\ and s2phl
resulted in major deviations from the exact values of the NP-current

harmonics.

Hence, it can be concluded that for switching functions sph with significant
zero sequence systems (predominantly a 3rd harmonic), the approximation
s

ft,
has to be extended. This proves right at least for calculations concern¬

ing 3-level VSI DC-side quantities and wiU be performed in the chapter to

come.

2.5.2 Approximation of the switching functions by means of its funda¬

mental component and a 3rd harmonic zero sequence system

A more accurate approximation for switching functions sph with significant
zero sequence systems (predominantly a 3rd harmonic) is given by eqn.

(2.41).

sph = 5,cos(ay + Dph + tyu) + 53cos[3(ay + Dph + <|>u) + <t>3] (2.41)

Basing on eqn. (2.41), the calculation of s2h and \sph\ yields eqn. (2.42)

s2„ « {5,cos(ay + Dph + <|>H) + 53cos[3(ay + Dph + t>u) + <|>3]}2(2.42)

sjh - ^{l + cos[2(ay+ DpA + <t>B)]} +

+ 5,53{ cos [2(a), f+D^-H^) + «t>3]+cos[4((oIf+D/,A+(j)H)+(|)3]} +

+ is32{ 1 + cos [6(ay + Dph + $u) + 2<|>3]}
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and eqn. (2.43).

|spn| = |5,cos(ay + Dph + <)>„) + 53cos[3(co1f + Dph + <(>„) + <|)3]| (2.43)

In order to verify the accuracy of these approximations, the same simulati¬

ons as in the previous chapter have been carried out for switching functions

sph with significant zero sequence systems (predominantly a 3rd harmonic).

The results can be summarized in the foUowing statement:

For switching functions sph with significant zero sequence systems (pre¬

dominantly a 3rd harmonic), the approximation of \sph\ (eqn. (2.43))

yields more accurate results than the approximation of s2h (eqn.

(2.42)).

However, it has to be noted that for further analytical analyses (e.g. cal¬

culation of i0, see chapter 5.6.2), the approximation of sph (eqn. (2.42))

will be better suited, though it will not be as accurate as the approxima¬
tion of \sph\ (eqn. (2.43)). This is true, since the absolute value operation
is not very well suited for analytical calculations and an additional sim¬

plification of eqn. (2.43) (e.g. a fourier row description) was found to be

quite tricky for general values of S,, 53 and <t>3.

2.6 Summary

In this chapter the 3-level VSI circuit and its operation principle was intro¬

duced. It was shown that this topology can promise some economic and

technical advantages compared to the 2-level VSI, especiaUy in high power

applications.

In a foUowing step, the instantaneous equations of the 3-phase 3-level VSI

connected in shunt to an AC-system have been derived. Hereby, also the in¬

teraction from the DC- to the AC-side and vice versa has been taken into ac¬

count. This interaction is unavoidable for reaUstic small capacitor values

and was briefly explained by means of a graphical closed loop model.

It could be seen from the resulting equations that the 3-level VSI output

voltages are a function of both the sum uDsum and the difference uDdlff of

the two individual DC-side voltages uDl and uD2.

Further, compared to the 2-level VSI, additional terms appeared in aU equa¬

tions for the 3-level VSI, which are a function of the squared switching
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functions s2h or the absolute value \sph\ of sph.

More, the equation for the Neutral Point current i0, which depends on the

AC-side currents iph and the squared switching functions s2h or the abso¬

lute value |sph\ of sph, constitutes a new equation, which exclusively con¬

tributes to the 3-level VSI topology.
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3 Modulation schemes

3.1 Overview

This chapter deals with 3-level VSI modulation schemes for high power

transmission applications.

First, the requirements in transmission appUcations are presented, focusing
hereby on the utilization of the 3-level VSI and the harmonic distortion of

the AC-system. This is foUowed by a classification of the modulation meth¬

ods and the requirements on the modulation signal attributes.

Basing on this, off-line optimized PWM and carrier based PWM are studied

concerning their suitabUity to fulfil the particular demands.

Finally a comparison of both modulation schemes is performed, focusing

hereby on the resulting utilization of the 3-level VSI and the harmonic pol¬
lution of the AC-system. This yields the interesting result, that carrier based

PWM can compete with off-line-optimized PWM, if appropriate carrier

based schemes are chosen!

3.2 Requirements in transmission applications

In comparison to low or medium power appUcations, high power transmis¬

sion plants are very expensive and therefore savings of even a few percent

are not negligible. Hence, it is highly desirable in transmission applications
to utilize the VSI as much as possible. This means to minimize the power

rating (and with that the prize) of the individual components (valves, capac¬

itors etc.) with respect to a given power rating of the whole system.

Further, the demands for the harmonic distortion in a high power AC-trans-

mission system are very strict. The individual harmonics of both the AC-

side currents iph and the AC-system voltages uLph often must not exceed

values as small as 0.01 [p.u.]. Unfortunately, the VSI topology contributes

to this harmomc pollution to a large extend, which is caused by the pulse

shaped VSI output voltages. This especially is true, if the switching fre¬

quency of the VSI is low, which up to now proves right in transmission ap¬

plications. Therefore normally large expensive filters have to be installed on

the AC-side, which damp the harmonics produced by the VSI's output volt¬

ages. Minimizing these filters is another requirement in order to save the
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costs of the whole system.

Both the maximum utilization and the minimum harmonic poUution can ef¬

fectively be influenced by appropriate modulation or switching functions

sph. Therefore, the demands on a modulation scheme in transmission appU¬
cations might sUghtly differ from those in low or medium power appUca¬
tions.

With regard to the statements made above, the requirements for a modula¬

tion scheme in transmission appUcations can be summarized as foUows:

• a large modulation index m is highly desirable. As introduced in

chapter 3.3.3, eqn. (3.1), m is defined as the ampUtude of the fundamen¬

tal component of the switching functions sph. A larger ampUtude of the

fundamental component of sph yields smaUer resulting DC-side voltages
and with that a smaUer voltage stress for the valves and DC-side capaci¬
tors. Hence, a higher voltage utilization of the VSI can be achieved and

the costs for the inverter can be reduced.

• a low harmonic content of the modulation functions is favourable, since

this minimizes the costs of the filters on the AC-side. This is especiaUy

true, if some harmonics of the pulse patterns can be eliminated.

• low switching frequencies of the modulation functions (at most a few

hundred Hz) are stiU a must in order to reduce the switching losses of the

system and with that the operation costs.

It should be mentioned at this point, that in the near future the requirement
of low switching frequencies might no longer be of that importance. Recent

technological developments of the semiconductor switches like the high

power IGBT or the hard driven GTO ([36]) also include a decrease of the

device's switching losses. Therefore switching frequencies in the range be¬

tween some hundred Hz up to 1kHz (or perhaps more) might be realistic in a

few years, even in transmission applications.

Now that the requirements in transmission applications are derived, the

question arises, which modulation schemes will be best suited to fulfil these

demands. In order to answer this question, a classification of the different

modulation schemes wUl be performed in the next chapter.
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3.3 Classification of the modulation schemes

3.3.1 Asynchronous and synchronous modulation schemes

In general, modulation schemes can be classified in two large groups: syn¬

chronous and asynchronous schemes ([37]).

Synchronous methods yield periodic modulation signals and generate a dis¬

crete harmonic ampUtude spectrum, where the harmonics are integer num¬

bered multiples of the fundamental frequency. Synchronous methods in¬

clude e.g. off-Une optimized PWM and carrier based PWM with carrier fre¬

quencies being integer numbered multiples of the fundamental frequency.

Asynchronous schemes generate non-periodical modulation signals and are

characterized by inter-harmonics, which are no longer integer numbered

multiples of the fundamental frequency.

In high power transmission appUcations asynchronous modulation is highly
undesirable, mainly because of the inter-harmonics in the switching func¬

tions sph. Therefore, the further investigations exclusively will focus on

synchronous modulation schemes.

Speaking of synchronous modulation schemes, an additional classification

concerning the symmetry of the pulse patterns can be performed, which will

be discussed in the following sub-chapter.

3.3.2 Symmetry attributes

Concerning the synchronous modulation class, the symmetry of its individ¬

ual pulse patterns might be of high importance, especially in transmission

applications.

No symmetry at aU wUl yield harmomcs to arise, whose orders are odd and

even numbered multiples of the fundamental frequency (incl. DC-compo¬

nents). Modulation signals widi symmetries to half or a quarter of a period
however only show up harmomc orders being odd numbered multiples of

the fundamental frequency and the DC-component always equals to 0 [37].

It is evident, that the latter ones wiU be much better suited for transmission

applications, where a large harmomc content, especially even numbered

harmonics, is extremely undesirable. In addition it should be anticipated

here, that even numbered harmonics with an appropriate phase sequence

wiU cause a DC-component in the NP-current i0, which in its turn inher¬

ently results in an unbalance of the two DC-side voltages uDl and uD2
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(chapter 7). Hence pulse patterns with no symmetry at aU should not be cho¬

sen for 3-level VSI appUcations.

To proceed one step further, the choice of a switching function with a sym¬

metry to a quarter of a period is highly recommendable. Though stiU not

mathematicaUy proven, it is an empiric fact, that pulse patterns with a sym¬

metry to a quarter of a period always result in the best approximation of a

pure cosinusoidal reference signal (here: the AC-system voltages uLph).
This means that a minimum harmonic distortion (THD) wiU be achieved

both for the AC-system voltages uLph and the AC-side currents iph.

Finally, it is desirable that the switching functions have the same shape in all

3 phases a,b,c. It is then ensured that aU harmonics being multiples of 3

constitute zero sequence systems. Assuming that the secondary transformer

starpoint S is not connected with the midpoint NP on the DC-side

(figure 2.3), these harmonics wiU ineffectively drop over 5 and NP and wiU

therefore not generate harmonics of these orders in the AC-side currents

iph-

With that the desirable attributes of modulation signals for transmission ap¬

pUcations are derived and can be summarized as foUows:

• the chosen modulation signals should belong to the class of synchronous
modulation schemes

• they should have a symmetry to a quarter of a period, since this guaran¬

tees the lowest THD both for the AC-system voltages uLph and the AC-

side currents i
h

• they should have the same shape in aU 3 phases a,b,c, since then aU har¬

monics being multiples of 3 constitute zero sequence systems and will

not contribute to the AC-side currents i
h.

3.3.3 Investigated modulation schemes, switching frequencies and defi¬

nition of the modulation index

The most common modulation schemes, which can fulfil these demands, are

off-hne optimized and carrier based PWM, which wiU be discussed and

compared in the chapters to come. This hopefully might answer the ques¬

tion, which method is better suited for transmission applications.

Concerning the pulse patterns' switching frequencies fs , quite a large
range between fs h=50 Hz (FFM) and fs =1450 Hz wiUPbe covered both

for off-line optimized and carrier based PWM. Though switching frequen¬
cies larger than a few hundred Hz are presently not realistic in transmission

applications, they might be in the future.
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Further, it should be noted that the switching frequency f
s

of a pulse pat¬

tern equals the switching frequency of each 3-level VSI valve.

The modulation index m of the switching functions s
h

is defined accord¬

ing to eqn. (3.1):

Definition of the modulation index:

m = Sl; 5,: amplitude of the switching functions' (3.1)

fundamental component

FinaUy, the fundamental frequency of the AC-system is assumed to be

f,=50Hz throughout this thesis. According to appendix A. 1.2, also the

switching frequency f
s

wUl be transformed to per unit representation fs
with a reference frequency frer=f]=50Hz.

3.4 Off-line optimized PWM (incl. FFM)

3.4.1 Introduction

Off-line optimized PWM includes all pulse patterns, whose switching in¬

stants are off-line calculated and then storaged in an existing modulator

hardware. Speaking of 3-level VSI switching functions, it should be empha¬
sized, that also Fundamental Frequency Modulation (FFM), belongs to this

class of modulation schemes as the simplest representative.

The non-linear methods used to perform these optimizations wiU not be dis¬

cussed in depth in this thesis. They originate from the economic mathemati¬

cal field (operations research), but are also very well suited for the kind of

task described in this chapter. For more detaUed informations on the algo¬
rithms and its appUcation, the reader is referred to e.g. [37] - [40].

The results presented in this thesis are basing on an extended version of a

computer program, which was written during a diploma work at ETH with

the simulation tool MATLAB ([38]). EspeciaUy the mathematical optimiza¬
tion toolbox provided with MATLAB ([41]) was found to be very helpful.

Hereby, optimization criterias are chosen, which are well suited for trans¬

mission appUcations according to chapter 3.2 and chapter 3.3. In detail, this

will be discussed in the foUowing.
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3.4.2 Optimization criterias for transmission applications

In chapter 3.2, the requirements in transmission appUcations were derived.

In order to fulfil these demands in a best suitable way, the distinctive optimi¬
zation criterias for off-line optimized PWM wiU be shortly presented and

the most appropriate ones wiU be chosen.

The criterias for the optimization of switching functions sph are varying and

strongly depend on the application.

In general, it is possible to maximize the modulation index m, while at the

same time particular harmonics are minimized or even eliminated. Another

approach might minimize the total harmonic distortion (THD) of the phase
currents iph.

Further, in control schemes, which ask for a variable modulation index m, it

makes sense to calculate a set of optimized pulse patterns with different

modulation indices m and particular harmonics to be minimized or elimi¬

nated. Hence, the demands on the resolution of m define the number of op¬

timization runs necessary. The results achieved hereby wiU then be storaged

e.g. in a DSP system and the control system chooses the appropriate modu¬

lation functions for a specific operation point.

The off-line optimized pulse patterns presented in this thesis are based on

the maximizing of the modulation index m and simultaneously on the elim¬

ination of particular harmonics, which makes sense according to the expla¬
nations in chapter 3.2.

A minimization of especiaUy lower ordered harmonics is not recommenda-

ble, since even minimized harmonics often cannot fulfil the very strict har¬

monic requirements in a high power AC-system. Hence, due to the minimi¬

zation, an additional cost intensive AC-side filter has to be installed, which

could be omitted, if particular harmonic would be eliminated.

Further, in order to avoid expensive low order harmonic filters, preferably
the lowest order current harmonics should be eUminated.

Concerning the symmetry of the off-line optimized pulse patterns, it was

shown in chapter 3.3.2 that a symmetry to a quarter of a period would be de¬

sirable. For off-Une optimized 3-level VSI pulse patterns this can be fulfiUed

for switching frequencies being both even or odd numbered multiples of the

fundamental frequency. However, the optimizations showed that switching

frequencies being even numbered multiples of the fundamental frequency
resulted in smaUer modulation indices m. Hence, only switching frequen-
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cies being exclusively odd numbered multiples of the fundamental fre¬

quency have been taken into account.

With that the optimization criterias are derived, which wiU now be followed

by a description of the generation of the 3-level VSI off-line optimized pulse

patterns.

3.4.3 Generation of the off-line optimized pulse patterns

Generating these off-line optimized pulse patterns s
h means to solve an

equation system for its particular harmonic ampUtudes Sk. Each harmonic

amplitude is represented by one equation, which results from a general fou-

rier row analysis for the 3-level VSI switching functions according to ap¬

pendix B.3.1. Assuming a symmetry to a quarter of a period this yields

N

i= 1

Herein k denotes the order of the harmonic and N the number of switching

angles a, in a quarter of a period. It is also obvious from eqn. (3.2), that

each harmonic amplitude Sk is a function of all switching angles a,.

In case of elimination of an individual harmonic, the corresponding equa¬

tion for the harmonic amplitude has to equal to 0. Further, it is evident from

a mathematical point of view, that the maximum number of harmonics,
which can be eliminated, coincides with the number N of switching angles

a,.

Since the equation system is non-linear, more than one solution might be

obtained. An additional objective function for the modulation index m en¬

sures that those solution is chosen which results in the largest value for m.

In order to achieve pulse patterns being symmetrical to a quarter of a period,
the switching angles a,- are further restricted to values smaUer than tc/2

.

The statements made above are exemplified in eqn. (3.3) and figure 3.1 for

the elimination of the 5th, 7th and 11th harmonic:

4
55 = -— (sin5aj - sin5a2 + sin5a3) = 0

4
57 = -— (sin7aj - sin7a2 + sin7a3) = 0
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Sn = — (sinlla,- sinllou+ sinllcu) = 0 (3.3)

Sx = m = - • (sina, - sina2 + sina3) -» max

a,, a2, a3 < -

, i

• 1 •

sph

0

! ! 3*

i i 2
! ! '

a
1

a
2

a

rr

3 5
2

1

! 2n at

fig 3.1: 3-level VSI pulse pattern with a symmetry to a quarter of a

period and a switching frequency fs =150Hz (/,

3[p.u.])
»Ph V*

From figure 3.1 it can also be seen that the number of switching instants a,
equals the number of on/off cycles for each valve of the 3-level VSI. Hence,
the switching frequency / of each valve can be calculated according to

ph

/ =/V-/1[p.u.]
ph

(3.4)

where zV denotes both the number of switching angles a, and the number of

eliminated harmomcs and /, the fundamental frequency in per unit notation

(/,=l[p.u.]).

For the example in figure 3.1, the switching frequency for each valve results

to fs =150Hz, which corresponds to fs =3[p.u.].
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It should be noted at this point, that the same optimization (elimination of 3

harmonics, symmetry to a quarter of a period) applied to the 2-level VSI

would result in a switching frequency of fs =350 Hz (fs =7[p.u.]) for

each valve. This underlines one of the 3-levef VSI advantages compared to

the 2-level VSI.

In the consecutive chapter, the attributes of the pulse patterns, which are

achieved by these optimizations, are presented.

3.4.4 Attributes of the off-line optimized pulse patterns

The attributes of interest are with regard to the ehmination of harmonics, the

modulation index m and the minimum pulse length of particular switching
functions s h.

As mentioned yet, the investigations exclusively include

switching frequencies being odd numbered multiples of the fundamental

frequency and a range from f =50Hz (/ =1 [p.u.]) up to f =1450Hz

(/^=29[p.u.]).
ph

a) Harmonics elimination

In order to reduce the harmonic content of the switching functions sph, as

many as possible harmonics wiU be eUminated. Hereby the harmonics are

eliminated in ascending order, starting with exclusively the 5th for a switch¬

ing frequency fs =50Hz (fs =l[p.u.]) and ending with the 5th, 7th,

11th,... 89th for Switching frequency fs h=1450Hz (fs A=29[p.u.]). All

multiple orders of 3 are not eliminated, since they constitute zero sequence

systems and wiU therefore not appear on the primary side of the converter

transformer.

Hence, for all switching frequencies a non-linear equation system according
to eqn. (3.3) had to be solved for the elimination of a certain number of

switching function harmonics. In the case of e.g. fs =1450Hz

(/j =29[p.u.]), this becomes as large as 29 equations with 29 switching an¬

gles a, for the ehmination of 29 switching function harmomcs. The optimi¬
zation results for the whole investigated frequency range are summarized in

table 3.1.

Hereby, todays realistic switching frequencies (50Hz - 350Hz) are high¬

lighted.

Line diagrams and spectra of these pulse patterns for switching frequencies

fs h=50Hz, 150Hz, 250Hz and 950Hz (/, =1, 3, 5, 19[p.u.]) will be pre¬

sented in chapter 3.7.1. This wiU also include a comparison to carrier based

PWM modulation signals s
h
with the same switching frequencies.
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switching

frequency

eliminated harmonics in s h
m min. pulse

length

50 Hz 5 1.211 2000 us

150 Hz 5,7,11 1.176 321.3 \is

250 Hz 5,7,11,13,17 1.166 132.6 \is

350 Hz 5,7,11,13,17,19, 23 1.162 66.5 us

450 Hz 5,7, 11, 13, 17, 19,23,25,29 1.160 37.9 us

550 Hz 5, 7, 11, 13, 17, 19, 23, 25, 29, 31, 35 1.158 23.5 us

650 Hz 5,7,11,13,17,19,23,25,29,31,35,
37,41

1.157 15.6 \is

750 Hz 5,7, 11,13,17,19, 23,25,29, 31, 35,

37,41,43,47

1.157 10.9 [is

850 Hz 5,7,11,13,17,19,23,25,29,31,35,
37,41,43,47,49,53

1.156 7.9 [is

950 Hz 5,7,11,13,17,19,23,25,29,31,35,
37,41,43,47,49,53,55,59

1.156 5.9 us

1050 Hz 5,7,11,13,17,19,23,25,29,31,35,
37, 41, 43, 47, 49, 53, 55, 59, 61, 65

1.156 4.5 [is

1150 Hz H5,7,11,13,17,19, 23, 25, 29, 31, 35,

37, 41, 43, 47, 49, 53, 55, 59, 61, 65,

67,71

1.156 3.5 [is

1250 Hz 5,7,11,13,17,19,23,25,29,31,35,
37,41,43, 47,49, 53, 55, 59, 61, 65,

67,71,73,77

1.155 2.8 us

1350 Hz 5,7,11,13,17,19,23,25,29,31,35,
37,41, 43,47,49, 53, 55, 59, 61, 65,

67,71,73,77,79,83

1.155 2.3 us

1450 Hz 5,7,11,13,17,19,23,25,29,31,35,
37,41, 43, 47, 49, 53, 55, 59, 61, 65,

67,71,73,77,79,83,85,89

1.156 1.9 us

table 3.1: eliminated harmonics, modulation index m and minimum

pulse length for off-line optimized 3-level VSI pulse pat¬

terns s h; bold: realistic (50Hz - 350Hz), plain: future

(450Hz - 1450Hz)
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b) Modulation index m

Concerning the modulation indices m(eqn. (3.1) in chapter 3.3.3), which

are given in the 3rd column of table 3.1, quite large values between 1.21

[p.u.] for 50Hz and stiU 1.156 [p.u.] for 1450Hz can be achieved. Especially
the results for switching frequencies fs >lkHz (fs >20[p.u.]) are gratify¬

ing. Apparently, m = 1.155 seems to represent a maximum value for these

higher switching frequencies. A comparison of the modulation indices m

with regard to those achieved with carrier based PWM, wiU be given in

chapter 3.7.2.

These large modulation indices in its turn also have an influence on the indi¬

vidual pulse lengths of the modulation functions sph, which will be dis¬

cussed in the next sub-chapter.

c) Minimum pulse length ofsh

It could be observed, that with an increasing switching frequency, the width

of the individual switching function pulses wUl decrease, which also can be

clearly seen in table 3.1 (4th column). The largest pulses, which are

achieved for a switching frequency fs = 50 Hz (fs =1 [p.u.], FFM), have a

pulse length of 2ms, whUe the shortest ones, which result for a switching

frequency of fs =1450 Hz (/^ =29[p.u.]), are as small as 1.9us.

In the optimizations performed in this thesis, no restrictions on the mini¬

mum pulse length have been taken into account. This is due to the fact, that

these additional constraints will increase the dimension of the non-Unear op¬

timization problem, which yields an exponential increase in the number of

solutions and the time to calculate them. Hence, probably no solutions

would have been obtained for switching frequencies larger than a few hun¬

dred Hz.

The optimization results in table 3.1 seem to be representative for todays

high power semiconductor devices, at least for a certain frequency range.

The minimum turn-off times for presently available IGBT's are about

2-5us and those for the (hard driven) GTO's are about ten times higher,

50\is.

Therefore, nearly aU of these pulse patterns in table 3.1 could be appUed for

IGBT applications and those up to fs =350Hz (fs =7[p.u.]) for GTO ap¬

plications. The limited switching frequency range for GTO appUcations
does not imply a severe drawback here, since 350 Hz presently seems to be

the maximum reaUstic switching frequency for today's high power GTOs
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anyhow. Future improvements might increase the GTO's switching frequen¬

cies, however in addition it can be expected that in the same way the mini¬

mum turn-off times of these semiconductors wiU decrease.

3.5 Carrier based PWM

3.5.1 Introduction

With increasing switching frequencies of high power semiconductor de¬

vices, also carrier based PWM might become an interesting modulation

scheme for transmission appUcations.

Especially the comparison with off-line optimized PWM concerning the uti-

Uzation of the 3-level VSI and the harmomc poUution wiU be of highest in¬

terest.

There are many distinctive carrier basedPWM methods known today, which

are based on different types of carrier and control signals. Modifications of

the carrier signals might yield an improved harmonic spectrum, whUe ma¬

nipulations of the control signal might result in a larger modulation index

m.

This thesis will not present a general analysis of the carrier based PWM and

will further not focus on the numerous methods to generate its pulse pat¬

terns. For that purpose, the reader is referred to the weU known Uterature,

e.g. [33], [34], [42], [44]. Here, the basics of carrier based PWM are presup¬

posed and only the comparison to off-Une optimized pulse patterns wiU be

of importance.

In this work, a carrier based PWM method for the 3-level VSI is chosen,

which is especially well suited for transmission appUcations! It wiU be

shown, that even for low switching frequencies up to 350Hz, the lower or¬

dered switching function harmomcs wiU contribute with negligible or at

most very small values.

Though not discussed in detaU, a brief description wUl be presented in the

following. For detaUed informations, the reader is referred to [34].

3.5.2 Carrier based PWM pulse patterns with flat-top control signals

a) Control signals

Speaking of carrier based PWM, it is weU known (e.g. [34]) that the control
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signal mainly determines the following attributes of the resulting switching
functions sph:
• the fundamental frequency of sph, which coincides with the fundamental

frequency of the control signal.

• the fundamental's ampUtude of sph (the modulation index m), which at

least for higher switching frequencies fs >350Hz (fs >7[p.u.]) exclu¬

sively depends on the shape and the amplitude of the control signal.

• the phase angle of the fundamental of sph which equals the phase angle
of the fundamental of the control signal.

This proves right both for the 2-level and 3-level VSI.

Hence, in 3-level VSI transmission applications, for each phase ph= a,b,c,

one control signal csph is chosen with the same fundamental frequency fj as

the AC-system. With regard to the individual phases a,b,c, these control

signals have identical shape but are phase-displaced by 2n/3 to each other.

In order to increase the modulation index m to values larger than

/w=l[p.u.], as it is desirable in transmission applications, the usuaUy pure si¬

nusoidal control signal should be modified in an appropriate way.

Here, this will be done according to a simple method, which effectively can
be applied for modulation indices between 1 < m < 1.1547 ([34]).

For that purpose, the purely sinusoidal 3-phase control signals csa b c
with

an amplitude in the range 1 < m < 1.1547 (figure 3.2, graphic a)) are super¬

imposed with a zero sequence component cs0 (figure 3.2, graphic b)). This

results in the modified control signals csa bc + 0 (figure 3.2, graphic c)):

csa,b,c + Q
= csa,b,c + cs0

In order to achieve the zero sequence component cs0, all segments of the

purely sinusoidal control signals cs
b ,

which overtop the amplitudes of

the carrier signals (peak-value of l[p.u.)]), are added and multiplied with (-

1). These segments are represented in the graphics a) and b) of figure 3.2 by
the filled areas.

The modified control signals csabc + 0 (figure3.2, graphic c) will then

show up a 'flat-top' with a constant amplitude value, which is exactly equal
to the peak-value of the carrier signals.

This has two significant consequences:

1.) No over-modulation will occur, since the resulting control signals
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control signals cs^bc and carrier signals cl^bc, c2^bt

8 10 12

Urns]

14 16 18 20

superimposed zero sequence control signal cs0

modified 'flat-top' control signals m^^j+q
and carrier signals c !„_(,,., c2a b ,

18 20

3-level VSI switching function sa and its fundamental sla in phase (2

<*)

-1 -

10

t[ms]

12 14 16 18 20

fig 3.2: generation of the carrier based PWM pulse patterns s h:

'flat-top' control signals csa b c + 0; triangular shaped car¬

rier signals clabc, c2abc; m=1.1547; fs =150Hz;

fc=250Hz
- p*
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csab c + 0
wiU not have larger peak-values than the carrier signals. This in

its turn yields the advantage that the switching function harmonics do not

increase for modulation indices larger than m=1.0 (up to m=1.1547).

2.) The very short and ineffective switching function pulses in the centre of

each half-period, which are characteristic for other carrier based modulation

methods, wiU disappear. Due to this, the carrier frequency fc will be larger
than the resulting switching frequency f

s
of the pulse pattern sph. There¬

fore, compared to conventional carrier based methods with the same switch¬

ing frequency fs ,
the first predominant harmonics of sph will appear at

higher orders.

These two significant consequences are also graphically manifested in

figure 3.2 for a switching frequency of fs =150Hz(/^ =3[p.u.]) and a car¬

rier frequency of fc=250Hz (/c=5[p.u.]).

b) Carrier signals

As mentioned yet, the types of carrier signals are varying in a wide range. It

is weU known from the literature (e.g. [34], [45]) that, depending on their

various shapes, they mainly determine the foUowing attributes of the result¬

ing modulation signals sph:
• the switching frequency of sph and with that of the individual VSI

valves.

• the resulting harmonic ampUtudes and their orders k.

Hereby, carrier based PWM for the 2-level VSI presupposes one carrier sig¬
nal cph in each phase ph = a,b,c.

This is subject to change for the 3-level VSI, where two carrier waves c\ph
and c2ph are chosen, which have identical shape and frequency but a phase-

displacement of Jt with respect to their period. This is shown high-lighted in

figure 3.2, graphic a) or c) for phase a and a carrier frequency fc=250Hz
(/c=5[p.u.]).

It should be noted at this point, that using two identical, by Jt phase-dis¬
placed carrier signals, yields the advantage to eliminate specific harmonic

frequency bands. This will be discussed more in detail in chapter 3.5.3.

It is also evident from figure 3.2, that the carriers c\
h
and c2

h
are as¬

sumed to have a triangular shape, which was found to be very good suited

for 3-level VSI transmission applications. A carrier with the shape of a saw¬

tooth always produces even numbered harmomcs, which here is highly un-
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desirable ([34], [45]). More, for large modulation indices m (m>0.9), as

demanded in this thesis, the harmonic distortion of the AC-side currents iph
is smaUer with triangular shaped carriers. This wiU turn into the opposite for

small modulation indices m (m < 0.9 ), which however will not be of major
interest in these studies.

Additionally, the phase displacements of the carriers c\ph and c2ph with

respect to the control signals csa b c + 0
is fixed to ±rt/2 of the carrier pe¬

riod (figure 3.2, graphic a) or c)). With that measure it is ensured, that the 3-

level VSI pulse patterns wiU inherently have a symmetry to a quarter of a

period. This is true for aU carrier frequencies being any integered multiples
of the control signal frequency.

Further, the carrier pairs c\ph and c2ph for the 3 phases ph = a,b,c are

phase-displaced by 2ji/3 to each other. This guarantees that the switching
functions sph will have the same shape, and with that aU harmonics being

multiples of 3 wiU be zero sequence systems which do not contribute to the

AC-side currents i
h.

It should be mentioned at this point, that for the 2-level VSI usuaUy 3 phase-

displaced carrier waves instead of one carrier wave for all 3 phases a,b,c

wUl result in a much higher harmonic distortion for the AC-side currents

iph. This however could not be observed for the 3-level VSI.

For the 3-level VSI and high modulation indices m (m> 0.9), the AC-side

current THDs are nearly the same, no matter whether one carrier pair or 3

phase-displaced carrier pairs are chosen. More, for smaller modulation indi¬

ces m (m<0.9), simulations have shown that 3 phase-displaced carrier

pairs compared to exclusively one carrier pair, even result in lower THDs

for the AC-side currents. This is an astonishing result, which however wUl

not be proved or further investigated here in this thesis.

As mentioned above, applying 3 carrier pairs being phase-displaced by
2rc/3, yields the advantage not to generate AC-side current harmonics be¬

ing multiples of 3. Especially for low carrier frequencies (250 Hz and 350

Hz) and applying the same carrier pair for aU 3 phases a,b,c, a 3rd har¬

momc will arise in the VSI output voltages uph and the AC-side currents

iph. This in its turn would demand a cost intensive large filter, which has to

be omitted.

With that, also the carrier signals c\ph and c2ph are described. Together
with the control signal csa b c+0,

the 3-level VSI pulse patterns can now be

generated according to a convention, which wiU be presented in the next
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sub-chapter.

c) generation ofthe switchingfunctions

In order to obtain the 3-level VSI switching functions sph from the control

signals csa bc + o
and the carrier signals c\ph and c2ph, the foUowing con¬

vention has been used:

'ph = 1. if csph + 0>Ciph and CSph + 0>C2ph

^h = o, if CSph + 0>c^ph and CSph + 0
< c2ph

Sph = 0, if CSph + 0<C^ph and csph + 0>C^ph

sPh= -1
>

if CSph + 0<c^ph and CSph + 0
< £2ph

Hence, the 3-level VSI switching functions sph will change its values at

each intersection of the control signal csa btC + 0
with either the carrier sig¬

nal c 1
h
or the carrier signal c2

h.
This can also graphically be verified for

the pulse partem sa in figure 3.2.

Basing on this generation convention and the carrier/control signals de¬

scribed in this chapter, modulation signals sph were generated, the attributes

of which wiU be discussed in the considerations to come.

3.5.3 Characteristics of the carrier based pulse patterns

The characteristics of interest are with regard to the harmonic content, the

modulation index and the minimum pulse length of the particular switching
functions in dependency on the switching frequency.

For comparison reasons with off-line optimized PWM, the investigations
also include switching frequencies being exclusively odd numbered multi¬

ples of the AC-system's fundamental frequency fj, ranging from 50Hz up to

1450Hz.

Analog to off-hne optimized PWM (table 3.1), the most important parame¬

ters are presented in table 3.2.

a) Harmonic content

Concerning carrier based PWM, it is well known that usually individual har¬

monics wiU not be eUminated in the switching functions, as this proves right
for off-line optimized PWM. However, there is still a chance especially for
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switching fre¬

quency f,

carrier fre¬

quency fc

modulation

index m

min. pulse length

of-V,

50 Hz 150 Hz 1.221 1830 us

150 Hz 300 Hz 1.158 489 us

250 Hz 450 Hz 1.155 136 us

350 Hz 600 Hz 1.155 57 us

450 Hz 750 Hz 1 155 29 us

550 Hz 900 Hz 1 155 17 [is

650 Hz 1050 Hz 1 155 11 us

750 Hz 1200 Hz 1 155 7 2 us

850 Hz 1350 Hz 1 155 5 0 us

950 Hz 1500 Hz 1 155 3 9 us

1050 Hz 1650 Hz 1 155 2 8 us

1150 Hz 1800 Hz 1 155 2 2 us

1250 Hz 1950 Hz 1 155 1 7 us

1350 Hz 2100 Hz 1 155 1 1 us

1450 Hz 2250 Hz 1 155 1 1 us

table 3 2 earner frequencies fc, modulation index m and minimum

pulse length for earner based 3-level VSI pulse patterns

sph, bold: realistic (50Hz - 350Hz), plain future (450Hz

- 1450Hz)

the earner based PWM method introduced in the previous chapter, that low

ordered harmomc amplitudes will take on very small values (eg < 0 01

[p u ]), which do not ask for an additional AC side filter

The spectra of earner based PWM pulse patterns can be desenbed by fre¬

quency bands, which are arranged around specific centre frequencies For

synchronous schemes these centre frequencies are integer numbered multi¬

ples of the chosen carrier frequency fc With respect to the harmonic ampli¬

tudes, it can qualitatively be said, that their values decrease with increasing

deviation from the centre frequency However, for low earner frequencies

(up to a few hundred Hz), these frequency bands will overlap and the signif-
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icant band structure might not clearly be apparent.

These statements wUl be confirmed for pulse patterns with representative

switching frequencies of 50Hz, 150Hz, 250Hz and 950Hz (/, =1, 3, 5,

19[p.u.]) in chapter 3.7.1.
"*

The particular harmonic orders k of a specific pulse pattern depend on the

shape of the carrier waves and are a function of the carrier frequency fc and

the fundamental frequency fx of the control signal. For the 3-level VSI con¬

trol and carrier signals assumed in this thesis (chapter 3.5.2), the harmonic

orders k of the resulting pulse patterns sph can be calculated according to

eqn. (3.5):

* = n-/c±v/, (3.5)

where n = 2,4,6,... and v = 1,3,5,...

Herein n fc denotes the centre frequencies, whUe the frequencies of die

conesponding side band harmonics deviate by ±v • fx from these frequen¬
cies.

In addition, for the carriers chosen here (3 carrier pairs phase-displaced by

2n/3), aU harmonic orders k, being multiples of 3, wiU result in zero se¬

quence systems.

It could be seen in figure 3.2, graphics c) and d), that for the herein de¬

scribed carrier based PWM, the carrier frequency fc wiU be higher than the

switching frequency fs of the resulting pulse patterns, which constitutes

one powerful characteristic of this modulation scheme.

Hence, according to eqn. (3.5), also the orders wUl for the first dominant

harmonics wiU increase in comparison to the conventional carrier based

schemes, where the carrier frequency fc equals the switching frequency

'V
The highest achievable carrier frequencies fc for the particular investigated

switching frequencies fs art summarized in the second column of

table 3.2.
""

It is apparent in table 3.2, that for lower switching frequencies up to 250Hz

(/, = 5 [p.u.]), the carrier frequency fc can almost be doubled (!) with re¬

gard to the resulting pulse pattern switching frequency / !
ph

More, also for the higher values of fs ,
the carrier frequency fc wiU be at

least 1.5 times larger than fs .
This is quite an impressive result, which can
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be expected to have a very positive influence on the harmomc content of the

AC-side currents iph (chapter 3.7).

Finally, it should be noted at this point, that eqn. (3.5) also can be appUed to

the 2-level VSI, however then the parameter n includes aU odd and even

numbered integers: n = 1,2,3,.... From this it is evident that for the 2-level

VSI, twice the number of frequency bands are present in the spectra of the

modulation signals sph.

This phenomenon is caused by the two opposite signed carrier waves c\ph
and c2ph for the 3-level VSI instead of one carrier signal cph for the 2-level

VSI. With that measure, aU frequency bands with centre frequencies being
odd numbered multiples of the carrier frequency, are eliminated. Simultane¬

ously, the switching frequency for each individual 3-level VSI valve remains

the same as for the 2-level VSI, which also for carrier based PWM proves

one advantage of the 3-level VSI topology.

For more detailed information, the reader is referred to [34] and [45].

b) modulation index m

According to the choice of the control signal csa b c + 0
in chapter 3.5.2 a),

the maximum modulation index m of the resulting pulse patterns sph is ex¬

pected to be m = 1.155 for all investigated switching frequencies. How¬

ever, it can be observed in table 3.2 (third column), that for low switching

frequencies fs =50 Hz and 150Hz (fs =1,3[p.u.]), this is not proved to be

right. EspeciaUy for f =50Hz(/ =1 [p.u.]), quite a large value m=1.22
... Pk P*

is achieved.

This is mainly caused by the superposition of the switching function's fun¬

damental component with one or more side band harmonics, whose fre¬

quencies coincide with the fundamental frequency. Eqn. (3.5) proves the va-

Udity of this statement.

For higher carrier/switching frequencies, this effect wiU then become really
negligible, as also can be verified in table 3.2, where for higher switching
frequencies fs > 150Hz (fs >3[p.u.]) the modulation index m coincides

with the fundamental of the control signals csa bc + Q.

A comparison of the modulation indices m in figure 3.2 with those for off¬

line optimized PWM (chapter 3.4.4, table 3.1) will be performed in

chapter 3.7.2. First however, some comments should be made about the

minimum pulse length of the achieved switching functions sph, which in

practical applications might be a driving force for a decrease of the modula-
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tion index m.

c) Minimumpulse length ofsph

For conventional carrier based PWM schemes, where the carrier frequency

equals the switching frequency of the resulting pulse partem, very small

minimum pulse lengths have to be expected, when high modulation indices

are applied. This is caused by the very narrow and in addition ineffective

pulses in the centre region of each half-period.

Therefore, at least in high power appUcations, where the minimum turn-on/

off times of GTO's are restricted to about 50^,5, the modulation indices

would have to be decreased in order to ensure this minimum time interval.

This however wiU be subject to change for the carrier based PWM method

investigated here, where no pulses in the centre region of each half-period
are present (figure 3.2, graphic d)).

As a consequence, aU pulse patterns in the todays realistic switching fre¬

quency range up to fs =350Hz (fs =7[p.u.]) can fulfil the requirement of

a minimum turn-off time of 50\ls ror todays available GTOs without the

need to decrease the high modulation index of m=1.155 (table 3.2).

Concerning IGBT valves, the pulse lengths in table 3.2 are stiU in good

agreement with the minimum turn-off requirements at least for a frequency

range up to about 1kHz.

Now the basics are derived for both off-Une optimized and carrier based

PWM. Before performing a more in depth comparison of these two modula¬

tion schemes with regard to their effects on the AC-side currents i
h
and the

AC-system voltages uLph, the 3-level VSI operation mode and other system

parameters have to be known. This wUl be discussed in the next chapter.

3.6 Studied system

When calculating the harmonic distortion of AC-system voltages uL h or

AC-side phase currents iph, the exclusive knowledge of die pulse patterns

sph is not sufficient. In addition, representative (worst case) conditions must

be assumed concerning the following points of interest:

• the operation mode of the 3-level VSI,

• system parameters such as the ohmic part r and the inductive part / of
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the decoupling impedance (chapter 2.3, figure 2.3),

• the strength of the AC-network.

The considerations to come wiU focus on these topics.

3.6.1 Operation mode and system parameters

It is weU known, that the 3-level VSI in general is capable to both generate

and absorb any active and reactive power. With a control strategy, basing on

a fixed pulse pattern over the whole operating range, the largest harmonic

amplitudes will arise when the 3-level VSI generates a pure nominal reac¬

tive power. This means, that the 3-level VSI acts like a capacitor installed on

the AC-side (pure capacitive operation mode). Hereby, the AC-system is de¬

fined as a source, while the 3-level VSI is denned as a sink.

Generating a pure reactive power (pure capacitive 3-level VSI operation

mode) asks for the largest fundamental component in the 3-level VSI output

voltages u
h,

which corresponds to the largest value for the 3-level VSI to¬

tal DC-side voltage um + uD2. This in its tum, for a fixed pulse partem over

the whole operating range, also yields the largest harmonic ampUtudes both

in the 3-level VSI output voltages u . and the AC-side currents i
h.

It makes sense to choose this worst case concerning the harmonic poUution
for the comparison of the two modulation schemes. AU other operation
modes (generating/absorbing pure active power, absorbing pure reactive

power) wiU show up smaller harmonic ampUtudes to arise in uph and iph.

With regard to the ampUtudes ULph of the AC-system voltages and the fun¬

damental component of the phase currents iph, pure nominal reactive power

means that these quantities wiU have a value of 1 [p.u.].

Finally, the DC-side voltages uD1 and uD2 will here be assumed to consti¬

tute balanced and ripplefree DC-quantities. The various influences of har¬

momcs or an unbalance in these voltages is discussed in depth in chapter 4 -

chapter 6 (DC-side harmonic influence) and chapter 7 (DC-side unbalance).

With that and a given modulation function s
h,

the 3-level VSI output volt¬

ages uph and their spectra are clearly determined. For the calculation of the

AC-side currents iph and their harmonics however, at least the decoupling
impedance has to be known.

Hence, reasonable values for the decoupling impedance, consisting of the

ohmic part r and the inductive part I, have to be determined. For a transmis¬

sion appUcation,
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r = 0.005 [p.u.] and I = 0.2 [p.u.]

seem to be quite reaUstic values and have been chosen throughout this the¬

sis. With that, for a given operation mode and pulse pattern s
h,

the AC-side

currents i
h
and its harmomcs can be calculated, if the AC-system imped¬

ance is neglected (rL=Q and lL=Q in figure 2.3 of chapter 2.3).

The resulting AC-side currents iph and its harmonics presented in

chapter 3.7 are basing on an infinite strong AC-network, i.e. it is assumed,

that the AC-system impedance equals to 0. Therefore, the AC-side current

harmonic ampUtudes wiU represent worst case values, since an AC-system

impedance would yield an additional damping of these harmonics.

Similar considerations are performed for the harmonic distortion of the AC-

system voltages uLph. For an infinite strong AC-system, uLph will remain

ideal cosinusoidal, since aU harmonics generated by the 3-level VSI output

voltages uph wiU drop over die decoupling impedance and will not appear

in uL h.
In the theoretical worst case of an infinite weak AC-system how¬

ever (rL —> °°, lL —» °°), the harmonic distortions of uLph and u
h
will be¬

come me same. Concerning the harmonic distortion of the AC-system volt¬

ages uLph, this worst case of an infinite weak AC-system is presupposed in

the results presented in chapter 3.7.

In order to take into account a specific AC-network strength, a definition of

this notion is given in the consecutive chapter. Basing on this, conection

factors are derived, which, multiplied with the harmonic distortion worst

case values, yield the proper results for a specific AC-system strength.

3.6.2 Influence of the AC-system strength

a) Definition ofthe AC-network strength

According to [46], [47], the strength of an AC-system is defined by the ratio

of the AC-system short circuit capacity to the nominal apparent power of the

transmission application (here: the 3-level VSI). From this it is evident that

the strength of an AC-system is inversely proportional to its impedance,
since the AC-system impedance determines its short circuit capacity.

A common abbreviation for the AC-system strength is SCR (Short Circuit

Ratio). In particular

• a strong AC-system is categorized by a SCR value larger than 3,

• a weak AC-system is categorized by a SCR value between 2 and 3,
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• a very weak AC-system is categorized by a SCR value lower than 2.

Basing on this, correction factors for the multiplication of the harmonic dis¬

tortion worst case values wiU be derived in the foUowing.

b) Correctionfactorsfor the harmonic distortion worst case values

Since an AC-system usuaUy is characterized by the short cut ratio SCR, it

wUl be convenient to express the correction factors for the harmonic distor¬

tion worst case values as a function of this parameter SCR. Hereby, it wUl

be distinguished between a correction factor corr,, which has to be multi-

pUed with the harmonic distortion worst case values of the AC-side currents

iph, and a correction factor corru for the AC-system voltages uLph.

Neglecting the ohmic parts rL and r in both the AC-system and the decou-

phng impedance, which does not introduce a major error, results to

corr, =

1

1 + 1/(1 SCR)
(3.6)

1

COrrH= IUSCR
(3.7)

With a transformer stray inductance of /=0.2[p.u.] and the definitions ac¬

cording to sub-chapter a), eqn. (3.6) and eqn. (3.7) yield figure 3.3 and

table 3.3.
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fig 3.3: correction factors corr, and corr,, for the harmomc dis-

tortion worst case values of iph and uL h
in dependancy on

the AC-system strength SCR
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AC-system strength C07T, corrUj

strong (SCR> 3) corr,. > 0.375 corr,, < 0.625

weak (2 <SCR< 3) 0.286 < corr,. < 0.375 0.625 < corru S 0.714

very weak (SCR< 2) corr,. < 0.286 corr„ > 0.714

table 3.3: range of the correction factors corri and corru for the

harmonic distortion worst case values of iph and uL h
for

a strong, weak, and very weak AC-system

Now it is easy to achieve proper harmonic distortion values in dependancy
on a given AC-system strength. Simply multiplying any harmonic distortion

worst case value of e.g. a particular harmonic amplitude or a THD with the

appropriate factors corrt or corru for a specific SCR value, yields the de¬

sired result.

3.7 Comparison of off-line and carrier based PWM

A comparison of off-line optimized PWM with carrier based PWM will be

of high interest and will therefore be performed in this chapter.

In detail, these two schemes wiU be compared with regard to the following
features:

• assessment of the filter sizes necessary to fulfil the harmonic require¬
ments of a high power AC-system (chapter 3.7.1)

• line diagram of the AC-side phase currents iph (chapter 3.7.1)

• modulation indices m in dependancy on the switching frequency

(chapter 3.7.2)

• peak-values of the AC-side phase currents i
h

in dependancy on the

switching frequency (chapter 3.7.2)

• power rating of the 3-level VSI in dependancy on the switching fre¬

quency (chapter 3.7.2)

• resulting Total Harmonic Distortion (THD) of the AC-system voltages

uLph in dependancy on the switching frequency (chapter 3.7.2)

• resulting Total Harmonic Distortion (THD) of the AC-side phase cur¬

rents iph in dependancy on the switching frequency (chapter 3.7.2)
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3.7.1 AC-side currents and filter requirements

In this chapter, the variations in time and the spectra of particular off-line

optimized and carrier based PWM switching functions sph and their corre¬

sponding AC-side currents iph wiU be presented. Basing on this, a compari¬

son of the above mentioned modulation schemes wiU be performed, which

wUl primarily focus on

• the filter sizes necessary to fulfil the harmonic requirements of a trans¬

mission system. Hereby, it is assumed that each AC-side current har¬

monic or each AC-system voltage harmonic having an ampUtude larger

than 0.01 [p.u.], wiU ask for a filter on the AC-side.

• the variation in time of the AC-side currents iph.

The switching frequencies of the representative pulse patterns sph are cho¬

sen to fs h=50Hz, 150Hz, 250Hz and 950Hz (fs =1, 3, 5, 19[p.u.]), both

for off-line optimized and carrier based PWM. While switching frequencies

up to 250Hz are reaUstic for todays available high power GTOs, a switching

frequency of 950Hz might be in the future. The results are given in

figure 3.4- figure 3.7.

a) Assessment ofthefilter sizes

In order to assess the necessary filter sizes, the ampUtude spectra of the

switching functions s h
and the AC-side currents iph are of great help

(graphics b) and d) in figure 3.4- figure 3.7).

The ampUtude spectra of the 3-level VSI output voltages uph wiU be

achieved by multiplying the amplitude spectra of the switching functions

sph with half of the total DC-side voltage uDsum=uDl + uD2. Hereby, uDsum

is close to a value of 1 [p.u.] for the operation mode and the system parame¬

ters described in chapter 3.6.1. Hence the amplitude spectra of s . are in ad¬

dition quite a good representation of the ampUtude spectra of u h. Further,

it should be recaUed in mind, that the harmomc amplitudes of u h
in its tum

can also be seen as worst case values for the AC-system voltages uL h.

The dotted line in the graphics b) and d) of figure 3.4 - figure 3.7 indicates

the maximum permitted values of 0.01 [p.u.] for each harmonic amplitude
without the need of an AC-side filter. It should be noted, that hereby aU

switching function harmonics with orders equal to multiples of 3, must not

be taken into account, since they constitute zero sequence systems.

In particular, the foUowing quantitative statements can be verified from the
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fig 3.4: line diagram and amplitude spectra of s
h
and i

h
for off-line

optimized and carrier based PWM, switching frequency
fs h=50Hz (fs 4=l[p.u.]), /=0.2[p.u.], r =0.005[p.u.], pure cap.

operation mode; further parameters: table 3.1, figure 3.2, table 3.2
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graphics b) and d) in figure 3.4- figure 3.7, where the results in the left col¬

umns correspond to off-line optimized PWM and those in the right columns

to carrier based PWM.

Starting with FFM (fs =l[p.u.], figure 3.4), it can be seen in the graphics

b) and d) for the amplitude spectra, that the first harmonic to be filtered will

be the 5th for carrier based PWM and the 7th for off-line optimized PWM.

This proves right both for the AC-side currents iph and the AC-system volt¬

ages uL h. Concerning off-hne optimized FFM, it is furthermore obvious,

that in addition to the 5th harmomc aU odd numbered multiples of five are

eliminated.

For a switching frequency fs =150Hz (fs =3[p.u.], figure 3.5), the first

harmomc, which asks for a filter, will stiU be''the 5th for carrier based PWM

and the 13th for off-line optimized PWM.

In the case of a switching frequency fs =250Hz (fs =5[p.u.], figure 3.6),

off-line optimized PWM wiU satisfy the harmomc requirements, if filters for

the 19th harmonic and higher orders wUl be instaUed. However now, also

the sophisticated carrier based PWM pulse pattern shows up almost negligi¬
ble values for the 5th and 7th harmonic and a filter tuned for the 11th and

higher ordered harmonics will be sufficient to fulfil the harmomc demands.

Finally, off-line optimized and carrier based PWM pulse patterns with a

higher switching frequency fs =950Hz(/s =19[p.u.], figure 3.7) are com¬

pared. Now, both the off-lineP generated and the carrier based modulation

signal show up very similar good results, which, if at all, will ask for only

very small filters.

The influence of a specific AC-network strength can be assessed with the

correction factors corrt and corru , given in figure 3.3 of chapter 3.6.2.

With respect to the AC-side currents iph, the corresponding correction fac¬

tors corri wiU vary between 0.2 (SCR=l) and 0.8 (SCR=20) for realistic

AC-systems. Multiplying these factors with the amplitudes of the lowest or¬

der current harmonics might result in amplitude values smaller than 0.01

[p.u.], which then wiU no longer ask for an additional AC-side filter. From

this it can be concluded that a further small reduction of the AC-side filters

will be reaUstic for both modulation schemes.

Shghtly worse results will be achieved when focusing on the reduction of

filters with respect to the AC-system voltage harmonic distortion. Exclu¬

sively for the carrier based method, correction factors corru between 0.8

(SCR=l) and 0.2 (SCR=20) (figure 3.3) might be just small'enough to re-
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duce one of the predominant lowest order harmonics to values smaUer than

0.01 [p.u.] (figure 3.4 - figure 3.6).

Hence, for the pulse patterns presented above, the necessary filter size to

fulfil the harmonic requirements for both iph and uLph wiU only Utile be in¬

fluenced by the AC-system strength.

It can therefore be summarized, that for low switching frequencies up to a

few hundred Hz, off-line optimized PWM wiU ask for smaUer AC-side fil¬

ters than the carrier based PWM method. This is not astonishing since the

off-line optimized pulse patterns are especiaUy tuned for the elimination of

the lowest order harmomcs in order to reduce the filter size.

However, it was indicated by the simulation in figure 3.7 (fs =950Hz

(fs =19[p.u.])), that for higher switching frequencies, the proposed carrier

based PWM method apparently can compete with the off-line optimized
PWM, which will further be confirmed in the studies to come.

b) Line diagram ofthe AC-side currents iph

Another point of interest concerns the Une diagram of the AC-side currents

ih (graphics c) in figure 3.4 - figure 3.7), which briefly wUl be discussed in

this sub-chapter.

Comparing the graphics c) for carrier based and off-Une optimized PWM, it

is evident that for the switching frequencies fs =50Hz, 250Hz and espe¬

ciaUy for fs =950Hz, the line diagrams of iph look quite similar, which

proves that the proposed carrier based method can truly be seen as an alter¬

native to the off-Une optimized PWM. Exclusively for a switching fre¬

quency f =150Hz, off-Une optimized PWM yields a much better result.
ph

Concerning the peak-values of i
h,

a more representative comparison of the

two modulation schemes for the whole investigated frequency range will be

given in chapter 3.7.2. This also wUl be performed for the modulation indi¬

ces m and other specific quantities, e.g. the THDs for both the AC-system

voltages uLph and the AC-side currents iph, which wiU be introduced in the

studies to come.

3.7.2 Influence on 3-level VSI design parameters

As mentioned yet, a specific modulation signal s
h
wiU not only determine

the required filter size, but wiU furthermore have an influence on the utiliza¬

tion of the 3-level VSI. This also proves right for the power rating of the 3-

level VSI valves, which e.g. depends on the peak-values of the AC-side cur-
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rents.

Hence, the investigations to foUow will concentrate more in depth on these

relevant parameters for the inverter design. In addition, another very com¬

mon harmonic quantity, namely the Total Harmomc Distortion THD will be

introduced. The studies wiU include aU off-line optimized and carrier based

modulation signals presented in table 3.1 of chapter 3.4 and table 3.2 of

chapter 3.5 with switching frequencies between 50Hz and 1450Hz.

In particular, the foUowing specific quantities wUl be investigated in depen¬

dancy on the switching frequency /. :

ph

• the modulation indices m,

• the peak-values of the AC-side currents iph,
• the power ratings of the 3-level VSI

• the THDs of the AC-system voltages uLph,

• the THDs of the AC-side currents iph.

Once more, it wUl be focused on the comparison of the off-line optimized
PWM with the proposed carrier based method. The achieved results are pre¬

sented in figure 3.8 and wiU briefly be discussed in the following with re¬

gard to the above listed features.

a) modulation index m

Concerning die modulation index m, it wiU be distinguished between the

frequency range up to 350 Hz, which is reaUstic for todays high power

GTOs, and those including the higher frequencies up to 1450Hz.

With regard to the switching frequencies up to 350Hz (excluding FFM), it

can be seen in figure 3.8a) that the off-Une optimized pulse patterns yield
only slightly better results. Hence, even in this lower switching frequency

range, the carrier based method is a real alternative to off-line optimized
PWM.

Further it is obvious, that off-Une optimized FFM (fs =l[p.u.]) contributes

with an exceptional large modulation index, which cfrasticaUy drops if the

switching frequency is increased. This also clearly indicates the favourable

position of FFM modulation with respect to the voltage utilization of the in¬

verter.

The pulse patterns sph with switching frequencies between 450Hz and

1450Hz are characterized by an almost constant modulation index m=1.15,
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fig 3.8: modulation index m, peak values of iph, power rating

Sph-vsi an^ THDs (worst case) of uLph and iph m depen¬

dancy on the switching frequency, off-Une optimized and

carrier based PWM, pure capacitive operation mode, fur¬

ther parameters: table 3.1, figure 3.2, table 3.2
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which is approximately the same for both modulation schemes.

Hereby, it is interesting, that for off-line optimized PWM with higher

switching frequencies, the resulting modulation index m always coincides

with the maximum value m = 1.155 for carrier based PWM. This modula¬

tion index might indicate a theoretical maximum for aU modulation schemes

with selective harmonic elimination or an optimized Total Harmonic Distor¬

tion (THD).

b) peak-values ofthe AC-side currents iph

Concerning the design of the 3-level VSI, also the peak-values Iphpeak of

the AC-side currents i
h
must not be neglected. This is true, since these

peak-values determine the minimum current rating of the semiconductor

valves and therefore also the necessary power rating of the inverter.

Assuming nominal ideal sinusoidal AC-side currents iph and any operation

mode, the corresponding current peak-values Iphpeak will not exceed a

value of 1 [p.u.]. However, due to the influence of the current harmonics,

this is subject to change, which wiU be discussed in the foUowing for off¬

line optimized and carrier based PWM in dependancy on the switching fre¬

quency.

Hereby, it can clearly be seen in figure 3.8, graphics b), that the AC-side

current peak value Iphpeak will take on quite a large value for the carrier

based PWM with a switching frequency f =150Hz, (fs =3[pu.]).
ph ph

Obviously this switching frequency (fs =150Hz) constitutes a special case

and should be avoided for this kind of carrier based pulse pattern. However,

for all other switching frequencies, especiaUy for those larger than

fs =250Hz, (fs =5[pu.]), the here proposed carrier based PWM method

shows up the same results as the off-line optimized PWM and can abso¬

lutely compete with the latter one.

c) power rating ofthe 3-level VSI

Concerning the required power rating of the 3-level VSI, both the peak-val¬
ues of the AC-side currents iph and the modulation index m have to be

taken into account. As mentioned yet, a larger modulation index m yields a

smaller resulting DC-side voltage and with that also the blocking voltage of

the semiconductor valves can be reduced. Hence, the power rating of the in¬

verter decreases as weU.
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The power rating Sph_VSI of one 3-level VSI leg a,b,c (one 3-level VSI

valve) is hereby defined as

c
UDsum

.

_

UDl + UD2
,

,- „.

^ph-VSI
~

2 *phpeak
~

2
'

php'ak ^°'

where uDsum equals the total DC-side voltages with respect to the pure ca¬

pacitive operation mode and the modulation indices of figure 3.8, graphic
a).

The results are presented in figure 3.8, graphic c) for off-line optimized and

carrier based PWM in dependancy on the switching frequency.

It can be seen, that exclusively for the low switching frequencies up to about

fs =250Hz (fs =5[p.u.]), off-line optimized PWM is shghtly better suited

than the proposed carrier based scheme. For higher values of f
s

however,

there is no reason, why off-line optimized PWM should be preferred to the

proposed carrier based method.

Further, it is clearly shown that off-Une optimized FFM modulation, despite
its outstanding large modulation index m, asks for the highest power to be

installed in comparison to the higher switching frequencies. Obviously, the

AC-side current stress equaUzes the benefits achieved by the large modula¬

tion index m. However, in 12-pulse star-delta configurations, where the 5th,

7th,... AC-side current harmonics are eUminated, FFM modulation might
constitute an excellent choice with respect to the necessary power rating of

the inverter.

d) THD ofthe AC-system voltages uLph

Another quantity, which also represents a measure for the harmonic poUu-
tion, is with respect to the total harmonic distortion THD. In this sub-chap¬
ter the THD of the AC-system voltages uLph wiU be defined and the result¬

ing values for both modulation schemes in dependancy on the switching fre¬

quency wiU be shortly discussed.

The THD of the AC-system voltages uLph is described by the following
equation:

_JP
THD = J-t *e K = 5,7,11,13,... (3.9)

UL\
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Herein, ULk denotes the amplitude of the fc-th AC-system voltage harmonic

and ULl the amplitude of the AC-system voltage fundamental, which here

is presumed to be ULl=UL h=lfp.u.]. Further, the calculation of the

THDU includes aU harmonic orders up to £=500.

As mentioned yet in chapter 3.6.1, worst case values for ULk are assumed,

which impUes that the AC-system was chosen to be infinitely weak. There¬

fore, die harmonic ampUtudes ULk wiU equal those of the 3-level VSI out¬

put voltages u .. A specific AC-system strength SCR can be taken into ac¬

count by multiplying the THDU -values with the SCR depending corru -

value given in figure 3.3 of chapter 3.6.2 b).

The worst case values for THDU in dependancy on the switching fre¬

quency are presented in figure 3.8 d) for off-line optimized and carrier based

PWM.

Also here, the off-Une optimized PWM wUl only be shghtly better in the

lower switching frequency range up to about fs =250Hz (fs =5[p.u.]).
For higher switching frequencies, both modulation schemes yield almost the

same results.

Further, it is interesting that also with regard to THDU ,
FFM modulation

yields by far the best results.

Last but not least, as weU the total harmonic distortion THD of the AC-side

currents iph wiU be of interest, which wUl be presented in the next sub¬

chapter.

e) THD ofthe AC-side currents iph

According to eqn. (3.9) (THD of the AC-system voltages uLph), the corre¬

sponding quantity for the AC-side currents i
h

is defined by eqn. (3.10):

.&
n

THD, = ±-±— ksK = 5,7,11,13,... (3.10)
M

In eqn. (3.10), Ik denotes the ampUtude of the k-th AC-side current har¬

momc and /j the ampUtude ofthe AC-side current fundamental, which here

is presupposed to be /, =1 [p.u.]. Further, the calculation of the THD, in¬

cludes all harmonic orders up to £=500.

More, as mentioned yet in chapter 3.6.1, this total harmonic distortion

THD, represents worst -case values, hereby assuming an infinite strong
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AC-system. Hence, for a given AC-system strength SCR, the THD,-values
will have to be multiplied by an appropriate correction factor corri

(figure 3.3 in chapter 3.6.2).

The particular THDt worst case values are presented in figure 3.8 e) in de¬

pendancy on the switching frequency for both off-line optimized and carrier

based PWM.

It is an interesting fact, that the achieved results are qualitatively very simi¬

lar to those achieved in sub-chapter b) for the peak-values of the AC-side

currents i
h. Hence, the statements made in sub-chapter b) wiU also prove

right for the THDevalues investigated here in sub-chapter e).

3.8 Compatibility with control requirements

Up to now, the investigations of the modulation schemes exclusively fo¬

cused on the utiUzation of the 3-level VSI and the harmonic poUution of the

AC-system. With regard to these topics, the results showed that at least for

lower switching frequencies, off-line optimized PWM is slightly better

suited for transmission appUcations than carrier based PWM.

However, another important topic concerns the compatibiUty of the modula¬

tion schemes with control requirements, which wiU shortly be discussed in

this chapter. For further informations, the reader is referred to [48] and [49].

If the demands on the control speed are high (response time to load steps in

between a few milUseconds), as it is a must e.g. in power quaUty appUca¬
tions, off-line optimized PWM is not suited to fulfil this task. Then, carrier

based PWM wUl clearly be the better choice.

According to [30], off-line optimized PWM wiU excite low frequency oscil¬

lations, which are badly damped in a high power transmission system. In or¬

der to eliminate or at least to Umit this undesired phenomenon to small val¬

ues, the gains of the Pl-controUers have to take on moderate values, which

on the other hand results in a slower control performance.

However, under symmetrical operation conditions, the control actions in a

high voltage AC transmission system should not be faster than 10ms to

avoid the risk of the excitation of an AC-system resonance, which normally

might vary between 100Hz and 250Hz. Hence, also off-line optimized
PWM can compete with carrier based PWM and both modulation schemes

could be appUed. This proves right for e.g. SVCs, UPFCs with power rat-
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ings up to a few hundred MVA or generaUy all kind of appUcations, which

are capable to increase the utilization and stabiUty of existing AC-lines or to

control its load flow.

It should be noted at this point, that control actions in an AC transmission

system are defined to be fast, if the response time to a load step is in the

range of 10ms to 100ms ([50]).

Exclusively during disturbances of the AC-system (voltage drops, single
line faults,...) a fast control is necessary in order to protect the VSI from

overcurrents/overvoltages. This in its turn can be achieved by e.g. an appro¬

priate feedforward controller, which also can be reaUzed with off-line opti¬
mized PWM, as shown for 3-level VSI FFM modulation in chapter 9.4.

Therefore, it can be concluded from a control point of view, that both off¬

line optimized and carrier based PWM are suited for transmission applica¬
tions, where the dynamic control demands are moderate. This normally is

true in high power plants (up to a few hundred MVA), which shaU improve
the utilization and stabiUty of an existing AC-system.

However, if the dynamic control demands are high, carrier based PWM is

die better choice. This particularly proves right for appUcations concerning

power quaUty, which usually have a power rating up to 50 MVA.

3.9 Summary

In this chapter, first the requirements for transmission applications and also

for die corresponding 3-level VSI modulation schemes have been derived.

These demands include a high modulation index m for the switching func¬

tions sph in order make profit of a high utilization of the 3-level VSI.

Further, a low harmonic distortion of the pulse patterns is highly desirable.

This reduces the need for instaUing cost intensive large filters necessary to

fulfil the very strict norms concerning harmonic pollution of an AC trans¬

mission system.

This chapter was focusing on synchronous modulation schemes with pulse
patterns having a symmetry to a quarter of a period. With that it is ensured,
that their harmomcs wiU exclusively be integer numbered multiples of the

AC-system fundamental frequency. In addition, no even numbered switch¬

ing function harmonics wiU appear.

Two types of synchronous modulation schemes, the off-line optimized
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PWM with selective elimination of particular harmonics and a sophisticated
carrier based PWM method have been investigated further in depth and

compared.

This sophisticated carrier based PWM is especiaUy weU suited for transmis¬

sion appUcations compared to other carrier based PWM schemes, since its

carrier frequencies can be chosen much higher (by a factor of 1.5 to 2!) than

the resulting switching frequencies of the pulse patterns. Hence, a remarka¬

ble improvement of the harmonic content wiU be achieved. Further, high
modulation indices up to 1.155 can be chosen, whUe simultaneously the

minimum pulse length is limited to still reasonable values larger than 50[is
for switching frequencies up to 350Hz.

Both modulation schemes have been investigated in a frequency range be¬

tween 50 Hz - 1450 Hz and compared with regard to the following system

design parameters:

• filter sizes on the AC-side

• the modulation indices m

• the peak-values of the AC-side phase currents iph
•

necessary power rating of the 3-level VSI

• the total harmonic distortion (THD) of both the AC-system voltages uLph
and the AC-side currents i

h

From this it could be concluded that exclusively with respect to the filter

sizes and only in the lower switching frequency range up to a few hundred

Hz, off-Une optimized PWM showed up advantages compared to the carrier

based method. Concerning the other design parameters, merely sUghtly bet¬

ter results could be observed for off-Une optimized PWM.

For higher switching frequencies than about 250Hz however, both modula¬

tion schemes are almost equal.

This clearly shows that sophisticated carrier based PWM can thoroughly be

a real alternative to off-line optimized methods.

Finally, the suitabiUty of these two modulation schemes with respect to con¬

trol demands and performance has been discussed. From this it could be

concluded, that off-line optimized PWM is well suited for transmission ap¬

plications with moderate dynamic control demands (power system stability
and utilization improvement).

Carrier based PWM in its turn is capable to cover a much wider range of
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tiansmission appUcations, also including those concerning power quality,
which might ask for high dynamic control requirements.

Therefore, it can be summarized, that both off-line optimized PWM and car¬

rier based PWM are quite well suited for transmission applications. How¬

ever, regarding carrier based PWM, sophisticated control and carrier signals
are a must in order to compete with off-Une optimized PWM.
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4 Qualitative harmonic analysis

4.1 Overview

Basing on the 3-level VSI equations derived in chapter 2, a quaUtative har¬

monic analysis is performed, showing the principles of the harmonic trans¬

fer from the AC- to the DC-side and vice versa. This is done for both sym¬

metrical and asymmetrical operation conditions. In addition the differences

with regard to the 2-level VSI are discussed.

Moreover, it wiU be shown that the Neutral-Point (NP) potential inherently
osciUates with a 3rd harmonic (and its odd numbered multiples) for sym¬

metrical operation conditions and with a fundamental component for asym¬

metrical operation conditions.

Further, this analysis wUl be vaUd for all 3-level VSI operation modes (any
reactive or active power exchange with the AC-system).

Quantitative simulation results for a reaUstic dimensioned 3-level VSI SVC

(pure reactive power exchange with the AC-system) wiU be presented in

chapter 6.

4.2 Motivation

The motivation to perform a quaUtative harmonic analysis can be described

by the following two reasons:

• derivation of rules, showing how harmonics are transferred from

the AC -»DC-side and the DC -> AC-side. With that the

appearing harmonic orders in the individual 3-level VSI quantities
can be calculated (particularly those, which are not known from

the 2-level VSI).

• knowledge of the individual harmonic orders of the 3-level VSI

quantities, in order to explain some interesting phenomenons,
which will be discussed in depth in chapter 6.4, chapter 6.6 and

chapter 7.3.

A qualitative harmonic analysis for the 2-level VSI has been presented in

[51] and, by means of simulations, for the 3-level VSI in [30]. In this thesis

a mathematical analysis wiU be performed for the 3-level VSI to get an in
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depth understanding valid for all applications. Especially the influence of

uphdiff anc^ 'o (terms which are not known from the 2-level VSI), both for

symmetrical and asymmetrical operation, is of high interest.

The foUowing chapter wiU first focus on a suitable mathematical description
of the 3-level VSI quantities needed for the quaUtative harmonic analysis.

Then a DC-side harmonic analysis (harmomc orders of iui/Di-> udi/D2>

i0,...) for symmetrical operation conditions wUl be performed. This yields
the harmonic transfer rule from the AC- to the DC-side and the harmonic or¬

ders of the DC-side quantities.

In a next step, the results wiU be applied to the AC-side (uph, iph,—), in¬

cluding the harmonic transfer rule from the DC- to the AC-side and in addi¬

tion the harmonic orders of the AC-side quantities.

The analysis wiU finally be extended to asymmetrical operation conditions.

It should be mentioned, that the system is assumed to be in a steady-state

operating point, i.e. the DC-components of uDl and uD2 are equal and con¬

stant. The same is true for the absolute DC-values of im, iD2 and iD.

4.3 Symmetrical operation conditions

In order to have a simpler approach to the problem, we shall start with sym¬

metrical operation conditions, before we focus more in depth on asymmetri¬
cal conditions in chapter 4.4.

In this thesis, symmetrical operation conditions are met, if each 3-phase
AC-side quantity xph, ph = ajbf fulfils the foUowing 2 requirements:

•

xa,xb and xc have the same shape

•

xa, xb and xc have a mutual phase-displacement of 2/3n with

regard to their fundamental period.

This in its turn implies, that both the fundamental component and the

particular harmonics of an AC-side quantity will either be a positive, a

negative or a zero sequence component.

4.3.1 Mathematical basics

Before performing the harmomc analysis some basics have to be provided.

Important quantities for this investigation are the switching functions s
h

and either their squared value s2h or their absolute value \s h\ respectively.
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Further, also the AC-currents i
h
have to be defined in an appropriate way.

The switching functions s h
are assumed to have the foUowing attributes:

• symmetry to half or a quarter of a period, which yields only odd

numbered harmonics.

• the pulse patterns s h
fulfil the requirements for symmetrical

operation conditions (identical shape in the 3 phases a,b,c and

mutual phase-displacement by 2/3 tc with respect to their funda¬

mental period). This impUes that aU harmonics, which are a multi¬

ple of 3, wUl constitute zero sequence components.

These presumptions are vatid for many off-Une-optimized modulation

schemes (including FFM) and can also be fulfilled for carrier based PWM as

shown in chapter 3.

With regard to the calculation of harmomcs it makes sense to represent the

switching functions s
h by means of a fourier row (appendix B.l). A de¬

scription for symmetrical operation conditions is given by eqn. (4.1),

sph = X5*suil[fc(CO t + Dph +<u +<tg

Jfce K

K

= 1,3,5,. . .oo Dph = o,-
2 2

(4-1)

where Sk represents the amplitude and ps the phase angle of the k-th har¬

monic of sph.

9U denotes the phase-displacement of the fundamental component of s h

with regard to the fundamental of the AC-system voltages uL h.
The quanti¬

tative representation of Sk, 9S and 9U depends on a specific appUcation
and modulation scheme and is not of importance for the following general
vaUd analysis.

For the calculation of either s2h or \spk\, on first sight two different opera¬

tions have to be performed. To obtain s2h, eqn. (4.1) only has to be squared,
while the calculation of \sph\ in addition asks for the square root operation

(\sph\ = +JsJh,[52]).
However, due to the fact that sph exclusively takes on the values -1,0 or +1,

the square root operation +Js^h wiU not affect the value of s2h. Therefore

IVI will equal to \sph\=s2h.

Squaring eqn. (4.1), hereby using the trigonometric function ([52])
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sinxsiny = 1/2 • [cos(x-y)- cos(;t + y)],

yields eqn. (4.2).

s2Ph = \Spk\ = HlXVi«»[(*-')«Bi' +^ + W+^-tS(](4.2)
a: l

-XXS^lC0SW + /)(tt>it + Op* + i) + *5t + tS,l }
K L

k,le K,L = 1,3,5,7... \k±1\ = 0,2,4,6,-

To derive an expression for the AC-side currents i
h,

it is assumed in a first

step that uDsum is a pure DC-component and u.Ddi^ equals 0. Then the AC-

currehts i
h
wiU have the same harmonics as the switching functions s

h,

except of the zero sequence components. This is due to the fact, that die zero

sequence components are cophasal and therefore do not find a path to flow,

if the starpoint S in figure 2.3 is not connected to the neutral point NP. With

that, iph is described by eqn. (4.3).

iph = X7* sin[*(av + D;,,, + 9B) + 9s +9,]

k
*

(4-3)

ke K = 1,5,7,11...°°

Herein lk is the amplitude of the £-th harmonic of iph, and <t>7 is the phase

angle between the k-th harmomcs of sph and iph.

Further, sph, s2h or \spl^ and i
h
have to be separated in their symmetrical

components (positive, negative or zero sequence component) ([53]) accord¬

ing to table 4.1 - table 4.3.

decomposition of s h
in harmomc order /

positive sequence components I = 6-1+1 i = 0,1,2,3...

negative sequence components / = 6-1-I i = 1,2,3...

zero sequence components / = 6-1 + 3 i = 0,1,2,3...

table 4.1: decomposition of s
h

in symmetrical components for

symmetrical operation conditions
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decomposition of s2h or \sph\ in harmonic order /

positive sequence components / = 6-J + 4
•

= 0,1,2,3...

negative sequence components / = 6-z-4 = 1,2,3...

zero sequence components / = 6-i = 0,1,2,3...

table 4.2: decomposition of s2h or \sph\ in symmetrical components

for symmetrical operation conditions

decomposition of iph in harmonic order k

positive sequence components k = 6;+l ; = 0,1,2,3...

negative sequence components k = 6-j-l ;= 1,2,3...

zero sequence components none

table 4.3: decomposition of iph in symmetrical components for

symmetrical operation conditions (and ripplefree DC-side

voltages)

This decomposition in symmetrical components wiU be of great help for the

analysis to come.

Now the basics are provided and we can focus on the derivation of the DC-

side harmomc orders.

4.3.2 DC-side harmonics

According to eqn. (2.23) - eqn. (2.30), the DC-side currents im, iD2 and i0
are a function of the following product terms which are summed up over the

3 phases a,b,c.

7. iph "

sPh
ph = a,b,c

and

ph — a,b,c

SPh lph |VI
ph = a,b,c

Since iph, sph, s2h or |spA| are represented by means of a fourier row, the

product of their rows yields a sum of product terms of particular, also differ¬

ent ordered, harmomcs.

As an example, we now want to consider only one of these particular prod¬
uct terms, which consists of the k-th current harmonic i

hk
and the 1-th

switching function harmonic sphl, needed for the calculation of im and iD2
(eqn. (2.23)-(2.25)). The contribution iDl/D2* of iphk and sphl to the har-
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monic content of iD1 and iD2 can be expressed by

'Z)l/D2 =

~2
' 2-1*Phk '

Sphl-
Ph

Inserting the individual expressions i
hk

and s
hl

of eqn. (4.1) and eqn.

(4.3) and using the trigonometric function ([52])

sinxsiny = 1/2 • [cos(x-y)- cos(x + y)]

yields the following equation:

hl/Dl* = ±l/4/tS,J X COS[(fc-0(Wl' + *V + <l>,,) + <K-<l>5, + <!>7l]
[.ph = aj>,c

- £ cos[(k + l)((D1t + Dpk + <bu) + $sk + l&s, + Q>ii\\
ph = ajb,c J

Inserting any positive or negative sequence orders it and I from table 4.1

and table 4.3 (decomposition of iph and sph in symmetrical components)

yields the following result:

one of the two sum term forms a symmetrical 3-phase system, which adds to

0, while the other one forms a zero sequence system, die amplitude of which

results to the triple value of the individual harmomcs' ampUtude.

Therefore, iDl/D2* always is described by only one harmonic and not, as

could be expected, by two. Further, it depends on the combination of the

phase sequences of i
hk

and sphl, which harmonic order, k -1 or k +1, is

not present in ioi/D2* anc^ which contributes to it.

However, if one of the two AC-side harmonics i
hk

or s
hl

is a zero se¬

quence component, both sum terms form a symmetrical 3-phase system,

which adds to 0. Hence, no harmomc will appear on the DC-side. More, as¬

suming that both AC-side harmonics constitute a zero sequence component

(which is only possible if the starpoint S in figure 2.3 is connected to the

neutral point NP), both sum terms form a zero sequence system. Then two

harmonics with orders k -1 and k +1 appear on the DC-side.

With that the harmonic transfer rule from the AC- to the DC-side for sym¬

metrical operation conditions can be formulated as presented in table 4.4.

This harmonic transfer rale from the AC- to the DC-side is also summarized

in table 4.5, assuming that the AC-side currents do not have zero sequence
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For symmetrical operation conditions, each AC-side current harmomc

iphk °f me order k and each switching function harmonic spfll, s2hl or

\Sph\i °f Ac order / is described by either a positive or a negative or a

zero sequence component.

• If the AC-side current harmonic i
hk

and the switching function

harmonic s
hl, s2hl or \s h\t are either positive or negative

sequence components, their convolution (iphk with sphl or s2hl
or l^lf) results in one single DC-side harmonic of the order p.

If the AC-side current harmomc iphk and the switching function

harmonic sphl, s2hl or \sph\( have the same / different phase se¬

quences, the resulting order/? on the DC-side wiU be the differ¬

ence k-l I sum k+l of the particular AC-side harmomc orders.

• However, if either the AC-side current harmomc i
hk

or the

switching function harmonic sphl, s2hl or \sph\( is a zero

sequence component, no corresponding harmonic appears on

the DC-side.

• If both the AC-side current harmonic i .

k
and the switching

function harmonic sphl, sphl or |s jjj constitute a zero

sequence component, their convolution yields two harmonics

on the DC-side with orders equal to the sum k+l and the differ¬

ence k-l of the particular AC-side harmonic orders. However,

usuaUy the AC-side current will not include zero sequence

components.

table 4.4: Harmomc transfer rule from the AC- to the DC-side for

symmetrical operation conditions

components.

Note, that the above presented transfer rule does not apply for asym¬

metrical operation conditions, which will be studied in chapter 4.4.

Now it is easy to deduce, which harmonics are to be expected in the sum

terms ^iph-spk and 2Z'pi>s2Ph or X'p*'M» describing the DC-side cur¬

rents. ph ph 'h

Applying the harmonic transfer rule to aU sequence system combinations of

iphk with sphl, s2hl or \sph\; (table 4.1 - 4.3) and summarizing the particular
results yields table 4.6.

With that and the equations for iDl, iD2 and i0 (eqn. (2.23) - (2.30)), the
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AC-side AC-side DC-side

seq. sys¬

tem iphk
seq. system

2^'phk
'

sphlt Zj'pht
'

sphl 0r 2\jhht ' \Sph\l =
ph ph ph

pos. seq. pos. seq. harmonic with order \k -1\

pos. seq. neg. seq. harmomc with order k + l

neg. seq. pos. seq. harmonic with order k + l

neg. seq. neg. seq. harmomc with order |it - /|

pos. seq. zero seq. 0

neg. seq. zero. seq. 0

table 4.5: Harmonic transfer rule for the resulting harmomc orders in

the DC-side quantities in dependancy on the phase

sequences of the AC-side harmomcs for symmetrical oper¬

ation conditions

sum term harmonic orders p in the sum term

Zs'ph
'

Sph
ph

p = 6n n = 0,1,2,3...

Xv*' sp>>
ph

or

ph

p = 6n + 3 n = 0,1,2,3...

table 4.6: harmonic orders of £iM •

spk, %ipk sjh or £.„,, • \spk\ for

ph ph ph

symmetrical operation conditions

harmomc orders of the DC-side currents are known and presented in

table 4.7.

In order to derive the harmonic orders of the DC-side voltages uDl, uD2,

their sum uDsum (the total DC-side voltage) and their difference uDdij-f, we

refer to eqn. (2.34) - eqn. (2.37), which describe their dependancy on the

DC-side currents. Knowing the harmonic orders of iDl, iD2 and i0
(table 4.6), those of the DC-side voltages are also determined. Hereby the

source/sink current iD is assumed to have the same harmonic orders as im
and iD2. The result is shown in table 4.8.
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DC-side current harmonic orders p m the DC-side currents

lD\ p - 3 n n - 0,1,2,3

lD2 p = 3 n n = 0,1.2,3

h p = 6 n + 3 n = 0,1,2,3

table 4 7 harmonic orders of the DC-side currents iDl, iD2 and i{

for symmetncal operation conditions

DC-side voltage harmonic orders p in the DC-side voltages

uDl p = 3 n n = 0,1,2,3

UD2 p = 3 n n = 0,1,2,3

uDsum p = 6 n n = 0,1,2,3

UDdiff p = 6 n + 3 n = 0,1,2,3

table 4 8 harmonic orders of the DC-side voltages uDl, uD2, u

and uDdlff for symmetrical operation conditions

It should be emphasized, that the individual voltages uDl and uD1 com¬

prise all harmonic orders, which are equal to a multiple of 3, while the

sum of both, uDsum, only points to harmonic orders being a multiple of

6. This is due to the fact, that the odd numbered harmomcs in uDl and uD2

have the same amplitude but a phase-displacement by Jt (eqn (2 34), eqn

(2 35) in chapter 2 4 3) Therefore they will be eliminated m the sum Ana¬

log considerations can be performed for uDdla yielding the conclusion that

uDdtff contributes with harmomcs, being exclusively odd numbered multi¬

ples of 3

Since the voltage stress of the 3-level VSI valves is determined by the par¬

ticular DC-side voltages uD1/D2 and not by their sum uDsum (as it is true for

the 2-level VSI), additional harmonics (all odd numbered of 3) have to be

taken into account Therefore an increased stress for the 3-level VSI valves

can be expected The dependancy of these undesirable harmomcs on a spe¬

cific 3-level VSI operation mode (pure active/reactrve power), on the modu¬

lation index of the switching functions and its switching frequency will be

investigated more in depth in chapter 5 Further, a quantitative verification

by means of a Static VAr Compensator application will be presented in

chapter 6
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More, the number of the harmonic orders in the DC-side quantities will

even increase, if the presumption of identical shaped switching func¬

tions sph is no longer fulfilled. This e.g. proves right for carrier based

PWM with one carrier wave for all 3 phases ajbj; and carrier frequen¬
cies being not a multiple of 3 of the fundamental frequency. This kind of

pulse patterns do not coincide with the assumed requirements for sym¬

metrical operation conditions, since particular harmonics cannot be de¬

scribed by exclusively one symmetrical component (pos. or neg. or zero

sequence). With respect to these modulation schemes, the harmomc transfer

rule from the AC- to the DC-side has to be extended, which will be per¬

formed in chapter 4.4.

Finally it should be recalled in mind, that the voltage stress of the 2-

level VSI valves for symmetrical operation conditions is exclusively de¬

termined by harmonic orders being multiples of 6.

4.3.3 AC-side harmomcs

Now we want to focus on the AC-side. The 3-level VSI output voltages u
h

(eqn. (2.7) or eqn. (2.8)) are separated in two terms uphsum and uphdlff,
which are the basis for the derivation of the harmomc transfer rale from the

DC- to the AC-side. For clearness reasons, they are presented here once

again.

_

Sph
_

s2ph
_

\Sph\
Uphsum- ~~2

'

UDsum uphdiff~ ~2~
'

UDdiff ~ 2
'

Ddiff

Recalling in mind, that sph, s2h, \sph\, uDsum and uDdlff are described by
means of fourier rows, both uphsum and uphdlff are calculated by a sum of

product terms of particular harmonics. Again, using the trigonometric func¬

tion ([52])

sinxsiny = 1/2 • [cos(x-y)-cos(x + y)]

yields the general harmonic transfer rule from the DC- to the AC-side in

table 4.9.

It should be pointed out, that this harmonic transfer rulefrom the DC- to

the AC-side is valid for both symmetrical and asymmetrical operation
conditions.
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Each product term consisting of any Jt-th AC-side switching function har¬

monic s
hk, s2hk or \sph\k wfth any /-th DC-side voltage harmomc uDsuml

or uDdifff results in a sum term of two harmonics on the AC-side with or¬

ders equal to the sum k + l and the difference k -1 of the individual har¬

monic orders it and /.

The phase sequence of the resulting AC-side harmonics with the orders

k +1 and k-l is determined according to the foUowing rule:

•for the AC-side harmonic with the order k + l, the phase

sequence wUl be the same than those of the Jt-th switching func¬

tion harmomc sphk, s2phk or |spA|t.
• for it - />0, the phase sequence of the AC-side harmonic with

the order k-l wiU be the same than those of the k-\h switching

function harmonic sphk, s2hk or \sph\k.
•fork- /<0, the phase sequence of the AC-side harmonic with

the order it -1 wiU be opposite signed than those of the Jt-th

switching function harmonic sphk, s2hk or \sph\k-
• In case that the k-Oa switching function harmonic s

hk, s2hk or

\sph\k is a zero sequence system, both resulting AC-side har¬

monics with the orders Jt + / and k -1 wiU also be zero

sequence systems.

table 4.9: General harmonic transfer rale from the DC- to the AC-

side for both symmetrical and asymmetrical operation
conditions

Applying the harmonic transfer rule to aU sequence system combinations of

uDsumi and uDdiffi with Sphk' sjhk or \sph\k (table 4.1 - 4.2, table 4.8) and

sorting for the phase sequences results in table 4.10.

In comparison to the 2-level VSI, the 3-level VSI contributes with an

additional term (uphdiff) to the harmonics in uph. As emphasized yet,

neglecting this term by assuming um = uD2 might yield surprising re¬

sults, as discussed in chapter 6, and makes it impossible to perform a

DC-side self-balancing analysis (chapter 7.4).

However, both the harmonic orders and the related phase sequences are the

same in uphsum and uphdiff. For that reason table 4.10 can be simplified to

table 4.11, summarizing the harmonic orders in u
h.
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sph
uphsum~ "J" UDsum harmonic orders p

pos seq components p = 6 n+ 1 n = 0,1,2,3

neg seq components /? = 6 n - 1 n = 1,2,3

zero seq components /? = 6 « + 3 n = 0,1,2,3

(-2
>

ph
uphdiff- ~2~ UDdiff

or

Ivl
uphdiff~ 2 UDdiff

harmonic orders p

pos seq components p = 6 w+1 n = 0,1,2,3

neg seq components p = 6 n - 1 n = 1,2,3

zero seq components /? = 6 n + 3 n = 0,1,2,3

table4 10 harmonic orders of u
hsum

and u
hdlr,

for symmetncal

operation

uph
harmomc orders p

pos seq components p = 6 n + l n = 0,1,2,3

neg seq components p = 6 n—l n — 1,2,3

zero seq components p = 6« + 3 n = 0,1,2,3

table 4 11 harmonic orders of u h
for symmetrical operation

Concerning the AC-currents iphsum, lphdiff ancl lPh me same harmonic or¬

ders except of the zero sequence components, winch do not find a path to

flow, are to be expected according to table 4 12 - table 4 13

By comparison of table 4 13 with table 4 3, it can be seen that the harmonics

in uDsum and uDdl^ do not introduce other harmonic orders in i
h

than

those appeanng for npple-free DC-side voltages (table 4 3)
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phsum
harmonic orders p

pos. seq. components p = 6-tt+l n = 0,1,2,3...

neg. seq. components p = 6 n- I n = 1,2,3...

lphdiff
harmonic orders p

pos. seq. components p = 6-n+l n = 0,1,2,3...

neg. seq. components p = 6 n- 1 n = 1,2,3...

table 4.12: harmonic orders of i
hsum

and ipkdiff f°r symmetrical

operation

iph harmomc orders p

pos. seq. components p = 6-n+l n = 0,1,2,3...

neg. seq. components p = 6 « - 1 n = 1,2,3...

table 4.13: harmonic orders of i
h
for symmetrical operation

4.4 Asymmetrical operation conditions

In the previous chapter the harmonic transfer rules and the resulting har¬

monic orders of die individual 3-level VSI quantities were derived for sym¬

metrical operation conditions. In a next step, the same will be performed for

asymmetrical operation conditions.

In this thesis, asymmetrical operation conditions are met, if at least one

3-phase AC-side quantity xph, ph - a,b,c fulfils one or all of the fol¬

lowing requirements:

•

xa, xb and xc do not have the same shape

•

xa, xb and xc do not have a mutual phase-displacement of 2/371

with regard to their fundamental period.

Then, in general, the fundamentals and each particular harmonic can¬

not be described by exclusively one symmetrical component, but has to

be decomposed in a sum of positive, negative and zero sequence compo¬

nents.

In the analysis to follow, the operation with both asymmetrical AC-side cur-
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rents and asymmetrical switching functions will be assumed. These asym¬

metrical conditions might be caused e.g. by line faults of the AC-system

voltages UL h
and an appropriate control scheme to compensate for them.

The procedure to perform the analysis is the same as shown in chapter 4.3.

4.4.1 Mathematical basics

The description of s
h
for asymmetrical operation conditions by means of a

fourier row is given by eqn. (4.4).

** = lLSPhk anWay + D^ + ik ]
k (4.4)

Jte K = 1,3,5,7... Dph = any value

In general the particular harmonic amplitudes Sphk and phase-displace¬
ments <j)s do not have the same values in all 3 phases ph = a,b,c. Also

D
h may take on any values. However, each individual switching function

sph still fulfils the attribute to be symmetrical to half or a quarter of a period

(only odd numbered harmonics).

With that, s2h or \sph\ and iph are determined according to eqn. (4.5) and

eqn. (4.6). Concerning i
h,

it is assumed in a first step that uDsum is a pure

DC-component and uDdiff equals 0.

(431

V =\sPh\ =\ { XXVm<cosK*- 0(co,f + Dph) + i>Sphk- 9s ]

K L

-ZX^u^,cos[(i + /)(a>,r + Dph) + 4>s + <|>5 ]

K L J

Jt,/s K,L = 1,3,5,7... |Jt±Z| = 0,2,4,6,...

iph = ^Iphk sm[*(0V+ *>,,,)+ 9^ + 9,^]

Jte K = 1,5,7,11...

r'""
'" ~phk phk

(4.6)1

The decomposition of sph, s2h or \sph\ and iph in symmetrical components
is given in table 4.14- table 4.16.
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decomposition of sph in harmonic order /

positive sequence components / = 2 i+1 i = 0,1,2,3...

negative sequence components 1 = 2-i+l i = 0,1,2,3...

zero sequence components / = 2 i+1 i = 0,1,2,3...

table 4.14: decomposition of sph in symmetrical components for

asymmetrical operation conditions

decomposition of s2h or \sph\ in harmonic order /

positive sequence components / = 2-i i = 0,1,2,3...

negative sequence components / = 2-i i = 1,2,3...

zero sequence components 1 = 2-i i = 0,1,2,3...

table 4.15: decomposition of s2h or \sph\ in symmetrical components
for asymmetrical operation conditions

decomposition of iph in harmonic order k

positive sequence components k=2j+\ j = 0,1,2,3...

negative sequence components Jt = 2-j+l j = 0,1,2,3...

zero sequence components none

table 4.16: decomposition of iph in symmetrical components for

asymmetrical operation conditions

4.4.2 DC-side harmonics i

In order to calculate the DC-side harmonics, first the harmonic transfer rale

from the AC- to the DC-side for asymmetrical operation conditions will be

derived.

As just shown, each harmonic of i
h,

s
h, s2h or \s h\ for asymmetrical op¬

eration conditions is generaUy described by more than only one symmetrical

component, which can be expressed by the following equations:

iphk = iphkpos + iphkntl

sphl ~ Sphl + Sphl + Sphl,
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*2phi = '2Phip0! + '2ph,ntg + '2pMzero « \sph\, = \sp/,\lpos + \sph\^ +^^

Herein, the index pos denotes the positive sequence component, neg the

negative sequence component and zero the zero sequence component of the

particular AC-side current and switching function harmonics with orders it

and I.

As a consequence, each sum term £i,M Spkl, %ipkt sjkl or ~£ipkk • \Spk\,
ph ph ph

consists of 6 sub-sum terms as exemplified below for X'V** sphl (eqn.
ph

(4.7)).

XW •

sphi = X0,**„„ + iphkJ (spklpci + vi„„ + sph,„J (4-7)
ph ph

= X';>**,„ '

Sphlp„ + X'?**„, '

SPM.., + Xiphk,., "

iphltm
ph ph ph

+ X'/>**„„ '

SPl"p„ + X'/>**„„ '

Sph'„.g + 2Jphk,„ sphlt,„
ph ph ph

According to the harmonic transfer rule from the AC- to the DC-side for

symmetrical operation conditions, each of these 6 sub-sum terms might now

contribute with a DC-side harmonic. The order of these harmonic (Jt +1 or

k-l) will be determined by the particular sequence system combination

(pos/pos,pos/neg, pos/zero,...) of iphk and sphl.

Since hereby different sequence system combinations have to be consid¬

ered, the resulting harmonic contribution of aU 6 sub-sum terms to the DC-

side can include harmonics of both the order k + I and k-l. This is summa¬

rized in the harmonic transfer rule from the AC- to the DC-side for asym¬

metrical operation conditions in table 4.17.

Now the harmomc orders of the sum terms ^ipk sph and ~£ipk sph or

ph ph

X'V*' \sph\> which determine the DC-side quantities, can be calculated by
Ph

applying the above derived transfer rule (table 4.17) to table 4.14 -

table 4.16. The result is presented in table 4.18.
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For asymmetrical operation conditions, each AC-side current harmonic

iphk °f the order Jt and each switching function harmonic sphl, s2hl or

\Spf\f of the order I is in general described by the sum of both a positive

and a negative and a zero sequence component.

Therefore, the convolution of an AC-side current harmonic iphk of the or¬

der k with a switching function harmonic sphl, s2hl or \s h\t of the order I

results in a sum of product terms, each of which corresponds to one of the

possible sequence system combinations.

These product terms individuaUy contribute to the DC-side harmonics ac¬

cording to the harmonic transfer rule from the AC- to the DC-side for

symmetrical operation conditions.

Since the sequence system combinations of the particular product terms

are different, the total DC-side contribution usuaUy results in two harmon¬

ics with orders of both the sum Jt + / and the difference Jt - / of the indi¬

vidual AC-side harmonic orders Jt and I.

table 4.17: Harmonic transfer rule from the AC- to the DC-side for

asymmetrical operation conditions

sum term harmonic orders p

X'p* '

sph
ph

p = 2n n = 0,1,2,3...

Zt'ph
'

sph
ph

or

X'Vlvl
ph

p = 2n+l n = 0,1,2,3...

table 4.18: harmonic orders of £/„» •

spk, £i,* • s\h or £.„,, • \sph\ for

ph ph ph

asymmetrical operation conditions

With that, the harmonic orders of the DC-side currents iDl, iD2, i0 (eqn.

(2.23) - (2.30)) and the DC-side voltages um, uD2, uDsum, uDdiff (eqn.

(2.34) - (2.37)) are known, which is documented in table 4.19 and

table 4.20.
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DC-side current harmonic orders p

'oi p = n n = 0,1,2,3...

lD2 p = n n = 0,1.2,3...

k p = 2-n+l n = 0,1,2,3...

table 4.19: harmonic orders of the DC-side currents iDl, iD2 and i,

for asymmetrical operation conditions

DC-side voltage harmonic orders p

uD1 p = n n = 0,1,2,3...

i

UD2 p = n n = 0,1,2,3...

uDsum p = 2-n n = 0,1,2,3...

UDdiff p = 2-n+l n = 0,1,2,3...

table 4.20: harmonic orders of the DC-side voltages uDl, u]

uDsum3.nd uDdlff for asymmetrical operation conditions

As it proves right for symmetrical operation conditions, different harmonic

orders appear in the individual DC-side currents and voltages compared

with their sums or differences.

Concerning the stress of the 3-level VSI valves all even and odd num¬

bered harmonics have to be taken into account, also including a DC-

(p = 0) and the fundamental harmonic component (p = 1). This will

also be shown quantitatively in chapter 6.

The latter mentioned statement will further prove right for carrier

based PWM with one carrier wave for all 3 phases aj?,c and carrier

frequencies being not a multiple of 3 of the fundamental frequency.

This is true since this kind of pulse patterns fulfil the attributes of an

asymmetrical 3-phase system (no identical shape in all 3 phases a,b,c).

Last but not least it should be recalled in mind, that the voltage stress of

the 2-level VSI valves for asymmetrical operation conditions is exclu¬

sively determined by only even numbered harmonics.
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4.4.3 AC-side harmonics

Finally the harmonic orders of the AC-side voltages u
h
and currents i

h

can be calculated This will be performed with the general harmonic transfer

rule from the DC- to the AC-side (table 4 9, chapter 4 3 3, valid for both

symmetrical and asymmetncal operation conditions) The results are pre¬

sented in table 4 21 and table 4 22

uph
harmonic orders p

pos seq components p = 2 n+l n = 0,1,2,3

neg seq components p = 2 n+l n = 0,1,2,3

zero seq components p = 2 n + l n = 0,1,2,3

table 4 21 harmonic orders of u
h
for asymmetrical operation condi¬

tions

lph
harmomc orders p

pos seq components p = 2 n + l n = 0,1,2,3

neg seq components p = 2 n+ 1 n = 0,1,2,3

table 4 22 harmonic orders of iph for asymmetrical operation condi¬

tions

Also here, it can be seen by companson of table 4 22 with table 4 16, that

the harmonics in uDsum and uDdljy do not introduce other harmonic orders

in iph than those appeanng for npplefree DC voltages (table 4 16)

4.5 Summary

In this chapter, a qualitative harmomc analysis for the 3 level VSI has been

performed, basing on its equations denved in chapter 2 From this, rules

have been derived, descnbing the harmonic orders of the particular 3-level

VSI quantities both for symmetrical and asymmetncal operation conditions

It could be shown that additional harmonic orders, which are not known

from the 2-level VSI, appear in the individual DC-side voltages uDl and

uD2 and the DC-side currents iDl, iD2 and i0 They include all odd num-
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bered multiples of 3 for symmetrical operation conditions and all odd num¬

bered orders for asymmetrical operation conditions.

These harmonics are phase-displaced by n in um and uD2. Therefore they

are eliminated in the sum uDsum = uD1 +uD2 but have doubled amplitudes in

the difference uDdi^
= uDx -uD2.

It was further shown that these harmonics are to be expected in all applica¬

tions and operation modes (reactive, active) and for all pulse patterns.
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5 The harmonic DC-side oscillation

5.1 Overview

This chapter exclusively focuses on the undesirable but 3-level VSI specific
harmomc oscUlations in the particular DC-side voltages uDl and uD2.

First, the driving forces for these harmonic oscUlations wiU be presented,

which is foUowed by the derivation of a graphical model suitable to form a

simple idea of the harmonics' generation. This graphical model also shows

up the harmonic orders to be expected and indicates the fundamental influ¬

ence of various parameters, e.g. the 3-level VSI operation mode (reactive,

active power exchange with the AC-system) or the modulation index m of

the pulse patterns sph.

The dependancy of the DC-side oscUlations in uDl and uD2 on these pa¬

rameters will then be investigated more in depth, either with the help of the

graphical model or simpUfied mathematical considerations. This wiU be

performed for FFM modulation, off-Une optimized and carrier based PWM.

In addition, also the impact of the pulse patterns switching frequency /,
on the DC-side oscillations in um and uD2 wiU be studied.

5.2 Introduction

It was shown in chapter 4.3 for symmetrical operation conditions, that the

two DC-side voltages uD1 and uD2 show up harmomc orders being odd

numbered multiples of 3. The entirety of these harmonics wiU dierefore re¬

sult in an oscillation, whose fundamental frequency wttl coincide with those

of a 3rd harmonic. This osciUation is not known from the 2-level VSI and

highly undesirable, since it is responsible for some drawbacks, which will

be discussed more in depth in chapter 6.

As proven in chapter 4.3, this harmonic osciUation is an inherent attribute of

the 3-level VSI and wiU be present in all 3-phase 3-level VSI applications.
Therefore, it is of major interest to investigate its generation and the influ¬

ence of a specific operation mode on die amplitude of particular osculation

harmonics. Also the modulation index m and the switching frequency fs
of the chosen pulse patterns sph might result in different ampUtudes for

these harmonics being odd numbered multiples of 3. In the chapters to fol-
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low these topics wiU be studied more in depth.

5.3 Driving force for the harmonic DC-side oscillation

When speaking about the 3-level VSI specific harmonic osciUation in the

DC-side voltages um and uD2, the question arises for the driving force of

this undesirable phenomenon. In order to find an answer, a closer look at the

3-level VSI DC-side might be very helpful. For that purpose and the investi¬

gations to come, the simplified model, introduced in chapter 2.4, wUl be

presented here once again in figure 5.1.

'Za, Zb, Zc im iD

fig 5.1: simpUfied model of a 3-level VSI connected to an AC-sys¬
tem

In chapter 2.4.1 the sum and the difference of the two DC-side voltages um
and uD2 were defined to

uDsum = UDI + UD1 and uDdiff = UDI~UD1-

With that, the individual DC-side voltages uD1 and uD2 can be expressed by

Um = UOsum^Ddiff ^ Um ^
"D^-Hpty

(51)

It was further shown in chapter 4.3.2, table 4.8, that for symmetrical opera¬

tion conditions, uDsum contributes with harmomc orders being multiples of

six, which are also well known from the 2-level VSI. On the other side,

uDdiff wm" be responsible for aU harmonic orders being odd numbered mul¬

tiples of 3, which, according to eqn. (5.1), represent the undesirable oscilla-
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tion in uD, and uD2.

These voltages uDdlff in its tum can be expressed by

udi ~ UD2 = uDd,ff = ~) iodt + const (5-2)

which was shown in chapter 2.4.3 (eqn. (2.37)). Inserting eqn. (5.2) in eqn.

(5.1) yields eqn. (5.3).

»di = ^x= ~ \ ' lll°dt + conSt (53)

uDsum
,

1 If. ..

,

uD2 = —— +
- •

-J i0dt + const

From eqn. (5.3) it is evident that the NP-current i0 will be the driving
force for the harmonic oscillation in the DC-side voltages uDl and uD2.

It is also evident in eqn. (5.3), that this oscillation, except of a phase-dis¬

placement by k
,
will be the same in both DC-side voltages.

Hence, the NP-current i0 will be an appropriate quantity to represent

the harmonic oscillation in um and uD2, if in addition the following
two aspects are taken into account:

• the harmomc oscillation peak-value in uD1 and uD2 will depend on a

chosen capacitor size c, which varies with the particular applica¬
tions.

• due to the integral relationship, the individual harmomcs in i0 will

experience a damping in uD1 and uD1, which will be proportional to

the frequency of the particular harmonics.

5.4 Generation principle of the NP-current

In this chapter, the driving forces for the NP-current i0 and its generation

principle by means of a simple graphical model wiU be presented. This will

be performed for two appropriate 3-level VSI operation modes. For clear¬

ness and simpUcity reasons, the investigations will first focus on FFM mod¬

ulation, which in chapter 5.4.4 wiU be extended to off-line optimized and

carrier based PWM.

However, it should be emphasized here, that the type of carrier based

PWM used in this chapter will be distinctive to those proposed in
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chapter 3.5 due to the following reasons.

Both the off-line optimized and the sophisticated carrier based PWM pulse

patterns introduced in chapter 3.5 (figure 3.2) show up a very similar shape.
All switching instants are concentrated in the vicinity of the pulse patterns'
fundamental zero crossings, while no switching actions occur in the centre

regions of each half-period. Therefore, their influence on the generation of

the NP-current i0 can also be expected to be very similar.

This is subject to change for the conventional carrier based modulation

schemes (carrier frequency fc is equal to the switching frequency / ),
where the NP-angles are distributed over the whole period. Though really
not recommended by the author for transmission applications, the influence

of this kind of carrier based PWM on the arising NP-current i0 might also

be of interest.

In addition, the proposed sophisticated carrier based scheme can only be ap¬

pUed for modulation indices m>\. Hence, for smaUer modulation indices

m<\, anyhow another conventional method has to be applied, when study¬

ing the influence of the modulation index m on the arising NP-current i0.

5.4.1 Driving forces for the NP-current

In chapter 5.3, the NP-current i0 has been found to be the driving force for

the 3-level VSI specific harmonic oscillation in the DC-side voltages uD1
and uD2. This sub-chapter will now concentrate on the driving forces for the

NP-current i0 itself. For that purpose, eqn. (2.28) or eqn. (2.29) in

chapter 2.4.3 have to be recaUed in mind and will for simplicity reasons be

presented here once again:

'o= 'a
• (1 - 4) + V (1" SD + 'c-d- s2) - (5-4)

'o= va-kl) + v(i-N) + vO-N) (5-5)

or

'o = X'pA • ( 1 " *&) - X'** ' (1 ~ IVl > = X*0ph (5-6)

ph ph ph

It can be seen in eqn. (5.4) and eqn. (5.5), that the NP-current i0 will be

driven by the AC-side currents iph, however only during time intervals

where the pulse patterns sph equal to sph = 0. This in its tum implies
that the neutral point NP is connected to the output terminals of the 3-level
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VSI, which can easUy be verified in figure 5.1 and also makes sense from a

physical point of view.

Hence, the NP-current j0 wiU consist of pieces cut out of the AC-side cur¬

rents ih. More, it is evident in eqn. (5.4) and eqn. (5.5), that the shape of

these current sections wiU depend on both the location of the NP-angles and

the relative phase-displacement of the pulse patterns s
h
with respect to the

AC-side currents iph. This in its turn is determined by a specific 3-level VSI

operation mode, which therefore might also have an influence on the NP-

current i0. For that reason, all studies to come have been performed for two

appropriate operation modes, which wiU be introduced in the next sub-chap¬
ter.

5.4.2 Operation mode considerations and simplifications

In order to investigate the dependancy of the NP-current i0 on a specific 3-

level VSI operation mode, both the pure reactive and the pure active opera¬

tion have been considered. It wUl be anticipated here (and confirmed in the

next chapter), that the results achieved for these two operation modes are

quite weU suited for statements concerning the whole possible operating

range of the 3-level VSI.

Pure reactive or active operation mode means that a pure reactive or pure ac¬

tive power wiU be exchanged with the AC-system. In aU simulations to

come, as representative cases, the 3-level VSI is assumed to generate a pure

reactive power (acts like a capacitor instaUed on the AC-side, capacitive op¬

eration mode) or absorbs a pure active power. Hereby, according to the nota¬

tion in figure 5.1, the AC-system is defined as a source, while the 3-level

VSI is defined as a sink. The representation of these two operation modes by
means of a phasor diagram is given in figure 5.2. With that, also the phase
displacements of iph with regard to the 3-level-VSI output voltages u

h
and

the switching functions sph can be calculated. The transformation rules

from 3-phase quantities to phasor quantities are presented in appendix
C.2.1.

Further it should be noted that in case the 3-level VSI absorbs a pure reac¬

tive power (pure inductive operation mode) or generates a pure active

power, only the sign of the NP-current i0 will change.

More, assuming mixed operation mode (both dominandy active and reactive

power exchange) will yield quantitative values between those values

achieved for pure reactive and pure active operation mode.
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i l

capacitive mode

Uzl
r = 0 [p.u.]

/ = 0.2 [p.u.]

r
*—< '

«'i

active mode

r = 0 [p.u.]

/ = 0.2 [p.u.]

fig 5.2: phasor diagram for pure reactive and pure active operation
mode

For the simulations to come, the AC-system is chosen to be infinitely strong

(rL=0, IL=0) and both the amplitudes of the AC-system voltages uLph and

the phase currents i
h
wUl have a value of 1 [p.u.]. In addition, for clearness

reasons, u, h
and i

h are assumed to be ideal cosinusoidal or sinusoidal,

since the harmonics in these quantities can be expected not to have a major
influence on the quaUtative results.

Last but not least, the ohmic and inductive part of the decoupling impedance
are determined to be r=Q and Z=0.2[p.u.].

5.4.3 Generation principle and harmonics of the NP-current for FFM

modulation

Now that the basics are derived, the generation principle for the NP current

i0 wiU be studied with the help of a simple graphical model.

This model consists in the simpUfied graphical representation of eqn. (5.4)
or eqn. (5.5), describing the origin of the NP current i0 for a chosen switch¬

ing function sph and for phase currents iph corresponding to a specific oper¬

ation mode.

Concerning the switching function s h,
at first, the most simple one is as¬

sumed, which is FFM modulation (chapter 3.4). Hereby, the modulation in¬

dex m was chosen torn = 1.15.
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The simulation results, showing graphicaUy the generation of i0, are given
in figure 5.3. Herein, the left column shows the relationships for pure capac¬

itive operation mode and the right column those for pure active operation
mode. For clearness reasons, the upper graphic in each column only takes

into account the contribution of one 3-level VSI phase, which is denoted

i0 h according to eqn. (5.6). As a representative, phase a is chosen in the

graphics, which results in the contribution iQa. The graphics in the middle of

figure 5.3 present the resulting NP-current i0 (bold line), which is com¬

pleted by the ampUtude spectrum of iQ in the lower graphics. The individual

graphics wUl be discussed in the following sub-chapters.

a) Contribution ofone 3-level VSIphase to the NP-current

The considerations performed in this sub-chapter wUl be with respect to the

contribution of exclusively one 3-level VSI phase fliere: phase a) to the NP-

current i0. Though not an aU extensive comprehension of the NP-cunent's

generation will be achieved, some important aspects can all the same be de¬

rived.

By comparison of the two upper graphics in the left and right column of

figure 5.3, it can clearly be seen that the shape and the current-time area of

the particular contributions i0a strongly differ from each other. This is obvi¬

ously caused by the different operation mode dependant phase-displace¬
ments of the phase current ia and the switching function sa. Hence it is con¬

firmed that the operation mode wUl have a remarkable influence on the aris¬

ing NP-current i0 and with that on the harmonics in the DC-side voltages

uDl and uD2. For example, the NP-current contribution iQa in die left col¬

umn, corresponding to a pure capacitive operation mode, will yield a re¬

markably larger osciUation in uDl and uD2 than those in the right column,

which represents a pure active operation mode. ,

In general, for the here given NP-angles P, the pure reactive operation mode
stands for the largest DC-side voltage osciUations, while a pure active oper¬

ation mode represents very smaU osciUation peak-values. This can easUy be

verified by continuously shifting the phase current ia in the left upper

graphic of figure 5.3 in any direction. Hereby, the reactive current phasor
component wUl decrease, whUe simultaneously the active current phasor
component will increase. The current time areas and also the peak-values of

i0a will decrease, which results in smaller DC-side voltage oscUlations.

Graphically varying the phase-displacement of the AC-side current ia also

shows, that the smaUest osculation peak-values would be achieved, if ia is
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phase displaced by n/2 with respect to the switching functions sa. For the

given stray inductance Z=0.2[p.u.], this operation mode coincides with the

foUowing current phasor components with respect to the AC-system voltage

phasor uL:

id = ±0.98 [p.u.] and iq = -0.2 [p.u.]

However, the deviations between this predominant active and the pure active

operation mode are quite moderate and therefore the more convenient pure

active operation mode was chosen here.

Anomer point of interest concerns die location and die length of die NP-an-

gles. It is evident in the upper graphics of figure 5.3, that both another loca¬

tion or a decreased/increased length of the NP-angle p could significantly
affect the shape and the harmonics of i0a. With that, also the statement con¬

cerning the oscUlations' peak-values in dependancy on the operation mode

might change or even mm into the opposite.

It should be noted, that the location of the NP-angles is a modulation

scheme specific attribute, while their length usuaUy depends on the chosen

modulation index m of the switching functions sph. From this it is obvious

that besides a specific operation mode, also die class of modulation scheme

and a particular modulation index m wUl be decisive factors for the assess¬

ment of the arising harmonics in the DC-side voltages um and uD2. This

wUl be investigated more in depth in chapter 5.5 for FFM modulation, off¬

line optimized and carrier based PWM.

However, though the shapes of the contributions i0a may vary in a wide

range, they all the same show up common attributes. It is obvious in the up¬

per graphics of figure 5.3, that for all operation modes and modulation

schemes the fundamental frequency of iQa wUl coincide with those of the

AC-system (/,). Further, harmonics being odd numbered multiples of the

fundamental component (3rd, 5th, 7th,...) have to be expected here, since a

symmetry to a quarter of a period is fulfiUed for both sa and ia. However,

assuming sa or ia to have no symmetry at aU, any harmonic orders, which

are multiples of the fundamental frequency of the AC-system (2nd, 3rd,

4th,...), wnl appear in i0a.

The studies so far, basing on the simple graphical model, indicated the influ¬

ence of various parameters and also showed up the harmomc orders to be

expected in the NP-current contributions i0ph. The results could be achieved

without any compUcated mathematical analyses, which also proves the great
value of this graphical model.
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b) Contribution ofall 3-level VSIphases to the NP-current

In the previous sub-chapter, exclusively the NP-current contribution of one

3-level VSI phase, namely phase a, has been investigated. Now, also the

two remaining phases b and c wiU be taken into account in order to obtain

the resulting NP-current i0.

The individual FFM pulse patterns sph and AC-side currents iph show up

identical shape in all 3 phases a,b,c and only differ by a phase-displace¬
ment of 2/3tc. Hence, the same wiU be true for the individual NP-current

contributions i0ph, which are composed of these two quantities. According
to eqn. (5.6), adding all 3 contributions i0 h yields the resulting NP-current

i0, which is presented in the middler graphics of figure 5.3.

Withi respect to the statements in the previous paragraph, the result is not

very astonishing at first sight. However, by having a closer look at the mid¬

dler graphics of figure 5.3, it might be a surprise that the fundamental fre¬

quency of i0 no longer coincides with those of the individual contributions

i0ph. It is obvious, that iQ now exhibits a fundamental frequency which

equals those of a 3rd harmonic on the AC-side.

Apparently, the attributes of a symmetrical 3-phase system, i.e. same

shape in all 3 phases and phase displacements by 2/3Jt, are the origin
of this 3rd harmonic fundamental component in the NP-current i9.

Concerning the higher ordered harmonics in i0, it is evident in the middler

graphics, that now all odd numbered multiples of 3 have to be expected (the

9fh, 15th,...). Witii that also the harmonics with orders 5, 7,11, 13,..., are no

longer present in i0.

However, in case of asymmetrical 3-phase conditions either for the

pulse patterns sph (e.g. no identical shapes for the phases ajb^c) or the

AC-side currents iph, the fundamental frequency of i0 will furtheron be

identical with those on the AC-side. This can be verified with the graphi¬
cal model and was furthermore mathematically confirmed in chapter 4.4.2.

More, in general aU harmonics being present in i0ph, wUl also appear in the

resulting NP-current i0. Then, as weU the two DC-side voltages uDl and

uD2 wiU moreover show up a low ordered harmonic with the fundamental

frequency /,, which in addition wUl be badly damped by the capacitors c.

As mentioned yet in chapter 4.3.2, e.g. carrier based modulation signals
with one carrier wave for all 3 phases a,b,c and carrier frequencies being
not a multiple of 3 of the fundamental frequency /, fulfils the attributes of

an asymmetrical 3-phase system. Hence, also with respect to the harmonic
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oscUlation of the two DC-side voltages um and uD2, these modulation sig¬
nals should be avoided!

Since exclusively the symmetry attributes of die two 3-phase systems sph
and iph determine the fiindamental frequency and the harmonic orders of

i0, the statements made above wiU prove right for aU operation modes,

modulation indices and switching frequencies.

The quantitative values of the fundamental component and the harmonics

however are expected to be influenced by these latter mentioned parameters.

As an example, it is evident in the middler graphics of figure 5.3, that the

DC-side voltage oscUlations generated with a pure capacitive operation
mode will have larger peak-values than those for a pure active one.

From a mathematical point of view, the generation of the NP-current i0

might be compared with the calculation of a zero sequence system.

Hereby, the product terms iph (1 - s2h) (=i0ph) correspond to the 3 indi¬

vidual phase quantities, the sum of which yields its zero sequence compo¬

nents. As it is well known for symmetrical 3-phase systems, only harmonics

with orders being multiples of 3 wiU be achieved.

This is finaUy also confirmed by the ampUtude spectra in figure 5.3, lower

graphics. Herein, it can be seen that the 3rd harmonic wUl be the most dom¬

inant component for both operation modes. The higher ordered harmonics

(9th, 15ui...) will not have a significant influence on the osciUation in the

DC-side voltages um and uD2, since they additionaUy wUl be better

damped by the DC-side capacitors c than the 3rd harmonic of i0. However,

this might be subject to change, if the switching frequency /, of the pulse

patterns sph is increased, which wiU be discussed more in depth in

chapter 5.6.

Further, it is evident in the lower graphics of figure 5.3 that the 3rd harmonic

for pure active operation mode (0.36 [p.u.]) is remarkably smaller than

those for pure capacitive operation mode (1.20 [p.u.]). A mixed operation
mode (both dominant reactive and active current phasor components) will

yield 3rd harmomc amplitude values between those for the pure reactive and

active operation mode.

At this point, it should be emphasized, that this harmonic oscillation

with a fundamental frequency of a 3rd harmonic will not show up in

single phase AC-system appUcations (e.g. railway interties etc.). This

can be explained by the fact that in single phase appUcations the AC-side

cunents and switching functions wiU not be phase-displaced by 2/3tc to
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each other in the individual phases. The DC-side oscillations appearing

hereby have to be investigated separately, but a sirmlar model as introduced

here in this chapter might as weU be of great help.

It should also be pointed out, that the combination of two or more 3-level

VSI units with appropriate staggered switching on the AC-side and common

DC-side capacitors is not weU suited to remarkably reduce this 3rd har¬

monic osciUation. Appropriate staggered switching means, that particular
AC-side harmonics will be minimized, or better, eliminated. Unfortunately,
suitable phase displacements of the individual 3-level VSI units do not coin¬

cide with those necessary for minimizing or eliminating the harmonic oscil¬

lations in the DC-side voltages.

Up to now, for simpUcity reasons, FFM modulation was assumed in order to

derive fundamental statements concerning the generation and the harmonics

of the NP-current i0. In the next chapter, these statements wiU be verified

for representative off-Une optimized and carrier based PWM pulse patterns.

5.4.4 Extension to off-Une optimized and carrier based PWM

Off-line optimized or carrier based PWM belong to the class of modulation

schemes, which are very suitable for most 3-level VSI applications. Hence,

it wiU be of interest to study the generation and the harmonics of the NP-

current i0, if one of these two modulation schemes is chosen.

A fundamental distinction between off-Une and the conventional carrier

based PWM concerns the location of the NP-angles within the switching
functions s h.

Off-Une optimized PWM pulse patterns (incl. FFM) have the

inherent attribute to locate all NP-angles in the vicinity of the zero-crossing
of their fundamental component. No NP-angles can be observed in the close

vicinity of the peak-value of die fundamental component, even not for (rea¬

sonable) high switching frequencies, which can be verified in figure 3.4 -

figure 3.7 of chapter 3.7.

Carrier based PWM pulse patterns in its tum normaUy distribute their NP

angles over the whole period. While smaUer NP angles can be observed in

the vicinity of their fundamental's ampUtude, larger ones appear in the vi¬

cinity of their fundamental's zero crossing.

From the above mentioned points of view, it might make sense to distin¬

guish between these two different types of modulation schemes, when in¬

vestigating their influence on the generation and the harmonics of the NP-

current i0.



-119-

This wUl be performed in tiiis chapter for an off-line optimized and a carrier

based PWM pulse pattem, both having a representative switching frequency

fs =350Hz (fs =7[p.u.]) and quite a large modulation index of m=\. 15.

Hereby, the same simple graphical model as introduced in die previous

chapter wUl be appUed.

a) Off-line optimized PWM

The results for the off-Une optimized pulse pattem are presented in

figure 5.4. Compared to FFM modulation, it is evident for the switching
function sa in die upper graphics, that the number of the NP-angles has in¬

creased due to the higher switching frequency fs .
In addition, the NP-an¬

gles are distributed over a shghtly larger interval of the period.

However, the largest NP-angles are still in the close vicinity of the pulse pat¬

tern's fundamental zero crossing as it also is true for FFM modulation. Fur¬

ther, no NP-angles are present nearby the peak-value of die pulse pattern's
fundamental. The latter mentioned two attributes can generaUy be observed

for this kind of off-line optimized PWM, which focuses on the elimination

of particular harmonics and simultaneously asks for a large modulation in¬

dex m.

Hence, at least the envelopes of the individual contributions i0a for both op¬

eration modes will be simUar to those achieved with FFM modulation. With

regard to the arising osculations in uDi and uD2, it can be expected mat

here again the pure capacitive operation mode wul exhibit quite large val¬

ues, while the opposite proves right for a predominant active operation
mode.

Concerning the harmonics of iQa, the same orders wUl be present as derived

in the previous chapter, since off-line optimized PWM fulfils the attributes

of a symmetrical 3-phase system. With respect to the harmonic ampUtudes
however, it might turn out that particular higher ordered harmonics show up

larger amplitudes than those for FFM modulation, which is caused by the

higher switching frequency / .

ph

It was shown for FFM modulation, that the resulting NP-current i0 will ex¬

clusively be described by harmomcs being odd numbered multiples of 3, if

both the AC-side cunents iph and the switching functions sph constitute

symmetrical 3-phase systems. This is also evident for off-line optimized
PWM from the middler and lower graphics of figure 5.4, describing the var¬

iations in time and the spectra of i0 for the two operation modes.
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Regarding the harmonics, which mainly wiU determine the voltage oscUla¬

tions in uD1 and uD2, again the 3rd harmonic contributes with the Uon's

share. Despite the increased switching frequency fs ,
still quite large am¬

pUtudes for uiis 3rd harmonic can be observed. Further, it can be seen in

both the middler and lower graphics, that the pure active operation mode

contributes with remarkably smaUer 3rd harmonic ampUtudes (0.33 [p.u.])
than the pure reactive one (0.86 [p.u.]). This is as well in good agreement

with the statements made for FFM modulation.

The higher ordered harmonics of i0 with significant ampUtudes (the 21st,

27th,...), have been shifted to higher orders in comparison to FFM modula¬

tion. Even if their ampUtudes can compete with those of the 3rd harmonic,

they hardly will be seen in uDl and uD2, since they are very weU damped by
the DC-side capacitors. This result indicates that the switching frequency

fs of the pulse patterns sph might have an influence on the higher ordered

harmonics of i0, which wiU be investigated more detaUed in chapter 5.6.

Finally it should be emphasized that the statements made in this chapter for

off-line optimized PWM can also be appUed to the sophisticated carrier

based PWM introduced in chapter 3.5.

b) Carrier basedPWM

To complete the picture, the generation of the NP-current i0 for a conven¬

tional carrier based PWM wUl also be investigatedTbis wUl be performed
for a representative pulse pattern with a switching frequency of fs =350Hz

(fs =7[p.u.]).
Ph

Hereby, the same triangular shaped carriers are chosen as for the sophisti¬
cated scheme introduced in chapter 3.5.2. The control signals however will

now be generated by the superposition of a 3rd harmonic to a pure over-

modulated sinus (amplitude >1). The generation of these kind of carrier

based PWM is Ulustrated figure 5.5. Also with this method, modulation in¬

dices of about m=1.15 can be achieved.

The impact of these scheme on the generation of me NP-current i0 is pre¬

sented in figure 5.6 for the above mentioned switching frequency

fs =350Hz and a high modulation index m=1.15.
ph

Starting with the upper graphics in figure 5.6, it is evident that for carrier

based PWM the NP-angles are distributed over the whole period of the mod¬

ulation signals. Though the largest NP-angles are stiU located in the close

vicinity of the pulse pattern's fundamental zero crossing, aU the same very
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1 1 1 1 1 1 1 1 r

jl 1 1 1 1 1 1 1 1 1

0 2 4 6 8 10 12 14 16 18 20

t[ms]

fig 5.5: generation of a conventional 3-level VSI carrier based

switching function sa, carrier frequency fc=150Hz

(/c=3[p.u.]), injection of a 3rd harmonic

smaU NP-angles show up nearby the peak-value of the pulse pattern's fun¬

damental. The latter is an inherent attribute of carrier based pulse patterns,
which could not be observed for the kind of off-line optimized PWM pre¬

sented in the previous sub-chapter.

However, since these NP-angles close to the peak-value of die switching
function's fundamental are very smaU, they will not to a large extent con¬

tribute to the current time area of i0a, which is proportional to the DC-side

voltage oscillation. Therefore, similar results can be expected as for off-Une

optimized PWM and FFM modulation, which is confirmed in the middler

and lower graphics of figure 5.6.

Again it is obvious, that the fundamental component of iQ, the 3rd har¬

momc, wiU be the predominant component in the DC-side voltages uDl and

uD2. It is further evident, that the 3rd harmonic wUl be less pronounced for

a pure active operation mode (0.26 [p.u.]) than for a pure reactive one (0.72

[p.u.]). This is not astonishing, since the location of the largest NP-angles is

in the close vicinity of the pulse pattern's fundamental zero crossing, as it

also proved right for off-line optimized PWM and FFM modulation.

With respect to the higher ordered harmonics of i0 (9th, 15th,...), similar re-
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sults are achieved as for off-line optimized PWM. It can be seen in the lower

graphics of figure 5.6 that e.g. the 15th and the 21st harmonic of i0 have

equivalent large amplitudes than the 3rd harmonic. However, they will expe¬

rience quite a good damping by the capacitors on the DC-side and will

therefore, compared to the 3rd harmonic, not have a remarkable influence

on the oscUlations in um and uD2.

According to the spectra in the upper graphics of figure 5.6, the 15th har¬

monic in i0 has the largest amplitude. It should be recalled in mind that the

off-Une optimized PWM pulse pattern with the same switching frequency

fs =350Hz (fs =7[p.u.], lower graphics of figure 5.4) showed up the first

dominant harmonics at higher orders, namely die 21st and 27th.

Hence, compared to off-Une optimized PWM, it might be expected that car¬

rier based PWM wUl show up significant higher ordered harmonics in i0 at

lower frequencies. This assumption wUl be confirmed in chapter 5.6 and

also proved right for the harmomcs of the AC-side currents iph in

chapter 3.7.1.

Up to now, for all investigated modulation schemes, the modulation indices

m were assumed to be quite large. This corresponds to relatively small NP-

angles, which simultaneously will mainly be located in the vicinity of the

switching function fundamental's zero crossing. Hereby, this specific loca¬

tion of the NP-angles determined the dependancy of the 3rd harmonic am¬

plitude on the operation mode of the 3-level VSI.

Hence it will be of high interest, to investigate the influence of smaUer mod¬

ulation indices, i.e. larger NP angles, on the statements made so far. The

studies to come wUl deal with this topic.

5.5 Influence of the modulation index

As mentioned yet in the previous chapter, one point of interest concerns the

dependancy of the NP-current harmonics on the modulation index m of the

switching functions sph. Though normaUy a large modulation index m is

highly desirable, some operation conditions might also ask for smaller val¬

ues.

Concerning the 3-level VSI, smaller modulation indices of the switching
functions sph usuaUy wiU be achieved by increasing the portion of the NP

angles with regard to the portions where s h=±\.
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The influence of this measure wiU be investigated first for me FFM pulse

pattern with the help of the simple graphical model. Then the studies will be

extended to off-Une optimized and carrier based modulation signals.

5.5.1 FFM modulation

Speaking ofFFM, only the length of the unique NP angle p can be varied to

decrease or increase the modulation index m. The influence of this measure

on the NP-current i0 wiU be investigated in the foUowing.

In the upper and middler graphics offigure 5.3 it is obvious that for any time

instant at most one 3-level VSI phase wiU be connected to the neutral point

NP. Due to this, during the time intervals s h=0, the resulting NP-current

i0 equals the individual contributions i0ph. Hence, no interference of the in¬

dividual phase contributions i0 h
can be observed. However, according to

the definition of P in figure 2.4 (chapter 2.3), this wiU only prove right for

values p < 7t/6, which conesponds to a total NP angle in between one pe¬

riod of 4P<2/3rc.

For values p > Jt/6 (4p > 2/3ji ), the NP angles of die individual switching

functions s
h
wUl overlap and therefore at least two (n/6 < p ^ Jt/3) or

even aU 3 phases (P > Jt/3) wUl simultaneously load die NP current i0 dur¬

ing certain time intervals of a period.

Then, the individual phase current contributions i0ph might either compen¬

sate or amplify each other to some extend, or, if aU 3 phases are connected

with the NP, even result to 0 (i0 = ia + ib + ic = 0). These relationships are

shown in figure 5.7 for P = tc/4 (w=0.9, Jt/6 < p < Jt/3) and in

figure 5.8 for p = 5jc/12 (ot=0.33, P>tc/3).

The impact of these overlapping NP-angles on the NP-current i0 will be in¬

vestigated first for its fundamental component, the 3rd harmonic. i

a) 3rd harmonic ofthe NP-current

It can be seen in the upper graphics of figure 5.7, that with an increasing NP

angle P, also the current-time area of the individual contribution i0a will in¬

crease for both operation modes. This might give rise to the assumption, that

larger oscUlations in uD1 and uD2 have to be expected. However, with re¬

spect to aU 3 phases a,b,c it is obvious, that for pure capacitive operation
mode (left column, middler graphic) the overlapping NP current contribu¬

tions i0ph compensate each otiier to some extend. Due to these opposing ef¬

fects, die resulting amplitude of the dominant 3rd harmomc has a smaUer
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value (0.95 [p.u.]) than those in figure5.3 for a large modulation index

m=1.15 (1.20 [p.u.]).

Unfortunately, for pure active operation mode, in addition to larger current-

time areas of i0ph, its overlapping contributions for aU 3 phases even am¬

plify each other to some extend. This yields a 3rd harmomc to arise in i0
with an amplitude, which is about 3 times higher (0.95 [p.u.]) than those in

figure 5.3 for m=l. 15 (0.36 [p.u.]). More, with respect to this 3rd harmonic

amplitude, no difference can be observed any more between pure capacitive
and pure active operation mode.

Increasing the NP angle P to values p > Jt/3, as shown in figure 5.8 for

p = 5jc/12 (m=0.33), yields smaller resulting amplitudes for the 3rd har¬

momc especially for pure capacitive (0.06 [p.u.]) but also for pure active

operation mode (0.87 [p.u.]). As mentioned before, this can be explained

by the fact, that now during certain time intervals, aU 3 phases simultane¬

ously contribute to the NP current, which yields i0=0. However, it has to be

emphasized that now, in contrary to a large modulation index m, the pure

capacitive operation mode no longer exhibits the largest amplitudes for the

3rd harmonic, but the pure active one.

To complete the picture, the amplitudes of the 3rd, 9th and 15th harmonic

were determined in dependancy on the whole range of the modulation index

m, which corresponds to the NP angle P according to

4
R

m = -

cosp.

Hereby m is varied between its minimum and maximum values

0 < m < 1.27 (jc/2 > P > 0). This was performed both for pure capacitive
and pure active operation mode and is presented in figure 5.9.

Though the results in figure 5.9 shaU not be discussed in depth, they all the

same show, that for all operation modes quite a large 3rd harmonic may ap¬

pear in the NP current, which strongly depends on the chosen modulation

index m.

For NP-angles 0<p<Jt/6 (1.27</n<l.l), the 3rd harmonic of i0 increases

with increasing NP-angles P (decreasing modulation index m) for both op¬

eration modes and wUl be most pronounced for the pure capacitive opera¬

tion mode.

In the range Jt/6 < p < ic/3 (0.64<m<l.l) a decrease of the 3rd harmonic

ampUtude with increasing NP-angle p (decreasing modulation index m)
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FFM modulation,

pure capacitive operation mode

FFM modulation,

pure active operation mode

harmonics of i0:
harmonics of iQ:
—3rd

—9th
—15th

—21st

02 04 06 08 1

modulation index m

04 06 08 1

modulation index m

fig 5.9: Dependancy of the 3rd, 9th, 15th and 21st harmonic ampli¬
tude of i0 on the modulation index m for FFM modulation

can be observed for pure capacitive operation mode, whUe the opposite is

tine for pure active operation mode. Up to P=jc/4 (m=0.9), the pure capac¬

itive operation mode contributes with larger 3rd harmonic amplitudes than

the pure active one, which for p>ic/4 (m<0.9) however turns mto the oppo¬

site.

Finally, if Jt/3 < P < jc/2 (0<m<0.64) is fulfilled, the 3rd harmomc ampli¬
tude wUl decrease with increasing NP-angle p (decreasing modulation in¬

dex m) for both operation modes. Hereby, the pure active operation mode

exhibits larger 3rd harmonic ampUtudes than the pure capacitive one.

In addition, it can clearly be seen in figure 5.9 that preferably a modulation

index m close to its maximum value of m=1.27 should be chosen, which

guarantees smaUest 3rd harmonic ampUtudes for both operation modes.

b) Higher ordered harmonics ofthe NP-current

Concermng the higher ordered harmonics, the 9th, 15th and the 21st, it is

evident in both graphics of figure 5.9 that they only might have an influence

for small modulation indices. This is true since they have smaUer ampli-
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tudes than the 3rd harmomc over a reasonable large range of m and will fur¬

ther be better damped by the capacitors c on the DC-side.

It is interesting, that their dependancy on the modulation index m is very

similar to the dependancy of the AC-side current harmonics on the firing an¬

gle of a thyristor controUed reactor ([54]).

Finally, also a simulation with a mixed operation mode (both reactive and

active power delivery/consumption) was performed for the 3rd, 9th, 15th

and 21st NP-current harmonic in dependancy on the modulation index m.

For a given modulation index m, this simulation yielded quantitative values

for the 3rd and the higher ordered harmomcs, which are between those val¬

ues presented for the pure reactive and pure active operation mode in

figure 5.9. This furthermore confirmed, that the pure active and the pure re¬

active operation mode are quite well suited to represent the whole possible

operating range of the 3-level VSI.

It should be emphasized at this point, that for comparison reasons the simu¬

lations presented so far assumed the AC-side currents i
h

to have an ampli¬
tude of 1 [p.u.] for all modulation indices m. In many cases of real applica¬
tions however, a small modulation index m may correspond to also small

amplitudes in i
h.

Since the magnitude of the NP current i0 is proportional
to the amplitude of the AC-side phase currents i

h,
which can clearly be

seen in figure 5.3, smaller values for the harmonics in i0 can be expected for

smaller ampUtudes of i
h. EspeciaUy for 1^,^=0 the contribution to i0 will

beO.

The statements made so far are valid for FFM modulation. The influence of

a smaUer modulation index m on the NP-current for off-line optimized and

carrier based PWM pulse patterns wiU be investigated in the chapters to

come.

5.5.2 Off-line optimized PWM

Up to now, off-line optimized PWM pulse patterns were assumed to have a

large modulation index m. In addition, as many as possible harmonics are

eliminated. The impact of a smaller modulation index m on the NP-current

j'0 for this type of PWM switching functions wiU be the topic to be studied

in this chapter.

The off-line optimized pulse pattem chosen has the same switching fre¬

quency of fs as in chapter 5.4.4, namely fs =350Hz (fs =7[p.u.]), how¬
ever now the modulation index m is determined to be m=0.9 and m=0.3 in-
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stead of m=1.15. The simulation results are presented in figure 5.10 and

figure 5.11 respectively.

Having a closer look at the upper graphics of figure 5.10 and figure 5.11, it

is evident that the NP-angles in die vicinity of die pulse pattern's fundamen¬

tal zero crossing wiU increase with decreasing modulation index m. Simul¬

taneously, the individual switching function pulses are shifted towards the

peak-value of the pulse pattems fundamental, where reaUy no pulses could

be observed for large modulation indices. This is an inherent attribute for

this kind of optimized pulse patterns, where specific harmonics are subject
to be eliminated, and also proves right for other switching frequencies than

fSph=350Hz(/v=7[p.u.]).
As could be observed for FFM modulation with smaller modulation indices,

the NP angles of the switching functions sph in figure 5.10 and figure 5.11

do not only have increased but also are distributed over an interval larger
than 2/3 Jt. It then turns out, that at least two or even 3 phases might simul¬

taneously be connected to the neutral point NP, which yields the resulting
NP-currents i0 in the middler graphics of figure 5.10 and figure 5.11.

a) 3rd harmonic ofthe NP-current

Concerning figure 5.10 (m=0.9), quite an impressive 3rd harmonic with ap¬

proximately the same amplitude for both operation modes can clearly be

seen in the NP-currents i0 and is furthermore confirmed in the correspond¬

ing spectra (upper graphics of figure 5.10). Compared with the results for a

large modulation index m=1.15 in figure 5.4 of chapter 5.4.4 a), it can be

seen that the 3rd harmonic has decreased for pure capacitive operation mode

(from 0.86 [p.u.] to 0.78 [p.u.]), while the opposite must be observed for the

pure active operation mode (from 0.33 [p.u.] to 0.76 [p.u.]).

For a small modulation index m =0.3, the amplitude of the 3rd harmonic in

i0 will even be larger for the pure active (0.40 [p.u.]) than for the pure ca¬

pacitive operation mode (0.26 [p.u.]), which is indicated in the middler and

confirmed in the lower graphics of figure 5.11.

These results are furthermore confirmed in figure 5.12, which shows the

3rd, 9th and 15th harmonic amplitude of i0 in dependancy on the modula¬

tion index m, covering the whole range between m =0 and m=1.15.

Finally it should be noted, that with respect to the 3rd harmonic, quite a

good coincidence with FFM modulation (figure 5.9) can be observed in the

modulation index range (km<1.15. This proves right both quaUtatively and
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off-line optimized PWM, off-line optimized PWM,

pure capacitive operation mode pure active operation mode

modulation index m modulation index m

fig 5.12: 3rd, 9th, 15th and 21st harmonic amplitude of i0 in depen¬

dancy on the modulation index m for off-Une optimized
PWM, pure capacitive and pure active operation mode,

f =350Hz(/ =7[p.u.])
pn pn

also more or less quantitatively, which indicates tiiat an increased switching

frequency fs seems not to have a significant impact on the amplitude of

the 3rd harmonic.

b) Influence ofa 3rd harmonic zero sequence system in the switching

functions

Regarding off-Une optimized PWM pulse pattems with elimination of the

zero sequence components (especiaUy the 3rd), it could be observed that the

operation mode dependancy of the 3rd harmonic ampUtude of i0 will be

subject to change.

This has been verified in a simulation with an off-Une optimized pulse pat¬
tern with the same switching frequency than presented above in figure 5.12

(fs =350Hz (fs =7[p.u.]) however with elimination of the 3rd, 5th, 9th,

llfli, 13th and 15th harmonic. Hereby, the ampUtude of i03 almost linearly
increased witii increasing modulation index m for both die pure reactive and

the pure active operation mode (see also figure 5.15 in chapter 5.5.3). The
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maximum values for the ampUtudes of im have been found to be around 0.8

[p.u.] for die pure reactive operation mode and about 0.6 [p.u.] for the pure

active operation mode.

However, since it usuaUy does not make sense to eliminate zero sequence

system harmonics in the switching functions, this phenomenon wiU not fur¬

ther be investigated here.

c) Higher ordered harmonics ofthe NP-current

Concerning the higher ordered harmonics of i0, it can be seen from

figure 5.10 - figure 5.12 mat also for middler and smaU modulation indices

their ampUtudes usuaUy are smaUer or at most of the same size than those of

the 3rd harmonic. Due to the additional damping by the DC-side capacitors,

they wiU not contribute with significant DC-side voltage oscUlations, which

almost exclusively wiU be determined by the 3rd harmonic of i0.

Compared to FFM modulation, the increased switching frequency fs for

off-line optimized PWM obviously also yields an increased order for the

first significant higher ordered harmonic of i0, as can clearly be seen by op¬

posing figure 5.9 to figure 5.12. WhUe for FFM modulation the 9th har¬

monic of i0 shows up largest ampUtudes, die same is true for die 21st, if off¬

line optimized PWM with a switching frequency fs =350Hz (fs =7[p.u.])
will be applied. More in depth studies concerning the influence of the

switching frequency /. wiU be presented in chapter 5.6.
'pk

Finally a simulation with a mixed operation mode (both predominant reac¬

tive and active power deUvery/consumption) has been carried out. The

achieved quantitative results, which, for a given modulation index m, were

between those values presented in figure 5.12, once more confirmed that the

pure reactive and pure active operation mode are quite weU suited to repre¬

sent the whole operating range of the 3-level VSI.

5.5.3 Carrier based PWM

Since carrier based PWM is going to become an interesting modulation

scheme for transmission applications, the influence of the hereby varying
modulation index m on the arising harmonics in i0 wiU be discussed in the

following.

The carrier based pulse patterns chosen have the same switching frequency
as in chapter 5.4.4, namely fs =350Hz (fs =7[p.u.]), however now the

modulation index m is determined to be m=0.9 and m=0.3 instead of
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m=l.l5. The simulation results are presented in figure 5.13 and figure 5.14

respectively.

Comparing the upper graphics of figure 5.13 and figure 5.14, it is evident

that the NP-angles of s
h
increase with decreasing modulation index m, as

this also proved right for off-Une optimized PWM.

As a result, also a continuous increase of those intervals, where two or even

all 3 phases a,b,c are connected to the neutral point NP, can be observed.

This becomes most evident for die small modulation index m=0.3

(figure 5.14). Though the contributions of the individual phases a,b,c are

quite impressive (upper graphics in figure 5.14), they compensate each other

to a large extend in the resulting NP current i0 (middler and lower graphics
in figure 5.14).

However, in opposite to off-line optimized PWM, no displacement of the

NP-angles for decreasing modulation indices can be observed. The centres

of the individual NP-angles remain at almost the same location and exclu¬

sively their width wiU be subject to change. Further, compared to off-Une

optimized PWM, one can clearly see in the upper graphics of figure 5.13

and figure 5.14, that the NP angles are more or less continuously distributed

over the whole period of sph and not mainly concentrated in the vicinity of

the fundamentals zero crossing. For sure, these inherent attributes for carrier

based pulse patterns are also fulfilled for other switching frequencies than

f =350Hz(/ =7[p.u.]).
pn pn

Therefore, one might expect that the influence of a smaller modulation in¬

dex m on the harmonics of i0 is slightly different for carrier based than for

off-Une optimized PWM.

a) 3rd harmonic ofthe NP-current

With respect to the 3rd harmonic of i0, it can clearly be seen in figure 5.13

and figure 5.14, that for both modulation indices m=0.9 and m=0.3, the

pure capacitive operation mode contributes with larger amplitudes

(0.57[p.u.] for m=0.9 and 0.19[p.u.] for m=0.3) than the pure active opera¬

tion mode (0.2[p.u.] for m=0.9 and 0.07[p.u.] for m=0.3). This also proved

right for a modulation index m=l.l5 (figure 5.6 in chapter 5.4.4b)) and

might therefore be expected to be fulfiUed over the whole range of the mod¬

ulation index m. Further, with decreasing m, also the 3rd harmomc ampli¬
tude seems to decrease, which is evident in figure 5.13 and figure 5.14 both

for the pure capacitive and the pure active operation mode.
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Indeed, diese presumptions are confirmed in figure 5.15, showing the de¬

pendancy of die 3rd, 9tii, 15th and 21st harmonic ampUtude of i0 on the

whole modulation index range 0 < m < 1.15 for the pure capacitive and the

pure active operation mode.

carrier based PWM, carrier based PWM,

pure capacitive operation mode pure active operation mode

modulauon index m modulation index m

fig 5.15: 3rd, 9th, 15tii and 21st harmonic amplitude of i0 in depen¬

dancy on the modulation index m for carrier based PWM,

pure capacitive and pure active operation mode,

fSph=350Hz(/v=7[p.u.])

In addition, it is evident in figure 5.15, that the influence of the modulation

index m on the 3rd harmonic amplitude of i0 can be described by a simple
linear function. This is tme for both investigated operation modes. Also

here, a simulation with a mixed operation mode (both reactive and active

power deUvery/consumption) has been performed, which shows the same

Unear behaviour of the 3rd harmonic amplitude with quantitative values be¬

tween those presented in figure 5.15.

Comparing figure 5.15 with figure 5.9 and figure 5.12 (FFM, off-line opti¬
mized PWM), the most remarkable distinction consists in the Unear depen¬

dancy of die 3rd harmonic amplitude on the modulation index m for both

operation modes. Another dissimUarity consists in the fact that, regardless
of the modulation index m, the pure active operation mode always contrib¬

utes with smaUer 3rd harmomc amplitudes dian die pure reactive one. This
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in its turn is obviously caused by the different locations of the NP-angles for

these two modulation schemes.

Finally, it should be pointed out that additional simulations qualitatively
confirmed die above mentioned statements also for other switching frequen¬

cies than fs =350Hz (fs =7[p.u.]) and other control signals (without in¬

jection of a 3rd harmonic) and carrier signals (e.g. sawtooth).

b) Influence ofa 3rd harmonic zero sequence system in the switching

functions

Regarding carrier based PWM without injection of a 3rd harmomc, it could

be observed, that the operation mode dependancy of the 3rd harmonic am¬

pUtude of i0 is much less pronounced compared to the results presented in

figure 5.15 (see also chapter 5.5.2b)).

This could clearly be shown in a simulation with the same carrier based

PWM modulation scheme than those presented in figure 5.15 (fs =350Hz

(/ =7[p.u.]), however without injection of a 3rd harmomc.
ph

While the quantitative values for the ampUtudes of i03 in the pure capacitive

operation mode increased by about 20%, those in die pure active operation
mode even were doubled in comparison to figure 5.15.

c) Higher ordered harmonics ofthe NP-current

Concerning the higher ordered harmomcs of i0 (lower graphics of

figure 5.13 and figure 5.14), the 15tii harmonic shows up quite impressive

ampUtudes, which are 3-5 times larger than those of the 3rd harmonic.

More, focusing on figure 5.15, it is evident that for a middler modulation in¬

dex (m=0.6) and pure active operation mode, the 15th harmonic amplitude

might reach values up to seven times larger than the 3rd harmonic.

Though the 15th harmonic will by a factor of 5 be better damped than the

3rd harmonic, it might all the same exhibit equivalent or even larger ampli¬
tudes in the DC-side voltages uD1 and uD2 titan the 3rd harmonic.

The 27di harmonic of i0 on the other side (lower graphics of figure 5.13 and

figure 5.14), which also contributes with pretty large values, experiences a

damping about twice as much as the 15th, and might therefore not be sub¬

ject to cause significant oscillations in the two DC-side voltages uDl and

uD2.

Opposed to off-line optimized PWM with the same switching frequency
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fs =350Hz (fs =7[p.u.], figure 5.10 and figure 5.11 in chapter 5.5.2), the

orders of the dominant harmonics of i0 are lower for carrier based PWM

(15th instead of 21st). This was also confirmed for a large modulation index

(m=1.15) in chapter 5.4.4.

The investigations up to now mainly focused on the dependancy of die NP-

cunent harmonics on either the operation mode of die 3-level VSI or the

modulation index m of the switching functions sph. However, it could

clearly be seen, that the switching frequency fs of the pulse patterns sph
also seems to be a parameter which has an influence on the NP-current har¬

monics. Therefore, the next chapter will concentrate more in depth on this

topic.

5.6 Influence of the switching frequency

Usually, die switching frequency fs of die modulation signals s
h

will

have a remarkable influence on the harmonics of the AC-side currents i
h
or

the AC-system voltages uLph, as was clearly shown in chapter 3. Hereby, a

higher switching frequency fs wiU result in the elimination or at least re¬

duction of additional harmonics in iph and uLph.

This might also be expected for the harmonics in the NP-current i0, how¬

ever cannot be proved right or wrong on first sight. Hence, more detaUed

studies wiU be desirable in order to find accurate answers, which will be the

topic of this chapter.

5.6.1 Basic considerations

The graphical model introduced in chapter 5.4 was of great help for basic

investigations, however more or less fails for studies witii regard to the de¬

pendancy of the NP-current harmonics on the switching frequency fs .

Hence another approach, which especially for that purpose is more suitable,
wUl be presented in the following.

This more mathematical approach is based on the NP-current equation and

the harmomc transfer rale from the AC- to the DC-side. According to eqn.

(2.30) in chapter 2.4.3, the NP-current j0 is given by

'0= <ig sl + h 'l + ic *?) = ~ £ fP* ' 5U (5J)

ph = a,b,c

It should be noted at this point, that for the investigation to come, the repre-
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sentation of the NP-current equation by means of the absolute value \s h\
(eqn. (2.31)) wiU not be chosen.

According to chapter 2.5, no general analytical approximation for \s h\
could be achieved, if the switching functions sph will be approximated by
their fundamental component sphl and their 3rd harmonic s

A3.
It is advis¬

able also to take into account the 3rd harmonic sph3, since this harmomc

usually will not be eliminated in off-Une optimized pulse patterns and also

appears in carrier based modulation schemes with superposition of a 3rd

harmonic to the control signals. This can be verified in figure 3.4 - figure 3.7

of chapter 3.7.

It could be seen in simulations, that an approximation of sph by exclu¬

sively its fundamental component sphl will yield quite large deviations

for the 3rd NP-current harmonic amplitudes i03 from the exact value.

This statement proves right for switching functions sph with a 3rd har¬

monic spk3, independently on the NP-current representation by means

°f sfk<>*\sPh\-

However, if the switching functions sph will not show up a 3rd har¬

monic sph3, the simplified approximation by exclusively its fundamen¬

tal component s hl can be used to calculate the NP-current. It should

be pointed out at this point, that then the NP-current representation by

means of \sph\ will yield more accurate results than those by means of

5
2

ph-

Coming back to eqn. (5.7), individual harmomcs of i0 are basically deter¬

mined by the convolution of particular harmomcs of iph with particular har¬

momcs of s2h.

With respect to the AC-side currents iph, only the fundamental component

wUl be of major interest, since it can be expected that the higher ordered

harmonics contribute with negUgible values compared to the fundamental

component.

The switching functions s
h

in its turn usually show up both a dominant

fundamental component and in addition higher ordered harmomcs. The am¬

plitude of the fundamental component can be adjusted to a constant value

for any switching frequency fs ,
while the amplitudes of the higher or¬

dered harmonics depend on the modulation scheme and the switching fre¬

quencies. This was clearly shown in chapter 3 for off-Une optimized and

carrier based PWM. Further, for simplicity reasons presuming middler and

large modulation indices (m>0.9), the fundamental component of the
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switching functions sph wiU contribute with die Uon's share compared to

die higher ordered switching function harmomcs.

Based on the above mentioned considerations, the dependancy of die 3rd

and higher ordered NP-current harmonics on the switching frequency fs
wUl be studied in the foUowing. As in the previous chapters, it wiU hereby

be distinguished between investigations with regard to exclusively the 3rd

NP-current harmonic and those concentrating on the higher ordered NP-cur¬

rent harmonics.

5.6.2 Influence on the 3rd NP-current harmonic

a) Qualitative discussions

According to the considerations in the previous chapter, the 3rd harmonic of

i0 will mainly be the result of the convolution of die AC-side cunent funda¬

mental component with the 2nd and die 4tii harmonic of the squared switch¬

ing functions s2h. This can also be verified by the harmonic transfer rule

from the AC- to the DC-side (table 4.5 in chapter 4.3.2) and the individual

decompositions of i . and s2h in symmetrical components (table 4.2 and

table 4.3 in chapter 4.3.1).

Presuming a middler or a large modulation index (m>0.9), the 2nd and 4th

harmomc of s2h in its mm are quite good approximated by the convolutions

of the switching function fundamental component with itself and with its

3rd harmonic.

As mentioned yet, it is advisable also to take into account the 3rd harmonic

since it normaUy is not eliminated in off-line optimized pulse pattems and

also appears in carrier based modulation schemes with superposition of a

3rd harmonic to the control signals.

In addition, the convolution of a significant 5th harmonic in sph with the

fundamental component of sph might contribute to the 4tii harmonic in s2h
and with that to the 3rd harmonic of i0. However, since for higher switching

frequencies the 5tii harmonic of sph is either eliminated or strongly reduced,

their influence wiU only have to be taken into account for very low switch¬

ing frequencies.

Finally, convolutions of exclusively higher ordered switching function har¬

momcs (e.g. 7th, 9th, 11th,...), which also would result to a 2nd (e.g. 7th

with 9th) or a 4th harmonic (e.g. 7th with 1 lth), are here for simplicity rea¬

sons neglected.
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Therefore, it can be summarized that the fundamentals of the AC-side cur¬

rents ih and the switching functions sph and, if present with significant

values, also a 3rd switching function harmonic can be seen to predominantly
determine the 3rd harmonic of the NP-cunent i0.

Hence, with the notation and die symbols introduced in chapter 4.3.1, the

AC-side cunents i
h
and the switching functions sph can sufficiendy be ap¬

proximated by the foUowing equations:

iph = /, sint©,t + Dph + <t>„ + <|>Si + (t>7]) (5.8)

sph = S1sin((oit+Dph+$u+4>Si) + S3sm[3((Q1t+Dph+$u)+<S>S3] (5.9)

The phase angles tyu between the AC-system voltages and the 3-level VSI

output voltages and <j>; between the fundamental components of the AC-

side currents i
h
and the switching functions sph strongly depend on the 3-

level VSI operation mode.

The phase angle <j)5 of the switching function fundamental is given to

<t>s, = n/2

both for the off-line optimized and the carrier based PWM presented in this

thesis. The phase angle (|>5 of the 3rd switching function harmonic in its

turn is subject to vary with the modulation index m and the modulation

scheme. Witii that eqn. (5.8) and eqn. (5.9) can be written to

iph " 'i cos(av + Dph + <}>„ + $7|)

sph = 5! • cos(&v + Dph + <U + S3 sin[3(ov + Dph + (j)„) + ^.

Inserting these expressions in eqn. (5.7) (h=f(iph<sph)) yields after some

trigonometric conversions a rough approximation for the 3rd NP-cunent

harmonic i03. which is given by eqn. (5.10).

»03 = -|/i'M5icos[3(aV+(U+<t,/1]+ (5.10)

+4S3sin[3(a>1f+<|)J+<|>S3]cos<t>/i}

for Sl=m>0.9

Herein, the fundamental ampUtude of i
h, Ix, wUl exclusively be deter-
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mined by die operation point of the 3-level VSI. UsuaUy values up to 1

[p.u.] have to be expected in any nominal operation mode, which is abso¬

lutely independent on the pulse patterns' switching frequency / .

ph

Concerning the fundamental ampUtude of sph, Sl, which is known to coin¬

cide with the modulation index m, also quite large values up to about

m=1.15 can be achieved even for high switching frequencies. This was

shown in chapter 3 and is a must in order to ensure an optimal utilization of

the 3-level VSI.

Finally as well the 3rd harmonic of sph, if present, at most sUghtly varies

with the switching frequency fs as can also be verified in figure 3.4 -

figure 3.7 of chapter 3.7.

With that, it has to be expected tiiat die switching frequency fs of a pulse

pattern s
h

will not have a significant influence on the amplitude of i03, at

least for large modulation indices.

Further, it should be noted at this point that eqn. (5.10) would also be appro¬

priate to qualitatively study the dependancy of i03 on die operation mode of

the 3-level VSI, however exclusively for large modulation indices. Concern¬

ing smaUer modulation indices, the influence of the higher ordered switch¬

ing function harmonics wiU no longer be negligible in eqn. (5.10) and an ex¬

tended mathematical analysis wUl be of need. This in its turn might become

quite complex and cannot compete with die graphical model, especially
from a clearness and simpUcity point of view, and was therefore discarded

in this work.

In order to verify the investigations made up to now, simulations will be pre¬

sented in the following sub-chapter, showing the dependancy of the 3rd NP-

cunent harmonic on the switching frequency fs of the pulse pattems s
h.

b) Simulation results

As representative modulation schemes, off-Une optimized and carrier based

PWM, which have been introduced in chapter 3.4 and chapter 5.4.4b), are

chosen again. The modulation indices are determined to either m=1.15 or,

in order to also take into account smaller values, to m=0.3. The switching

frequency range varies from fs =50 Hz to fs =1450 Hz in steps of 100Hz.

To complete the picture, all simulations are performed for botii die pure ca¬

pacitive and the pure active operation mode.

The results are given in figure 5.16 for a large modulation index m=1.15

and in figure 5.17 for a small modulation index m=0.3 respectively.
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off-line optimized PWM,

pure capacitive operation mode

carrier based PWM,

pure capacitive operation mode

50 250 450 650 850 1050 1250 1450
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50 250 450 650 850 10501250 1450

switching frequency [Hz]

off-Une optimized PWM,

pure active operation mode
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fig 5.16: 3rd, 9tii, 15th and 21st harmonic ampUtude of i0 in depen¬

dancy on the switching frequency fs for off-line opti¬
mized and carrier based PWM, pure capacitive and pure

active operation mode, large modulation index (m=l. 15)
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off-line optimized PWM,

pure capacitive operation mode
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fig 5.17: 3rd, 9th, 15di and 21st harmonic amplitude of i0 in depen¬
dancy on the switching frequency fs for off-Une opti¬
mized and carrier based PWM, pure capacitive and pure

active operation mode, small modulation index (m=0.3)
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Focusing on the amplitude of the 3rd harmonic i03 in the simulations of

figure 5.16, it is evident that for low switching frequencies (50Hz- 250Hz),

the ampUtude of i03 might be subject to change with the switching fre¬

quency fs .
This will moreover be caused by higher ordered harmonics of

the switching functions sph (e.g. die 5th), which, as mentioned in die previ¬
ous sub-chapter, might have a more or less significant influence on the 3rd

NP-current harmomc for lower switching frequencies. However, for values

larger than 250Hz, die impact of the switching frequency fs on the 3rd

harmomc ampUtude is very moderate or reaUy negligible, as is clearly
shown in figure 5.16 for both operation modes and modulation schemes.

With that, it is confirmed that for off-line optimized and carrier based

PWM, even high switching frequencies are not capable to reduce or

eliminate the ampUtude of the 3rd harmonic osciUation!

Apparently this as weU proves right for smaU modulation indices, which

was not investigated mathematicaUy, but is undeniably manifested in

figure 5.17 for both operation modes and modulation schemes.

Finally, it wiU now be interesting to also study the influence of die switching

frequency fs on the higher ordered harmonics of iQ (9th, 15th,...), which

will be performed in die next chapter.

5.6.3 Influence on the higher ordered NP-current harmonics

a) Qualitative discussions

In die previous chapter the studies were based on simpUfied assumptions for

the AC-side currents i
h
and the switching functions s h

in order to investi¬

gate the influence of the switching frequency fs on the 3rd harmonic am¬

plitude of i0.

These simpUfied assumptions wiU now be adapted with respect to investiga¬
tions concerning die influence of the switching frequency fs on die higher
ordered harmonics of i0.

While the AC-side currents i
h
furtheron can sufficiendy be approximated

by eqn. (5.11),

iph = /, sin(uV + Dph + i>u + ^ + ^) (5.11)

the switching functions sph wiU now be written to
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*Ph
- 51sin(m1»+DJ,Ji+*11+^Si) + Sksm[k((alt+Dph+^u)+^St] (5.12)

where Sk and <|>5 denote the ampUtude and die phase angle of die fc-th sig¬
nificant harmonic of sph. As it proved right for sph (eqn. (5.9)) in the previ¬
ous chapter, it is also here presumed that die fundamental component of s

h

contributes with quite a large value. Only then eqn. (5.12) can be seen as an

approximation of sph.

Calculating iph-s2h with eqn. (5.11) and eqn. (5.12) and neglecting aU

terms, which would result in low ordered components (fundamental, 3rd

harmomc) or which would contribute with smaU ampUtudes (S%), yields

eqn. (5.13).

iph s2ph - 1/2 - /,S,St • {sm[(*-2)((V+ZV.+M+<M,/1]+ ^

+2sm[k(<nlt+Dpf,+«fu)+4>Sk] cosifI +

+sml(k+2)((Olt+Dph+4>u)+4>s+q>Ii]}

It is evident in eqn. (5.13), tiiat die particular convolutions iph s2h consist

of 3 oscUlation terms, having a centre frequency equal to those of die signif¬
icant switching function harmomc and a lower and a higher side-band fre¬

quency. It can further be seen, that the term with die centre frequency

strongly depends on the operation mode of die 3-level VSI, which is indi¬

cated in eqn. (5.13) by die term cosi^ (costy[ ~0 for pure reactive and

coscj)/ = 1 for pure active operation mode).

However, though 3 terms are present in iph s2h, only those terms which

constitute a zero sequence system will finaUy contribute to i0, since aU other

terms wiU sum up to 0. Hence, depending on die numeric value of k, either

one of the oscUlations witii a side-band frequency Jt+2, k-2 or the oscilla¬

tion with the centre frequency k will be apparent in i0 with its triple ampli¬
tude.

With tiiat, it generaUy can be expected that die first higher ordered harmonic
of i0 witii a significant amplitude (e.g. comparable to those of the 3rd har¬

momc), wiU coincide or wUl be in the close neighbourhood of the first re¬

markable harmomc of the switching functions s
h.

If the first remarkable switching function harmonic with order k constitutes

a zero sequence system (odd numbered multiple of 3), it will also appear

with the same order in i0. It wUl then show up a remarkable amplitude for
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tiie pure active operation mode (cos<j>7 = 1), but will be almost negligible
for the pure reactive operation mode (cost^ =0), which can be verified in

eqn. (5.13).

If the first remarkable switching function harmonic with order k constitutes

a positive or a negative sequence system, it wUl be reflected to either the

next lower ordered (£-2) or the next higher ordered harmonic (k+2), which

are an odd numbered multiple of 3.

For sure, it wiU therefore also happen that two or more adjacent switching
function harmonics wUl contribute to the same NP-cunent harmonic, which

wdl then either amplify or compensate each others contributions to i0.
Whether they amplify or compensate each others contributions strongly de¬

pends on their individual phase angles (<j)j ) and the operation mode of the

3-level VSI (§, ), as can clearly be seen in eqn. (5.13).

Due to the fact that the orders k of the significant switching function

harmonics will increase with increasing switching frequency fs ,
it can

be concluded that in opposite to the 3rd harmonic of i0, the higher or¬

dered harmonics of i0 show a remarkable dependancy on the switching

frequency ft . The higher the switching frequency /, ,
the higher

also die frequency of the first significant higher ordered harmonic of i0.

The validity of the statements made in this chapter wiU now be verified for

off-line optimized and carrier based PWM by means of representative simu¬

lation results.

b) Simulation results

The simulation results for the higher ordered harmonics of z0 (9th, 15th,

21st) in dependancy on the switching frequency (fs =50Hz.... 1450Hz) are

shown in figure 5.16 for a large modulation index m=1.15.

First, it wiU be focused on off-line optimized PWM, which is represented in

the left column of figure 5.16.

As an example, for fs =150Hz (fs =3[p.u.]) the first switching function

harmonics with significant amplitudes are the 11th and 13th. According to

eqn. (5.13), the 11th harmonic of sph is "reduced" to the 9tii NP-current

harmonic, whUe the 13th wiU be "lifted" to die 15th NP-cunent harmonic.

This statement is in good agreement with the simulation results in the left

column of figure 5.16, where for f
s

=150Hz (fs =3[p.u.]), the 9tii and die

15di at least for the pure reactive operation mode contribute with the most

significant values.
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Or, for fs =250Hz (fs =5[p.u.]), the first significant higher ordered

switching function harmonic wuT be the 17th and the 19th, which wiU, ac¬

cording to eqn. (5.13), be responsible for the generation of a 15th and a 21st

harmonic in i0. Again, figure 5.16 proves the validity of diis consideration.

Further, it is also obvious from both simulations in the left column of

figure 5.16, that witii increasing switching frequencies, also the orders of the

dominant NP-current harmonics wiU increase: whUe the 9tii NP-current har¬

monic wUl be the most significant for fs =50Hz (fs =l[p.u.]), the same

proves right for the 15th with fs =150Hz (/, =3[p'u.]) and for the 21st

with fs =250Hz(/. =5[p.u.])
P"

pn ph

Therefore, it can be seen to be proven that for this type of off-Une optimized

PWM (elimination of particular harmonics), an increased switching fre¬

quency fs of the pulse pattems sph wUl also shift the significant higher

ordered harmonics of i0 to higher frequencies.

For carrier based PWM, as described by eqn. (3.5) in chapter 3.4.3 a), the

lowest orders of significant switching function harmonics are given to

* = 2-/e±v-/1=2-/v±v-/1; v=l;

Hence, for e.g. fs =250Hz (fs =5[p.u.]), k results to Jt=9 and Jfc=ll,

which conesponds to a significant 9th and 11th switching function har¬

monic. According to the statements in die previous sub-chapter, these two

harmonics will be reflected to die 9tii NP-current harmonic, which clearly

can be verified in the right column of figure 5.16. Analog considerations for

f, =350Hz(/v =7[p.u.]) or f, =550Hz(/t =ll[p.u.]) claim the 15th or
Sph sph sph sph

21st NP-current harmonic to be the most dominant, which also is in very

good agreement with die results achieved in figure 5.16.

With tiiat it is also confirmed for carrier based PWM, that higher switching

frequencies of the pulse patterns sph simultaneously yield higher orders for

the first significant NP-cunent harmonic, except of the 3rd for sure, which

unfortunately does not follow this rale.

It is interesting that for fs h=150Hz (/, =3[p.u.]) and fs =450Hz

(fs =9[p.u.]), none of the higher ordered NP-current harmonics $th, 15th,

21st) contributes with exceptional large values, which proves right for both

operation modes. This behaviour wiU not be investigated more in depth here

but could generaUy be validated by additional simulations for this kind of

carrier based PWM and switching frequencies being an odd numbered mul¬

tiple of 3. Apparendy, adjacent switching function harmonics compensate
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each others contributions to the NP-cunent i0, independentiy on the opera¬

tion mode. Hence, with respect to small higher ordered NP-cunent har¬

monic ampUtudes, it is advisable to choose the switching frequencies as an

odd numbered multiple of 3. However, when e.g. selecting other carrier

waves, this positive attribute might be subject to change, as can be verified

in [30].

With respect to both off-line optimized and carrier based PWM, it is also ev¬

ident diat a specific operation mode can have a remarkable influence on the

ampUtudes of the particular higher ordered NP-cunent harmonics. This

could undeniably be seen in eqn. (5.13) and can also be verified by compar¬

ison of the upper and lower graphics of figure 5.16.

Further, as mentioned yet in chapter 5.4.4 and chapter 5.5.3, it is once more

confirmed in figure 5.16, that for the same switching frequency fs ,
the

carrier based PWM exhibits lower ordered NP-current harmonics than off-

Une optimized PWM.

However, all in aU it can be concluded, that for large modulation indices the

influence of the higher ordered harmonics of i0 on the DC-side voltages

um and uD2 will not be significant compared to the impact of die 3rd NP-

current harmomc.

Unfortunately, this might be subject to change for smaller modulation indi¬

ces. Hence, though not investigated madiematically, also a small modulation

index (m=0.3) has been taken into account, which is manifested in die si¬

mulations of figure 5.17 for both operation modes and modulation schemes.

Concerning the dependancy of the significant NP-current harmonic orders

on the switching frequency fs ,
the results achieved for a large modulation

index m are confirmed. Also here, the higher the switching frequency fs ,

the higher the orders of the significant NP-current harmonics.

However, compared with die 3rd NP-cunent harmonic amplitude, die higher
ordered NP-cunent harmonics now exhibit quite large amplitudes, if the

modulation indices m are smaU.

For off-line optimized PWM (left column of figure 5.17), the higher ordered

harmonic amplitudes still do not exceed those values of die 3rd harmonic.

More, they experience a better damping by the DC-side capacitors and

therefore, the 3rd harmonic can furtheron be seen as the predominant oscil¬

lation in the DC-side voltages. The latter mentioned proves right for all

switching frequencies and also for modulation indices even smaller than

m=0.3, as could be verified by additional simulations.
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This is subject to change for carrier based PWM (right column of

figure 5.17), where die 9th, 15tii and 21st of i0 may take on values up to 7

times larger or more than tiiose of die 3rd NP-current harmomc, especially
in the pure active operation mode. Though they are better damped by die

DC-side capacitors tiian die 3rd harmonic of i0, diey aU die same might

show up osciUations in uD1 and uD2 witii larger amplitudes than those of

the 3rd harmonic. For m=0.3, this wUl be true with respect to switching fre¬

quencies up to 750Hz, or, as further simulations with even smaUer modula¬

tion indices m showed, up to more than 1kHz. For higher switching fre¬

quencies, the first higher ordered significant harmonic wiU then sufficiendy

be damped by the DC-side capacitors and wiU tiierefore no longer remarka¬

bly contribute to the osculations in uDl and uD2.

Also for small modulation indices, anotiier way to reduce the influence of

die higher ordered NP-current harmonics for this kind of carrier based

PWM consists in choosing the switching frequency fs as an odd num¬

bered multiple of 3. This was proven in additional simulations and is as weU

obvious in the left column offigure 5.17.

5.7 Summary

In this chapter, it was first of aU shown that die NP-current i0 is the driving

force for the 3-level VSI specific osciUations in die two DC-side voltages

uD1 and uD2. These undesirable osciUations have an identical shape in both

DC-side voltages um and uD2, however a phase-displacement by Jt.

The NP-current i0 in its turn was found to depend on the switching func¬

tions s
h
and the AC-side cunents i

h.
The location of the NP-angles as

weU as the relative phase-displacement of die pulse patterns s
h
with re¬

spect to the AC-side currents iph wiU have a remarkable influence on i0.

This could be seen with die help of a graphical model, which is a powerful

simple tool to describe the generation, the operation mode dependancy and

the harmonic orders of the NP-current i0.

For symmetrical operation conditions (sph and i
h
art symmetrical 3-phase

systems), it was proved that the harmonic orders of i0 wUl be odd numbered

multiples of 3 with respect to the fundamental frequency fx on the AC-side.

In case of asymmetrical 3-phase conditions either for the pulse patterns s h

or the AC-side cunents i
h,

the fundamental frequency of the NP-cunent i"0
equals those on die AC-side (/,).
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These general vaUd results have not only been verified for FFM modulation

but also for off-line optimized and carrier based PWM.

In addition, investigations have been performed to show how the 3rd har¬

momc in i0 and their multiples depend on the following parameters:

• the operation mode of die 3-level VSI

• die modulation index m of die pulse patterns sph
• die switching frequency fs of the pulse patterns s

h.

For FFM and off-Une optimized PWM and high modulation indices

(m > 0.9), the amplitude of die 3rd harmonic in i0 has the highest ampli¬
tudes in the purely reactive operation mode and the lowest in the purely ac¬

tive operation mode. This is also to be expected for the carrier based PWM

with the sophisticated flat-top control signal (chapter 3.5, carrier frequency

fc is higher than the switching frequency fs ), since the shape of its pulse
pattems s

h
is quite sinular to those of off-line optimized PWM.

With decreasing modulation index however (m<0.9, FFM and off-line opti¬
mized), this turns into the opposite (highest 3rd harmonic amplitudes in i0
for the pure active operation mode, smallest ones for the pure reactive oper¬

ation mode).

The multiples of the 3rd harmonic in i0 have only a moderate influence.

For conventional carrier based PWM (carrier frequency fc equals the

switching frequency fs ), the 3rd harmomc amplitude showed up highest
values for a pure reactive and smallest values for a pure active operation
mode. The 3rd harmonic amplitude is a linear function of the modulation in¬

dex m, regardless of the operation mode.

Concerning the higher ordered harmonics of i0 (9th, 15tii,...), it tumed out

that for conventional carrier based PWM, quite impressive amplitudes have

to be expected, especially for small modulation indices and a pure active op¬

eration mode. Hence, despite a reasonable good damping, oscillations may
arise in the DC-side voltages uDX and uD2, which have similar or even

shghtly larger amplitudes than those of die 3rd harmonic.

Finally, the influence of the switching frequency fs on the 3rd harmonic

of i0 and its multiples has been studied.

It can roughly be said that the switching frequency fs has no major influ¬

ence on the 3rd harmonic of i0, at least for switching frequencies larger than
250Hz.
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The multiples of the 3rd NP-cunent harmonic however can be reduced to

negligible values by increasing the switching frequency / .

ph

These statements concerning the dependancy of the NP-current harmonics

on the switching frequency fs are vaUd for both off-line optimized (incl.

FFM), and conventional earner based PWM pulse patterns (carrier fre¬

quency fc equals to the switching frequency fs ).
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6 Quantitative harmonic analysis for a

SVC application

6.1 Overview

In chapter 4 a qualitative harmonic analysis of the 3-level VSI was per¬

formed, which is vaUd for aU 3-level VSI operation modes (reactive and ac¬

tive power exchange with the AC-system). In order to quantitatively verify
the achieved results, the system equations derived in chapter 2.4.2 are

solved with the mediod of the matrix exponential and the simulation tool

MATLAB. This was performed for the pure reactive operation mode by

means of a 3-level VSI SVC.

Hereby especially small DC-side capacitor sizes are taken into account. It

wUl be shown that a 3-level VSI witii a small DC-side capacitor

(c,ot=0.5[p.u.] or ic =1.44 msec) will have some inherent drawbacks,

which are not known from the 2-level VSI.

Finally, the influence of the 3-level VSI DC-side capacitor size on relevant

system quantities (harmomcs, Total Harmomc Distortion (THD), stress of

valves and passive components) is studied and compared with the 2-level

VSI. As well a reasonable capacitor size for the investigations in the follow¬

ing chapters is derived.

The modulation schemes chosen include Fundamental Frequency Modula¬

tion (FFM) and off-line optimized PWM witii a switching frequency

f, =250Hz (/, =5[p.u.]).

6.2 Solution methods for the system equations

Assuming infinite values c —> °° for the 3-level VSI DC-side capacitors en¬

sures that the DC-side voltages uDl and uD2 constitute ripplefree DC-quan¬
tities. Hence, there wiU be no feedback from the AC-side cunent harmonics

to the DC-side voltages and vice versa. It is then possible to solve the sys¬

tem equation on the AC-side (eqn. (2.17) in chapter 2.4.2) for the currents

iph with analytical methods. In many applications (e.g. drives), the DC-side

capacitors have reasonable large values and it is sufficient to use these ana¬

lytical methods.
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However, if smaller capacitor values are required, as it is desirable in trans¬

mission appUcations, a not negUgible interaction between the AC-side cur¬

rent harmonics and the DC-side voltage harmonics exists. Then, die AC-

side current harmonics wUl cause a ripple in the DC-side voltages which in

its turn has an influence on the AC-side current harmonics. Therefore, die

system equation (eqn. (2.17) in chapter 2.4.2) has to be solved also widi re¬

spect to the DC-side equations (chapter 2.4.3). Unfortunately, this is not

possible witii the simple analytical metiiods.

MadiematicaUy spoken, eqn. (2.17) togedier witii the DC-side equations de¬

rived in chapter 2.4.3, is a system of Unear differential equations with piece-
wise constant coefficients. These piece-wise constant coefficients are repre¬

sented by the switching functions sph, which piece-wise take on the con¬

stant values 1, -1 or 0. A periodical solution for this kind of differential

equation can not be calculated witii simple analytical methods.

Many simulation tools (e.g. SABER etc.) are capable to deal with this prob¬
lem by using numerical algorithms, e.g. those proposed by Newton-Raph-
son or Katznelson. These algorithms provide an approximated solution of

the Kirchhoff laws for each time instant, the accuracy of which can be influ¬

enced by an eUgible step-size and other parameters. Hereby, very smaU de¬

viations from the exact values might in consecutive calculation steps sum up

to values which are no longer negUgible. Hence, the simulation results

sometimes remarkably differ from the exact results, which can be inter¬

preted as a numerical instabUity. In order to avoid this problem, a very fine

resolution of the program's step-size and other accuracy parameters are re¬

quired, which yields very long computing times for a sufficient output. Fur¬

ther, the influences of an implemented control scheme or the excitation of

badly damped system resonances might falsify the steady state result of a

harmonic analysis.

However, this kind of simulation tools have the advantage, tiiat there is no

need for an exact mathematical description of the investigated system. Usu¬

ally, solely the individual system components have to be specified and con¬

nected to each otiier in form of a net-Ust, which actually is similar to the cir¬

cuit plans of a real hardware model. These net-Usts wiU then be compiled to

an appropriate equation system, which wiU be solved with the above men¬

tioned numerical methods. The system components are given by the simula¬

tor software or can also be user-defined. In general, they may include all

kind of electrical or electronic components, switches and control blocks or,

as just mentioned, user-defined functions.
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Another approach focuses on the solution ofthe differential equation system

by means of die matrix exponential, which also includes the construction

of periodic results. Hereby, in a first step, the equations are solved at each

switching instant, the latter of which are determined by the switching func¬

tions sph. The particular achieved results are tiien used as initial values for

further calculations. During the time intervals between two consecutive

switching actions, the Unear differential equations have constant coefficients

with values 1, -1 or 0. Hence, together with die above mentioned initial val¬

ues, a periodical solution can be calculated with the help of the matrix expo¬

nential. This approach is much less computing time intensive than other ap¬

proximation methods, numericaUy very stable, free of control system or res¬

onance influences and always yields an exact steady-state solution. Further,

it is also easy to take into account the spUtted 3-level VSI output voltages

uPhsum' uphdiff and currents iphsum, iphdiff in order to assess their individ¬

ual contributions. However, this method will only be useful, if the system to

be analysed wUl completely mathematicaUy be described, which sometimes

might not be trivial at aU, especially if in addition a control scheme should

also be included.

Here in this chapter a steady-state harmonic analysis of a system, which is

completely mathematically defined, wiU be presented. Hence, the following
results are based on the mathematical solution of the differential system

equations by means of the matrix exponential. The implementation was

realized with MATLAB in coUaboration with the Institute of Applied Math¬

ematics of ETH. For more detailed information, the reader is refened to [55]

and [56].

6.3 SVC

The example chosen is a Static Var Compensator (SVC) with a 3-level VSI,

since this is the main application investigated in this thesis. Due to the fact

tiiat no active power is provided to the AC-system, there is no need for a

source or a sink on the DC-side and figure 2.1 can be simplified according to

figure 6.1.

6.3.1 Control scheme

The control scheme of the 3-level VSI SVC is described in depth in

chapter 9. However, for a better understanding, the most important features

will be summarized shortly.
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'Za,Zb,Zc hi

fig 6.1: simpUfied model of a SVC with 3-level VSI

First of aU, it should be pointed out that the modulation index m of die cho¬

sen pulse pattem (FFM or PWM) is assumed to be constant over the whole

operation range of the SVC. This impUes tiiat die fundamental component

of the 3-level VSI output voltages uph has to be conrroUed via die DC-side

voltage. Therefore, in order to set a desired reactive current, the DC-side ca¬

pacitors have to be charged or discharged. This wiU be achieved by a brief

increase of the angle §u between the fundamentals of the AC-system volt¬

ages uL f,
and the 3-level VSI output voltages u h

in either direction. As a

result an active component in the 3-level VSI currents i
h

will appear and

energy wiU be drawn or deUvered to the DC-side capacitors.

More details about the control strategy are given in chapter 9, since here

only investigations on harmomcs and me design of the DC-side capacitor
are of interest.

Both for symmetrical and asymmetrical operation conditions the SVC

works in die nominal capacitive operation mode. This is assumed due to die

fact, tiiat this operating point impUes the worst case concerning both the

stress of the valves Oiighest DC-voltages um/D2) and the ampUtudes of die

AC-side cunent harmonics, which is also confirmed in the phasor diagram
of figure 5.2 in chapter 5.4.2.

Nominal capacitive operation mode means (neglecting the losses), that the

fundamental positive sequence component of the AC-cunents i
h

has an

ampUtude equal to 1 [p.u.] and is leading by Jt/2 with respect to the funda¬

mental positive sequence component of uLph.
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6.3.2 Modulation schemes

The modulation schemes will include FFM and off-line optimized PWM

with a switching frequency fs =250Hz (fs =5[p.u.]). The generation and

the attributes of the pulse-pattems were described in chapter 3.4. The stud¬

ies in this chapter are restricted to off-line optimized switching functions,

since carrier based PWM modulation would not yield principally distinctive

results.

FFM is chosen because this modulation scheme yields a mimmum of

switching losses in the valves, which is, especially in high power transmis¬

sion applications, highly desirable. Further, it is the most challenging touch¬

stone for a control scheme with respect to the dynamic behaviour. It will be

anticipated here, that tiierefore FFM modulation was chosen for the investi¬

gations concerning the 3-level VSI control in chapter 9.

Hereby, the unique NP-angle P of the FFM switching function was opti¬
mized to p" = n/10. Witii tiiat, according to table 3.1 in chapter 3.4, the 5th

harmomc is eliminated. In addition, the 7th harmonic is reduced. The modu¬

lation index results to m=1.211.

With regard to the off-line optimized pulse pattern, the 5th, 7th, 11th, 13th

and 17th harmomcs are eliminated by additional switching pulses. For to¬

days available high power semiconductors, the switching frequency

fs =250Hz (fs =5[p.u.]) can be assumed to be realistic even for applica¬
tions up to a few hundred megawatts. Also the modulation index m =1.166

is still quite high.

6.3.3 System parameters

a) AC-system and transformer impedance

For the studies in this chapter, the AC-system impedance consisting of rL
and lL wUl be neglected, i.e. an infinite strong AC-system will be assumed:

/L = 0[p.u.] rL = 0[p.u.].

The transformer impedance is chosen to

I = 0.2 [p.u.] r = 0.005 [p.u.].

b) DC-side capacitors

With regard to the DC-side capacitors c, quite a small value is assumed,
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which wiU be desirable in transmission appUcations:

c-\ [p.u.] => total capacitance = c,ot = - = 0.5 [p.u.]

It should be mentioned at this point, that capacitors with a size of c=l[p.u.],
instaUed in each phase on the AC-side, would absorb the same capacitive

power from the AC-system as die 3-level VSI in the nominal capacitive op¬

eration mode. However, die per unit definition of c or ctot presumes a max¬

imum voltage stress equal to the ampUtude of die AC-system voltages uLph,
which unfortunately does not have to prove right for the capacitors on the 3-

level VSI DC-side. Hence, die per unit definition of die capacitors is suita¬

ble for its representation in normaUzed equations but not for the assessment

of their real size including tiieir necessary voltage rating.

Another, more appropriate definition for c or cwt is by means of a time con¬

stant. This time constant is defined by die ratio between the stored capacitor

energy at a nominal rated DC-side voltage and die nominal apparent power

of the 3-level VSI. This time constant can also be expressed in dependancy
on the per unit representation of the capacitors c and die modulation index

m of a specific pulse patterns, which results in

4. c

xc = [sec] and xc = y^— [sec] (6.1)
3 • m2 • w, ">' 3 • m2 w,

with w, = 2jc • f, = 2tc • 50Hz

A more detailed derivation of eqn. (6.1) is presented in appendix A.2.

With that and c=l[p.u.], c(o(=0.5[p.u.] the time constants Xc and 1C for

FFM modulation (m=1.211)are calculated to

X. = 0.72 msec and xr = 2x. = 1.44 msec

For the off-line optimized PWM pulse pattern, slightly larger time constants

xc and xct0J are achieved due to the smaller modulation index m=1.166:

T. = 0.78 msec and x. = 2x. = 1.56 msec

In order to absorb the same capacitive power from the AC-system as the 3-

level VSI in the nominal capacitive operation mode, 3 AC-side capacitors,
each with a time constant xcAC of



-162-

t.,c = = 1.06 msec,cAC
3 w,

have to be installed on the AC-side. This results in a total time constant

x. of
LlolAC

x. =3 -X-.r = — = 3.18 msec
eroMC CA*~

-if/

The capacitor size definition based on a time constant both combines the

size and the DC-side voltage stress of a specific capacitor and wUl therefore

be an appropriate quantity to assess its real size and witii that its price.

In the studies to foUow, the capacitor values c or clot are given with respect

to both the per unit and the time constant definition.

FinaUy, all parameters for the simulations of the system in figure 6.1 will be

summarized in table 6.1.

6.4 Symmetrical operation conditions

Now that the basics are derived, this chapter presents the quantitative har¬

monic analysis results for the SVC-example. First of all symmetrical opera¬

tion conditions are presumed according to the definition in chapter 4.3.

The foUowing figures 6.21 - 6.2III and 6.31- 6.3III show the Une diagrams
and the spectra of aU currents and voltages introduced in chapter 2.3 for the

FFM and off-line optimized PWM modulated SVC example under symmet¬
rical operation conditions.

It should be mentioned that herein uphsum, iphsum, uphdiff and iphdiff only
constitute objective variables, which are practicably not measurable but they
are of great value for proving later described phenomenons.

6.4.1 Harmonic orders

By comparing the harmonic orders of the individual quantities in the right
columns of figures 6.21 - 6.2111 and 6.31- 6.3III with the results of chapter 4

one can easUy verify the good agreement. Especially the fact that the har¬

momc orders of die DC-side quantities iDl, iD2 and um, uD2 differ from

the harmonic orders of their sum (iDl + iD2 (=-i0X uDl + "di) or meir mi"

ference (iD1 - iD2, uD1 - uD2) can clearly be seen in figure 6.2III.
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System parameters:

AC-system impedance: /L = 0[p.u.]; rL '--- 0 [p.u.]

decoupling impedance: 1 = 0.2 [p.u.] r = 0.005 [p.u.]

DC-side capacitance: cto/=0.5[p.u.] or x. =1.44msec (FFM);
Ltot

xr = 1.56msec (off-Une
tot

opt. PWM);

Per unit [p.u.] and capacitor time constant \o, definition in appendix

A.l and appendix A.2 respectively

Modulation schemes:

Fundamentalfrequency modulation (FFM)

switching frequency: 50Hz

eliminated harmonic: 5th harmonic

modulation index: m = 1.211

(NP-angle p* = rc/10 table 3.1 in chapter 3.4)

off-Une optimized PWM

switching frequency: 250Hz

eliminated harmonics: 5th, 7th, 11th, 13,th 17tii harmonic
:

modulation index: m = 1.166 (table 3.1 in chapter 3.4)

table 6.1: parameters of the SVC (figure 6.1) for the simulations in

chapter 6.4 - chapter 6.6, chapter 7.3 - chapter 7.5 (if not

otherwise expUcitly stated)
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line diagram amplitude spectrum
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6.4.2 DC-side quantities

Concerning design questions, die individual variations in time of the 3-level

VSI voltages and currents are of great help. Though not aU subplots of fig¬
ures 6.21 - 6.2m and 6.31- 6.3III are discussed in deptii, they nevertheless

are presented in order to get famiUar witii the 3-level VSI quantities.

Having a closer look at the variations in time in figure 6.2III left column,

plot b) and d), it is important to mention that die peak values of each DC-

voltage um and uD2 are higher than the peak value of half the sum of botii

uDsum/2 = (UD1 + I*D2V2-

It should be pointed out, that die stress of die capacitors and, what is more

worse, of the valves is determined by die particular DC-voltages um and

uD2 and not by half of tiieir sum (uDi + uD2)/2. Here, an overdimension-

ing of about 15% for the valves and capacitors with regard to die expected
values is necessary. It should be emphasized, tiiat tiiis, especially in high

power appUcations, is quite a lot and wUl cause undesirable higher costs!

This phenomenon can be explained by the harmonics being odd numbered

multiples of 3 in uDl and uD2, which are eliminated in uDsum. EspeciaUy
the 3rd harmomc contributes with die largest amount to the peak values of

uDX and uD2, which can be verified in their spectra in figure 6.2III right,

plot b).

These results are principaUy not astonishing from a quaUtative point of

view, since they madiematicaUy and graphicaUy have been derived yet in

chapter 4.3.2 and chapter 5.4.3. However, here their quite impressive quanti¬
tative influence on the dimensioning of the 3-level VSI can clearly be seen

for the first time.

In order to investigate the influence of the switching frequency on this 3-

level VSI specific drawback, the off-line optimized pulse pattem with a

switching frequency fs =250Hz (/, =5[p.u.]) was chosen and a simula¬

tion with otherwise the same parameters has been performed. The results

can be seen in the figures 6.31 - 6.3m. For reasons of clarity aU AC-side

quantities are represented only by means of phase a, since the phases b and c

look die same except of die phase shift 2/37t.

By comparison of figure 6.2III left column, plot d) witii figure 6.3III left

column, plot d) it can be concluded that the ripple of the total DC-side volt¬

age uDsum has decreased for the off-line optimized PWM modulated SVC.

However, the ripple and die peak values of the individual DC-side voltages
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um and uD2 (figure 6.3III left column, plot b)) nearly have remained the

same in comparison to FFM modulation (figure 6.2m left column, plot b))!

By opposing the spectra of uDl and uD2 for the two different pulse pattems,

it can be observed that die most dominant harmonic component, the 3rd har¬

monic, has about die same size in both simulations.

The fact that the 3rd harmonic of um and uD2 does not exhibit a significant

dependancy on the switching frequency of the pulse patterns was also con¬

firmed by the statements and simulation results in chapter 5.6.

A reduction of the 3rd harmonic in uDl and uD2 could be achieved by in-

stalUng a filter or by increasing the size of the DC-side capacitors c, which

might constitute the cheaper solution. The latter wiU be investigated more in

depth in chapter 6.6.

6.4.3 AC-side quantities

Another interesting point to focus on is with respect to the harmomc content

of the phase currents iph on the AC-side, which wiU be performed in the fol¬

lowing.

The PWM pulse pattems for the example in figures 6.31 - 6.3m were opti¬
mized for the elimination of the 5di, 7di, 11m, 13di and 17di harmonic. This

can be verified by die spectra of s
h

in figure 6.31 right column, plot b),
where no 5th, 7th, 11th, 13th and 17th harmonic are present. Therefore,

these harmonics are also not to be expected in the AC-side currents i
h.

However, due to their eUmination in s
h,

these harmonics appear in the 3-

level VSI output voltages uph and currents iph as it is proved in figure 6.31

right, plot c) and e). This is an astonishing result! Though the amplitudes of

the 11th, 13th and 17di harmonic are very smaU, those of the 5th (0.03

[p.u.]) and 7th harmomc (0.01 [p.u.]) are not negligible in a high voltage
transmission application, where the harmonic emission limits usually are

very strict.

Hence it is of great interest to study die origin of this phenomenon. For that

purpose, the two parts uphsum and uphdlif of the spUtted 3-level VSI output

voltages uph are of great help. By comparing their spectra in figure 6.3II

right column, plot b) and d), it is evident that mosdy uphd,jf contributes to

the 5tii and 7th harmonic in the AC-side cunents i
h, or exactly ipf,diff-

uphdiff m its tum is a function of uDdlff and the squared switching functions

sjh or |s A| (eqn. (2.7) or eqn. (2.8) in chapter 2.4.1).

According to the decomposition of s2h or \s h\ and uDdlff (table 4.2 and
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table 4.8 in chapter 4.3) and the harmonic transfer rale from the DC- to the

AC-side (table 4.9 in chapter 4.3.3), the generation of the 5th and 7tii har¬

monic is determined. The 5th harmonic wiU mainly be caused by the convo¬

lution of the lowest ordered harmonic of uDdi^ (the 3rd) with the lowest or¬

dered harmonic of s^h or \sph\ (die 2nd). The 7tii harmonic wiU predomi¬
nantly be die result of the convolution of the 3rd harmonic in uDdiff with the

4th harmomc of s2h or \sph\.
Since these lowest ordered harmonics in uDdiff and s2h do not decrease sig¬

nificantly with increasing switching frequencies, this phenomenon as well

can only be influenced by means of a 150 Hz filter for uDl/D2 or a larger

DC-capacitor size (see also chapter 6.6.2).

It was shown that the 3rd harmonic in uDi/£>2 wUl cause a 5th and 7th har¬

momc to arise in i
hdiff

and with that also in i .. More, these 5th and 7th

harmonic in i
h,

convoluted with the fundamental component of s
h,

will in

its turn yield a smaU 6th harmonic to arise in uDsum (eqn. (2.36) in

chapter 2.4.3). Then, this 6tii harmonic in uDsum wiU be transfened back as

a small 5th and 7th harmomc in uphsum (eqn. (2.13) in chapter 2.4.1), which

finaUy also causes harmonic components of the same orders to appear in

iphsum The graphic d) in the right column of figure 6.3III and the graphics

b) and c) in the right column of figure 6.3II prove the validity of these state¬

ments.

Of course, also the higher ordered harmonics of uDdiff wiU at least theoreti¬

cally have an influence on the 3-level VSI AC-side harmonics in the same

way as described above. However, they usuaUy show up quite small ampli¬
tudes and therefore their AC-side contributions can be neglected in most

cases.

Hence, it can be summarized that the odd numbered harmomcs in

um/D2 (predominantly the 3rd) will cause odd numbered AC-side cur¬

rent harmonics to arise (predominantly the 5th and 7th), independently
on their elimination in the switching functions s h.

6.4.4 Influence of AC-system voltage harmonics

Up to now, the AC-system voltages uL . have been assumed to form an

ideal cosinusoidal 3-phase system. Hence, the AC-system did not contribute

with harmomcs, which were entirely caused by die 3-level VSI and its

switching functions.

Usually the very low harmonic distortion of a high voltage AC-system will
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not have a significant influence on the harmonics apparent on the AC- and

die DC-side of die VSI. However some exceptional cases exist, where a spe¬

cific harmonic in the AC-system voltages uL h
wiU cause an increased

stress for the 2-level or 3-level VSI.

This might happen, if e.g. a specific harmonic in uLph would coincide with

one of the system resonances, which are determined by the reactive compo¬

nents of both the AC-system and die 2- or 3-level VSI. The hereby arising

problems have been investigated in depth in [60] - [62] for the 2-level VSI

and are also present for the 3-level VSI topology. Hence, this wiU not further

be studied in this diesis.

It was also shown in [62], that a positive sequence 2nd harmonic in uLph
wUl yield DC-components to arise in the AC-side phase currents iph, which
in its mm wUl saturate the inverter transformer. Though this was proved for

the 2-level VSI, it is also valid for the 3-level VSI topology, which could be

verified with the general harmonic transfer rales presented in chapter 4.3.2

and chapter 4.3.3.

On the other side, a negative sequence 2nd harmonic in uLph usually wUl

not cause any serious trouble for the 2-level VSI, presuming that tiiere is no

excitation of a system's resonance. However, this wiU be subject to change,
if the 3-level VSI topology is chosen instead of the 2-level VSI. It should be

anticipated here, that for a 3-level VSI a negative sequence 2nd harmonic in

uLph will cause an unbalance in the DC-side voltages uD1 and uD2. This

phenomenon wiU be investigated more in depth in chapter 7.5.4.

6.5 Asymmetrical operation conditions

The steady state performance of the 3-level VSI under asymmetrical opera¬

tion conditions wiU also be of major importance. Especially investigations
on the stress of the 3-level VSI components and valves are of high interest.

Therefore this will be studied in this chapter for the 3-level VSI SVC exam¬

ple.

As a case for asymmetrical operation conditions a single line voltage drop
of 75% in the AC-system voltage uLa is assumed.

Hereby, the fundamentals of the AC-cunents iph are controlled in a way

that they form a symmetrical 3-phase system. This will be achieved by a

feed-forward controUer, which ensures that die stress of aU components can

be kept at a tolerable level. The feed-forward controUer is described in detaU
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in chapter 9.4. However, it should be mentioned, that both the higher or¬

dered harmonics of iph and all harmonics of s
h, including the fundamen¬

tal, constitute an asymmetrical 3-phase system according to the definition in

chapter 4.4.

The following figures 6.41 - 6.4III present die simulation results. It should

be noted that for clarity reasons, the AC-side spectra are only represented by

phase a, since no other harmonic orders appear in phase b and c. Though the

particular harmomc ampUtudes are not the same for all 3 phases, they are

not of importance here.

6.5.1 Harmonic orders

First of all, concerning the harmonic orders of the individual 3-level VSI

quantities, one can verify the good agreement with the qualitative harmonic

analysis performed in chapter 4.4.

Especially the fact tiiat die harmonic orders of the DC-side quantities

'oi/D2' udi/D2 show up all even and odd numbered harmonics, which is

different from the 2-level VSI, can clearly be seen in figure 6.4m right col¬

umn, plot a) and b). Also, in analogy to symmetrical operation conditions, it

is shown that specific harmomc orders (either the even or the odd numbered)

are eliminated in the sum or difference of iD\/ui and udi/di (figure 6.4III

right column, plot c) and d)).

Regarding the AC-side, it is further evident in figure 6.41 - 6.4II that die AC-

side cunent spectra now also include all odd numbered multiples of 3 as

predicted in chapter 4.4.1.

6.5.2 DC-side quantities

The most significant harmonics in um/D2 (figure 6.4HI right column, plot
b)), which simultaneously are exclusively caused by asymmetrical operation
conditions, are the 50Hz and the 100Hz component.

The 50Hz harmonic is principaUy generated by the convolution of the AC-

side current fundamental with die 2nd harmonic of s2k (positive sequence

component). The 100 Hz harmonic on its side is mainly die result of the

convolution of die fundamentals of i
h
and s

h.
This can easily be verified

with the help of the harmonic transfer rale deduced in chapter 4.4 and the

decomposition of iph, sph and s2h in symmetrical components (table -4.16

in chapter 4.4.1).

It should be pointed out, that also these 50 Hz and 100Hz harmonics cannot
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be remarkably reduced by means of a higher switching frequency, since

mainly the fundamentals of iph, sph and s2h contribute to their generation.

In opposite, during asymmetrical operation conditions, the 2-level VSI

mainly contributes with only a 100 Hz component in the DC-side voltage. In

order to reduce this 100 Hz component, it often makes sense to install a fil¬

ter on the DC-side ([68]).

It should be emphasized, that the same measure appUed to the 3-level VSI

asks for 50 Hz- and 100 Hz filters instead of one 100 Hz filter, which will in¬

crease the costs in comparison to the 2-level VSI! Especially the 50 Hz fil¬

ters will have a larger size than the 100 Hz filters and will therefore be more

expensive.

The simulation of the off-line optimized PWM modulated 3-level SVC at

asymmetrical operation conditions does not yield new results and wUl there¬

fore not be presented.

The discussions in the two chapters 6.4 and 6.5 confirmed the usefulness of

the detaUed 3-level VSI equations (chapter 2.4) and die quaUtative harmonic

analysis (chapter 4). With their help it was quite simple to analyse some 3-

level VSI specific effects, which are not known from the 2-level VSI.

It can be concluded that both for a reasonable system design and for a

proper eUmination of specific low ordered AC-side harmonics, the DC-

side capacitor value must not be chosen too small.

6.6 Influence of the DC-side capacitor size

The previous chapter showed that the size of the DC-side capacitors has to

be chosen carefully in order to keep the stress of the components at a tolera¬

ble level.

As discussed yet, increasing the switching frequency is not capable to re¬

duce the specific DC-side harmonics in um and uD2 in a sufficient way.

DC-side filters would fulfil these requirements, however they produce addi¬

tional costs and losses. Especially for the 3-level VSI, where filters for 50

Hz, 100Hz and 150 Hz would be necessary to deal both with symmetrical
and asymmetrical operation conditions, this solution is not competitive at

all. A reasonable approach might be therefore to increase the DC-capacitor
size.
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Another point of interest concerns the dependancy of the individual AC-side

current harmonics and of the THD (Total Harmonic Distortion) on die DC-

side capacitor size.

Both subjects wiU now be investigated more in depth for FFM and off-Une

optimized PWM (fs =250Hz, fs =5[p.u.]) by means of the 3-level SVC-

example. The same system parameters as up to now are assumed (table 6.1),

except of a varying DC-side capacitor size. In addition the results wUl be

compared witii tiiose of a FFM and off-Une optimized PWM (fs =250Hz,

/, =5[p.u.]) modulated 2-level VSI SVC-example. The 2-level"Vsi SVC

has identical system parameters as the 3-level VSI SVC and is also sup¬

posed to work in the nominal capacitive mode. However, no harmonics can

be eliminated or reduced for FFM modulation and only the 5tii and 7th har¬

momc can be eliminated for off-Une optimized PWM witii a switching fre¬

quency of fs =250Hz (fs =5[p.u.]). Therefore, on first sight, a larger

stress for the valves and die DC-side capacitors should reaUy be expected
for the 2-level VSI compared with die 3-level VSI.

In tiiis chapter only results for symmetrical operation conditions are pre¬

sented due to the following two reasons:

• concerning the influence of the capacitor size on the DC-side volt¬

ages um/D2, it will be anticipated here, that botii for symmetrical
and asymmetrical operation conditions very similar qualitative
results were achieved for the SVC-example.

• witii regard to particular harmonics and the THD it makes no

sense to investigate the influence of die capacitor size under

asymmetrical operation conditions. During disturbances die most

important task of the SVC is to limit its currents and voltages and

to stabilize die AC-network, however not to be as mains friendly
as possible.

Finally it should be mentioned tiiat also die results presented in this chapter
are basing on the solution of the system equations by means of the matrix

exponential. Here again this method is of great value.

6.6.1 DC-side voltages

The minimal stress for the valves and tiie capacitors is achieved with an infi¬

nite capacitor value, which implies that uDsum is a pure DC-component and

uDdiff e(luals 0.

However, very large sized capacitors cause higher costs and also might
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make it impossible to design a control witii fast response times. This is true

for control schemes, where the DC-side voltages have to be increased or de¬

creased in order to change the values of the control variables, as more de-

taUed described in chapter 9.3.

Therefore, this chapter focuses on finding a reasonable small capacitor
value, which simultaneously ensures that the DC-side voltage harmonics

wUl be sufficiently damped.

The peak values uD1 and uD2 of um and uD2 for a specific total DC-side

capacitance ctot wiU be a good measure to assess the influence of the har¬

monic ripple. Comparing them with the theoretical minimum peak value of

uD1 and uD2 (achieved for ctot —> °°), yields the increase of the 3-level VSI

power rating due to the harmonic ripple on the DC-side.

Based on this minimum peak value um/D2(ctot -» °°), figure 6.5 shows the

extra harmonic voltage stress AuDl/D2 in dependancy on die capacitor size,

varying from c,o,=0.5 [p.u.] or xc =1.44 msec up to a reasonable large size

cwt=4 [p-u.] or tc =11.52 msec.

Aum/D2 is hereby defined according to eqn. (6.2)

£&Dl/Dl(Ctot) = "Dl/D2(ctot)-iiDl/D2(ctot-:>0°) tPu] (6-2)

The analog definition for the 2-level VSI is given by eqn. (6.3):

MD(ctot) = "o(cro«) ~ "D^tot -> °°) fP-u-] (6-3)

With that the results are independent on the topology (2- or 3-level VSI) and

the individual DC-components of um/D2 (uD), the latter of which vary

with the modulation index m of the switching functions s
h.

It can be seen in figure 6.5, that the deviations Aum/D2 (AuD) from the

above mentioned stress minimum decrease with larger capacitor sizes ctot.

As one could expect, AuDX/D2 is reciprocaUy proportional to ctot.

For further investigations, the tolerable extra stress is assumed to be about

5%. Hence, ctot for the 3-level VSI has to be chosen to at least c,ot=1.5
[p.u.] or x. =4.32 msec to fulfil this demand. The 2-level VSI in its turn

tot

satisfies this request with approximately the same capacitor size, as shown

in the right graphic of figure 6.5.

On first sight the result is a little bit astonishing since for the 2-level VSI,

compared to the 3-level VSI, die 5th and 7th AC-side harmonics are not

eliminated or reduced, but contribute with quite large values. These two har-
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fig 6.5: DC-side harmonic voltage stress in dependancy on the

capacitance ctoJ for the FFM modulated 3-level and 2-level

VSI, pure capacitive operation mode

monies generate a predominant 6th harmonic in the DC-side voltage uD,

which mainly causes the extra stress of the 2-level VSI capacitor and valves.

For the 3-level VSI, tins 6th DC-side harmonic cannot be expected to be as

large as for the 2-level VSI, since its generating AC-side harmonics, the 5th

and die 7th, are eliminated or at least reduced. AU the same it is evident in

figure 6.5, that die extra stress &um/D2 for the inverter valves and capaci¬

tors is slightly higher for the 3-level VSI than for the 2-level VSI.

This can be explained by die fact, that the stress of the 3-level VSI compo¬

nents is caused by the individual DC-side voltages uDl/D2 which in addi¬

tion to the harmomcs being multiples of six also include aU odd numbered

multiples of 3. Hereby it could be observed for the FFM modulated 3-level

VSI that die extra stress is almost exclusively determined by the 3rd har¬

monic in um/D2.

More, as shown in chapter 5.6 and chapter 6.4, the switching frequency has

no significant influence on the ampUtude of this 3rd harmomc. On the other

side, the harmonics being multiples of six can be reduced since tiley do not

arise from fundamentals of AC-side quantities but from higher ordered har¬

monics (5th, 7th...), which in its rum can be eUminated by e.g. off-line opti¬
mized PWM.

In order to prove the latter mentioned statement, a simulation has been per¬

formed for the off-Une optimized PWM modulated 3- and 2-level VSI SVC.

The results for a switching frequency fs =250Hz (fs =5[p.u.]) are pre¬

sented in figure 6.6.
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fig 6.6: DC-side harmomc voltage stress in dependancy on the

capacitance ctot for the off-line optimized PWM modu¬

lated 3-level and 2-level VSI, switching frequency

fs =250Hz (fs =5[p.u.]), pure capacitive operation mode

WhUe the size of die 3-level VSI capacitors only slightly can be reduced in

order to guarantee AuDl/D2 < 0.05, the 2-level VSI capacitor might be

shrinked to less than c,„, = 1 [p.u.] or x. =2.88 msec.

Again, as discussed in chapter 6.4, this can be explained by the fact, that the

most dominant component in uDl/D2, die 3rd harmomc, has not signifi¬

cantly decreased. Also here it could be observed that the peak-value of the

individual DC-side voltage ripples were close to the ampUtude value of the

3rd harmonic.

The smaU decrease of AuDl/D2 for off-line optimized PWM in comparison
to FFM modulation is moreover estabUshed by a decrease in the fundamen¬

tal component (the modulation index m) of the switching functions s
h.

According to table 3.1 of chapter 3.4.4, the modulation index has decreased

from m=1.211 for FFM modulation to m=1.166 for a switching frequency
fs =250Hz (/ =5[p.u.]). Since the amplitude of die 3rd harmonic in

»Ph spK
udi/d2 ls proportional to the squared value of the switching function's fun¬

damental amplitude, the same is true for the peak-value of the ripple

&&DI/D2-

As it is also evident in table 3.1 of chapter 3.4.4, the pulse patterns with

higher switching frequencies than fs =250Hz (fs =5[p.u.]) also can show

up similar large fundamental amplitudes (modulauon indices m) of about

1.15 [p.u.]. Hence, the 3rd harmonic amplitude in uD1/D2 will not remarka¬

bly decrease if the switching frequency is further increased, which in addi¬

tion is shown in chapter 5.6 (figure 5.16, figure 5.17).
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In contrary to that, no 3rd harmonic wiU be present in the DC-side voltage

uD of the 2-level VSI. Therefore the increase of the switching frequency

yields a more impressive decrease for the DC-side ripple due to the ehmina¬

tion of the 5tii and 7di AC-side harmonics, which as a result eliminate the

6th harmonic on the DC-side. Hie ehmination of additional higher ordered

harmomcs (11th, 13th,...) by further increasing the switching frequency wtil

reduce the extra stress AfiD for the 2-level VSI capacitor and valves to neg¬

Ugible values.

Therefore, it can be concluded that for the 3-level VSI a larger capaci¬

tor size has to be chosen than for a 2-level VSI in order to guarantee the

same DC-side voltage ripple. Hereby, the same power rating for both

topologies is assumed.

However, this drawback of the 3-level VSI can be compensated by an ad¬

vantage, which will become evident in the next two chapters.

6.6.2 AC-side current harmonics

Concerning the harmonic content of the AC-side currents i
h,

it is not evi¬

dent that for a given switching function sph an infinite large capacitor yields

the best results as it is time for the harmonic voltage stress of the compo¬

nents. To find general valid answers to this question, if at all possible, a

probably complex mathematical analysis has to be performed, which was

not carried out in this thesis. Hence, only the simulation results for the FFM

and the off-line optimized PWM (fs =250Hz, fs =5[p.u.]) modulated 3-

level SVC example are presented and compared with those of the 2-level

SVC.

As representative AC-side cunent harmonics, the lower ordered from the

5tii up to the 13th are taken into account. The results for FFM modulation

are shown in figure 6.7.

It is interesting that the individual harmonics do not manifest a similar be¬

haviour. While the 5th harmonic decreases witii increasing capacitor size,

the opposite is true for the 7th - 13th. As mentioned yet, the reasons for tiiis

phenomenon wiU not be studied in depth. The only intention here is to get a

quantitative feeling for the variation of the particular harmomc ampUtudes
in dependancy on the capacitor size. From figure 6.7 it can be summarized

that this decrease/increase is not larger than ±0.05 [p.u.] over the investi¬

gated capacitor range.

Further it can be seen in figure6.7 that for ctot>3 [p.u.] or
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fig 6.7: 5th, 7th, 11th and 13th AC-side cunent harmonics in

dependancy on the capacitance ctot for the FFM modulated

3-level and 2-level VSI, pure capacitive operation mode

xc ^ 8.64 msec the ampUtudes of the particular AC-side cunent harmon¬

ics nearly remain at a constant value. This applies both for the 3- and 2-level

VSI. Hence, it can be concluded that for capacitance values ctot > 3 [p.u.]
or xc > 8.64 msec, the simpUfied analysis with analytical methods (as¬

suming cm -> oo) would yield exceUent approximation results for the AC-

side quantities.

It is also obvious, that the 5th harmonic is significantly reduced for the 3-

level VSI compared to the 2-level VSI, which is achieved by die optimized

NP-angle (take notice of the different scale for the vertical axes in

figure 6.7). Also the 7th harmonic shows up a smaller amplitude for the 3-

level VSI than for the 2-level VSI. Besides its nearly doubled power rating
without the need for a more sophisticated transformer topology, this exhibits

another advantage of the 3-level VSI in contrary to the 2-level VSI.

Figure 6.8 presents the results for the off-Une optimized PWM modulated 3-

and 2-level SVC. Again, the switching frequency is chosen to fs =250Hz

(/, =5[p.u.]).
Ph

Concerning the 3-level VSI, it could be expected that aU harmonics up to the

17th order wiU not be present in the AC-side cunents i
h,

since they are

eliminated in the pulse patterns sph. With regard to the 2-level VSI, exclu¬

sively the 5di and 7tii harmonic should be eliminated in s
h
and with that

also in iph.

While die 2-level VSI clearly confirms these assumptions (right graphic in

figure 6.8), the same does not prove right for the 3-level SVC (left graphic
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frequency fs =250Hz (fs =5[p.u.]), pure capacitive

operation mode

in figure 6.8). Especially the 5th and 7th harmonic contribute with not negU¬

gible values, at least for capacitor values ctot< 1.5 [p.u.] or

xc < 4.32 msec and might tiierefore ask for an additional AC-side filter.

The 11th and 13tii AC-side current harmomcs are very close to 0 and wul

for sure not have to be filtered.

Again, as discussed in chapter 6.4, this phenomenon can be explained by the

3-level VSI specific 3rd harmonic in um/D2, which is not apparent in the 2-

level VSI DC-voltage uD. In order to hmit the effect of this harmonic, the

capacitors on the DC-side have to be designed carefully. It is evident in the

left graphic of figure 6.8, that also here a total capacitance of at least

c,„, =1.5 [p.u.] or x, =4.32 msec will restrict all low ordered AC-side
v

ctpt
current harmomcs to values smaller than 0.01 [p.u.].

Finally, it should be noted tiiat the same phenomenon can also be observed

for the 5th AC-side cunent harmonic of the FFM modulated 3-level SVC in

die left graphic of figure 6.7. This 5th harmomc really should not be present

in iph since it is eliminated in s
h,

however all the same appears with values

up to 0.025 [p.u.], driven by the 3rd harmonic in uDl/D2. Also here, a mini¬

mum total capacitance of about ctot =1.5 [p.u.] or xc =4.32 msec is ap¬

propriate to limit the 5th harmomc to a value not larger than 0.01 [p.u.].



-186-

6.6.3 AC-side current THD

In order to also take into account the higher ordered harmonics, the depen¬

dancy ofthe THD ofthe AC-side cunents on the capacitor size wiU be stud¬

ied. For that purpose the AC-side cunent harmonics up to the 500th order

are considered. Hereby the THD is defined according to the definition intro¬

duced in chapter 3.7.2e) (eqn. (3.10):

THD, _

*V K

X'*2
[p.u.] Jte AT = 5,7,11,13,.. (6-4)

The results for the FFM modulation are given in figure 6.9. It can be ob-
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fig 6.9: THD of the AC-side currents iph in dependancy on the

capacitance ctot for the FFM modulated 3-level and 2-level

SVC, pure capacitive operation mode

served that the influence of the capacitor size on the THDi is small, es¬

pecially for the 3-level topology. More, for capacitor values

ctot > 3 [p.u.] or xc > 8.64 msec, the THD, nearly remains at a con¬

stant value. The last statement even is true over the whole investigated

capacitor range for the off-Une optimized PWM modulated SVC, as

presented in figure 6.10.

Finally, figures 6.9 - 6.10 prove die benefit of the 3-level VSFs additional

degree of freedom, the NP-angles, where an impressive improvement of the

THD, can be achieved by eliminating or reducing specific harmonics. It

should be emphasized, that hereby the switching frequency of the individual

valves is the same for the 3- and 2-level VSI. Therefore no extra losses arise

for the 3-level VSI. More, remarkable savings on AC-side filters can be ob-
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lated 3-level and 2-level VSI, switching frequency
f, =250Hz (/t =5[p.u.]), pure capacitive operation mode
bph ph

tained. This advantage easUy compensates for the drawback of larger capac¬
itor sizes for the 3-level VSI compared to die 2-level topology.

6.7 Summary

In this chapter, the piece-wise Unear differential equations of the 3-level VSI

connected to an AC-system (chapter 2.4) have been solved using the matrix

exponential method and die simulation tool MATLAB. Hereby, also small

DC-side capacitor values have been taken into account. This has been per¬

formed for exclusively reactive power exchange with die AC-system by
means of a static Var Compensator.

i

Advantages of the matrix exponential solution method include numerical

stabiUty, exact steady state results with no influences of control and reso¬

nances and last but not least simulation time savings.

The validity of the qualitative harmomc analysis was confirmed and in addi¬

tion some possible disadvantages of the 3-level VSI showed up.

For desirable smaU capacitor sizes of about ctot = 1 [p.u.] or

x. = 2.88 msec, one drawback is manifested in an extra stress for the

valves and capacitors in comparison to the 2-level VSI, which is caused by
the osculating neutral-point (NP) potential.

Also another disadvantage is caused by these osciUations of the neutral-
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point (NP) potential, which increase with smaUer capacitor values. For off¬

line optimized PWM (chapter 3.4) witii selective ehmination of specific har¬

monics and a finite capacitor size, the eliminated switching function har¬

monics wiU not appear the AC-side currents. However, applying small ca¬

pacitor sizes (ctot = 1 [p.u.] or xc = 2.88 msec), this is subject to change
for the 3-level VSI. Due to die oscillating neutral point potential, which also

appears in the 3-level VSI output voltages, harmonics of the eliminated or¬

ders can be generated. This is especially true for the 5th and 7th harmonic,
which might reach amplitudes up to 0.03[p.u.].

It was shown in chapter 5, that the undesirable 3rd harmonic oscillation in

the individual DC-side voltages um and uD2 can hardly be reduced by in¬

creasing the switching frequency. In this chapter, these results have been

confirmed for a SVC with realistic parameters (r=0.005[p.u.], /=0.2[p.u.])
and a smaU DC-side capacitance (ctot = 0.5[p.u.],tc =1.44msec) by
means of Une diagrams. Hereby, the switching frequencies of the off-line

optimized pulse patterns have been chosen to fs =50Hz (fs =1 [p.u.]) and

fs =250Hz(/j =5[p.u.]). It could also be seen!1 that this DC"-side 3rd har¬

monic osciUations is quite large for a smaU capacitor (ctol = 0.5[p.u.],
x. =1.44msec) and wUl reach peak-values of about 0.15[p.u.].

tot

Finally, the influence of the DC-side capacitor size on the stress of the com¬

ponents and the influence on the AC-side cunents (individual harmonics,

THD) was investigated. From this it could be concluded once more, that es¬

peciaUy for the 3-level VSI, the capacitors must not be chosen too smaU in

order to Uroit the overdimensioning of the components with regard to a the¬

oretical minimum achieved for cwt —»«>.

For an infinite capacitor size c -» °°, the 3-level VSI output voltage har¬

monics would be exactly proportional to the switching function harmonics.

It could be shown, tiiat diis wiU also approximately be fulfiUed for a total

DC-side capacitance larger than ctot >3[p.u.] or xc > 8.64 msec. De¬

creasing the capacitor size down to values ctot = 0.5 [p.u.] or

x. =1.44 msec, in fact no additional harmonic orders will arise
Jot

(chapter 4), however the harmonic ampUtudes in the AC-side cunents might

vary. In addition, eliminated lower ordered switching function harmonics

might also arise in the AC-side cunents due to the remarkably osciUating
NP-cunent potential.

On the other side, it could be shown that the Total Harmonic Distortion

(THD) of the AC-side cunents, wiU hardly be influenced by a varying ca¬

pacitor size.
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Comparing the THD of die 3- and 2-level VSI of course yielded an impor¬

tant advantage of die 3-level topology. Despite the same switching fre¬

quency for each 3- and 2-level VSI valve, die 3-level SVC exhibited a much

smaUer THD. This is due to its additional degree of freedom, die NP-an¬

gles, which enable the elimination or reduction of specific harmonics.
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7 The 3-level VSI DC-side unbalance

7.1 Overview

This chapter is focusing on the DC-side DC-unbalance phenomenon, which

constitutes one of the major 3-level VSI drawbacks. Hereby, the theoretical

studies cover all operation modes (reactive and active power exchange with

the AC-system).

After a short introduction, a harmonic analysis presents the additional har¬

monics to be expected on both the AC- and die DC-side in case of a DC-side

DC-unbalance.
i

In a next step, the abiUty of die 3-level VSI to counteract to a DC-side DC-

unbalance widiout any extra control implemented (self-balancing) wiU be

investigated in depth by mathematical analyses and by simulations with

SABER.

Finally, the main sources causing a DC-side DC-unbalance are identified

and their transient and steady-state impact wUl be investigated. The results

wnT then be verified for a purely reactive SVC by means of mathematical

analyses and simulations with SABER and MATLAB.

7.2 Introduction

The 3-level VSI is nowadays an interesting topology for high power trans¬

mission applications. Besides its advantages, one of the most important

problems is to keep the DC-side voltages um and uD2 balanced with regard
to their DC-components.

When speaking of DC-side unbalance, one should for clearness reasons dis¬

tinguish between two types of this undesirable phenomenon:

• AC-unbalance and

• DC-unbalance.

AC-unbalance between the DC-side voltages uD1 and uD2 is defined as the

opposite signed osciUations in uDl and uD2, which vary periodicaUy in

time, but do not include a DC-component. These undesirable osciUations

have been investigated yet in depth in chapter 4 - chapter 6.
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DC-unbalance, in opposite to AC-unbalance, is characterized by the appear¬

ance of a DC-component in uDdiff, which means tiiat die DC-side voltages

um and uD2 wiU have different DC-values. This chapter wiU exclusively
focus on this DC-unbalance.

Under ideal conditions, no DC-unbalance wiU occur. However, there are

various sources, which might introduce this kind of unbalance in the DC-

side voltages. They are described in the foUowing Usting:

• transient events like AC-system faults or load steps in the control¬

led variables,

• even numbered harmonics in the AC-system voltages with an

appropriate phase sequence,

• inaccuracies in the switching instants of the individual pulse pat¬

terns due to manufacturing tolerances of the valves or the elec¬

tronic components of the gate-units.

AU these Usted topics wiU cause a DC-component to arise in the NP-current

i0 and tiierefore also in uDdiff, which means that the two DC-side voltages

uDl and uD2 become unbalanced. More detailed studies concerning this

topic wUl be presented in chapter 7.5.

An existing DC-side DC-unbalance results in an increased stress for the

valves and the capacitors on the DC-side. In addition, even numbered har¬

monics wdl appear in the 3-level VSI output voltages and currents, which

wUl be analysed in chapter 7.3.

Further, regardless of the need for a control scheme to keep the DC-balance

on the DC-side, also die question arises for the self-balancing abiUties of the

3-level VSI, i.e. the capabUity to counteract to a disturbance in the DC-side

DC-balance witiiout an additional controller implemented. This topic has

been the motive for many discussions, which however only were based on

experimental observations on 3-level VSI hardware models. Therefore it

wtil be of great interest to perform a mathematical analysis general vatid for

aU appUcations, which gives clear answers to this question. This wUl also be

performed here in chapter 7.4.

Finally, in the investigations to come, a DC-side DC-unbalance wUl shortly
be denoted DC-side unbalance.
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7.3 Harmonic analysis in case of a DC-side unbalance

In chapter 4, a harmonic analysis for all 3-level VSI quantities was per¬

formed, including both symmetrical and asymmetrical AC-side operation
conditions.

Now the same will be done, however assuming that the AC-system voltages

uLph aD^ me switching functions s
h

are symmetrical 3-phase systems,
while the DC-side voltages um and uD2 do not have the same DC-values.

That means to answer the question for the additional harmomcs arising in

the 3-level VSI quantities introduced by a DC-side unbalance.

The procedure to perform this analysis is the same as in detaU shown in

chapter 4. Therefore, here only the results will be presented.

73.1 DC-side harmonics

In case of a DC-side unbalance (UDdiff * 0), the 3-level VSI output voltage
term uphdiff = s2h uDdiff = \sph\ uDdiff will show up even numbered har¬

monics, which are generated by die convolution of the DC-component

UDdtff of uDdiff with *& harmonics of s2ph or \sph\.
These even numbered voltage harmomcs in uphdiff for sure wuT cause even

numbered current harmomcs to arise in iphlnff, which in its mm contribute

to the resulting AC-side phase currents iph=iphsum+iphdiff Therefore, as a

basis for the harmonic analysis, the representation of ipk, sph, s2h or \sph\
by symmetrical components yields table 7.1 - table 7.3.

decomposition of sph in harmonic orders I

positive sequence components I = 6-j+l j = 0,1,2,3...

negative sequence components Z =6-7-1 j = 1,2,3...

zero sequence components 1 = 6-J + 3 j = 0,1,2,3...

table 7.1: decomposition of sph in symmetrical components in case

of a DC-side unbalance (no balance control implemented)

It should be noted that witii no balance control implemented the switching
functions s

h
and s2h or \sph\ furtheron contribute with die same harmonic

orders as for balanced DC-side voltages (table 4.1 and table 4.2 in

chapter 4.3.1), while exclusively the AC-side cunents i
h
show up addi¬

tional harmonics (table 4.3 in chapter 4.3.1).



-193-

decomposition of s2h or \s h\ in harmomc orders /

positive sequence components / = 6-; + 4 j = 0,1,2,3...

negative sequence components 1 = 6j-4 ;' = 1,2,3...

zero sequence components 1 = 6-; 7 = 0,1,2,3...

table 7.2: decomposition of s2h or \s h\ in symmetrical components
in case of a DC-side unbalance (no balance control imple¬

mented)

decomposition of i
h
in harmomc orders k

positive sequence components k = 3-i+l i = 0,1,2,3...

negative sequence components Jfc = 3 i-1 i - 1,2,3...

zero sequence components none

table 7.3: decomposition of iph in symmetrical components in case

of a DC-side unbalance

The harmomc orders of the sum terms ^iphspk and ^i,*-^* or

ph ph

X'p* \spit\> wmch according to chapter 2.4.3 determine aU DC-side quanti-
Ph

ties, can then be calculated witii the harmonic transfer rule from the AC- to

the DC-side (chapter 4.3.2). The results are presented in table 7.4.

sum term harmomc orders p of the sum term

Zl'ph' sph
ph

p = 3-i i = 0,1,2,3...

Ph

or

Ph

p = 3-i i = 0,1,2,3...

table 7.4: harmonic orders of £ipl •

spk and ^ipk sjk or £<,„ • |v|
ph ph ph

in case ofa DC-side unbalance (no balance control imple¬

mented)
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With that and the equations derived in chapter 2.4.3, also the harmonic or¬

ders of all 3-level VSI DC-side quantities are known, which are given in

table 7.5 and table 7.6.

DC-side current harmonic orders p in the DC-side currents

lm p = 3-i i = 0,1,2,3...

lD2 p = 3-i i = 0,1,2,3...

lo p = 3-i i = 0,1,2,3...

table 7.5: harmonic orders of the DC-side currents iDl, iD2 and z(

in case of a DC-side unbalance

DC-side voltage harmonic orders p in the DC-side voltages

um p = 3 i = 0,1,2,3...

um p = 3 i = 0,1,2,3...

UDsum p = 3 • i = 0,1,2,3...

uDdiff p = 3 i = 0,1,2,3...

table 7.6: harmonic orders of the DC-side voltages um , uD2, u

and uDditf in case of a DC-side unbalance

From table 7.5 and table 7.6 it is evident that now all harmonic orders being

multiples of 3 will be present in each 3-level VSI DC-side quantity.

By comparing these results with those for symmetrical operation condi¬

tions with balanced DC-side voltages (table 4.7 and table 4.8 in

chapter 4.3.2), it can be concluded that the additional harmonics, intro¬

duced by the DC-side unbalance, are either even numbered multiples of

3 (in i0 and uDdi^) or odd numbered multiples of 3 (in uDsum).

In addition also a DC-component will be present in i0, which for symmetri¬

cal operation conditions with no DC-side unbalance (table 4.7 in

chapter 4.3.2) constitutes a DC-free quantity.

The harmonic orders of the individual DC-side voltages um and uD2 will

be the same in both uDl and uD2- Now however, their amplitudes must no

longer be assumed to have identical values in uDl and uD2 and also their

phase-displacements with regard to uDl and uD2 of either 0 or Jt will no
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more be guaranteed. The vahdity of this statement is strongly indicated by
die fact, tiiat no harmonics of md1 and uD2 wUl be eliminated in tiieir sum

uDsum or their difference uDd,ff.

Hence, in addition to unequal DC-values, also unequal harmonic ampli¬
tudes have to be expected for the two DC-side voltages uD1 and uD2 in

case of a DC-side unbalance.

FinaUy another interesting point, which is with respect to the NP-cunent i0,
should be mentioned. According to table 7.5, apparently a DC-component
arises in case of a DC-side unbalance. Since tins DC-component, presuming
the appropriate sign, is capable to counteract to its origin, the DC-side un¬

balance, it might represent a self-balancing attribute of the 3-level VSI. This

however wiU not be further investigated here but in chapter 7.4.

7.3.2 AC-side harmonics

Knowing die harmonics of the 3-level VSI DC-side quantities, it is now pos¬

sible to determine the harmonics appearing on the AC-side. Applying the

harmomc transfer rule from die DC- to die AC-side to die convolutions of

Sph wi* uDsum (=«phsum) & sjh or \sph\ with uDdlff (=uphdljf) results to

table 7.7.

_

SP"
uphsum~ o

' UDsum harmonic orders p

pos. seq. components p = 3-i+l i = 0,1,2,3...

neg. seq. components p = 3-/-1 i = 1,2,3...

zero seq. components p = 3-i i = 0,1,2,3...

s\h \sPh\
uphdtff- 2 Uod'ff

~

~~2~
'

UDd'ff harmonic orders p

pos. seq. components p = 3-i+l i = 0,1,2,3...

neg. seq. components p = 3-i-l i = 1,2,3...

zero seq. components p = 3-i i = 0,1,2,3...

table 7.7: harmonic orders of uphsum and uphdlff in case of a DC-

side unbalance

Since both die harmonic orders and die related phase sequences are die

same in the objective variables uphsum and uphd,^, table 7.7 can be summa-
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rized to table 7.8, representing the harmonic orders to be expected in the

measurable 3-level VSI output voltages u
h.

uph
harmonic orders p

pos. seq. components p = 3-f+l i = 0,1,2,3...

neg. seq. components p = 3i-l i = 1,2,3...

zero seq. components p = 3-i i = 0,1,2,3...

table 7.8: harmonic orders of u.h in case of a DC-side unbalance

Concerning the AC-side currents i
hsum, iphdiff anc* iph >

me same harmonic

orders, except of the zero sequence components which do not find a path to

flow, will arise as in the corresponding voltages uphsum, u„hdiff an<^ uph

This is manifested in table 7.9 and table 7.10.

phsum
harmonic orders p

pos. seq. components p = 3-i+l i = 0,1,2,3...

neg. seq. components p = 3-i-l i = 1,2,3...

iphdiff
harmonic orders p

pos. seq. components p = 3-i+l i = 0,1,2,3...

neg. seq. components p = 3-i-l i = 1,2,3...

table 7.9: harmonic orders of iphsum and iphdlff in case of a DC-side

unbalance

lph harmomc orders p

pos. seq. components p = 3-i + l i = 0,1,2,3...

neg. seq. components p = 3-i-l i = 1,2,3...

table 7.10: harmonic orders of i„h in case of a DC-side unbalance

From table 7.8 and table 7.10 it is confirmed that in case of a DC-side

unbalance, both the 3-level VSI output voltages uph and the AC-side

currents iph will contribute with even numbered harmonics. Therefore

it should be pointed out that not only the 3-level VSI itself, but also the
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AC-system, to which the inverter is connected, will be stressed with

highly undesirable even numbered harmonics.

73.3 Simulation results

In order to verify die results of the above presented analysis, a simulation

with die MATLAB program introduced in chapter 6.2 was performed for the

FFM modulated SVC-example described in table 6.1 of chapter 6.3.3.

Hereby, an artificial unbalance on the DC-side was generated by two differ¬

ent valued resistors in parallel to the two DC-side capacitors (rcl =100[p.u.],
rc2=150[p.u.]), which yielded a steady-state DC-side unbalance of about

UDdiff0=-0.25[p.\i.]. This value is quite large, however stiU in a reaUstic

range which wtil be proved by die simulations in chapter 7.5.

The AC-side quantities s
h
and uL h

wiU constimte symmetrical 3-phase

systems. In addition, according to the recommendations in chapter 6.6.1, the

total DC-side capacitance ctot was chosen to cw,=1.5[p.u.] or

xc =4.32msec. AU other parameters remained the same as given in

chapter 6.3.

The simulation results are presented in figure 7.11 - figure7.ini. Though
not all graphics of figure 7.11 - figure 7.HTI wiU be discussed in the foUow¬

ing, the most interesting points shaU all die same be mentioned here.

First of all, one can clearly see by the amplitude spectra in the right columns

that the harmonic orders of the individual 3-level VSI quantities are in good

agreement with those derived in the previous harmonic analysis.

Another important aspect concerns the even numbered harmonics arising in

the AC-side cunents i
h.

It is evident in the corresponding graphic

figure 7.11 e) that these even numbered harmonics cause large peak-values
for iph, which results, besides the increased voltage stress on the DC-side,

also in an increased current stress for the inverter valves.

Further, it can be seen from the ampUtude spectrum for iph, that the pre¬

dominant 2nd harmomc takes on very large values of more than 0.1 [p.u.].
These values are far beyond of those permitted to be injected into an AC-

system, especially since they belong to a class of harmonics, for which die

harmonic requirements in an AC-system are particularly strict.

It is interesting, though not very astonishing, that the even numbered har¬

monics in iph are predominantly generated by iphdiff, which is proportional
to uDdiff (and witii that to UDdi^). This is clearly manifested in the graphics
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c) and e) of table 7.ID. Also uDsum, which together witii s h
and uLph de¬

termines iphsum' omy shows up smaU ampUmdes for the odd numbered

multiples of three, which are introduced by the DC-side unbalance (graphics

d) in figure7.ini).

Finally it should be emphasized that the simulation results indicate that the

3-level VSI at least for the chosen capacitive operation mode shows up self-

balancing abilities. This is true since no extra balance control is imple¬
mented and despite this fact the DC-side unbalance is limited to a steady-
state value of about UDdiff=-0.25 [p.u.]. ActuaUy one could have expected
that for die given artificial unbalance source, the upper DC-side capacitor
would be totally discharged in steady state. This is quite an interesting phe¬

nomenon, and therefore the foUowing chapter wiU focus in a more general

way on the self-balancing attributes of the 3-level VSI.

7.4 3-level VSI self-balancing analysis

Before focusing on additional control schemes to balance die DC-side volt¬

ages uD1 and uD2, die question arises for the self-balancing attributes of the

3-level VSI. This means to seriously investigate whether the 3-level VSI has

principaUy inherent abilities to counteract against a DC-side unbalance

without any additional control scheme and if yes, to which amount. Only
uncertain answers have been given so far without a theoretical background
and mainly based on observations made on smaU scaled hardware models.

Also of importance is the question for the system parameters, which mainly
determine this possible self-balancing behaviour. Therefore, it is highly de¬

sirable to perform a self-balancing analysis, which wUl be done in the fol¬

lowing.

It should be mentioned that in [57] a self-balancing analysis for switching
functions with a symmetry to a quarter of a period has been performed in the

3-phase plane, which however resulted in quite compUcated expressions.
Here, another more clear and simple approach in a d/q plane wUl be pre¬

sented.

7.4.1 Qualitative 3-level VSI self-balancing analysis

a) Self-balancing transferfunctions

In appendix E.3, die phasor transfer functions describing die 3-level VSI
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self-balancing abiUties in case of a DC-side unbalance are derived and are

here for clearness reasons presented once again in table 7.11 and table 7.12.

Before calculated in the Laplace domain, these equations have been trans¬

formed from the 3-phase plane into a d/q plane, which rotates with an angu¬

lar velocity -2(Bj. This has been performed since the usuaUy used d/q

plane, rotating with an angular velocity ta1, is not suitable for studies con¬

cerning a DC-side unbalance and its control. For more detaUed information

on this, the reader is refened to appendix E.2.

In order to distinguish between the phasor components in the two dif¬

ferent d/q frames (appendix C.2.1), the foUowing notation will be used:

x = x"; xd = xd", xq = xq", if the d/q frame rotates with an

'

angular velocity -2©!;

x = x'; xd = xd , xq = xq', if the d/q frame rotates with an

angular velocity Wj;

The derivation of the equations in table 7.11 presumes that initiaUy a steady-
state DC-side unbalance UDdiff() * 0 exists, however the steady-state values

of potential unbalance sources (chapter 7.5) are assumed to equal to 0. With

that it is ensured, that exclusively the influence of the 3-level VSI topology
itself on the DC-side unbalance wiU be taken into account.

This DC-side unbalance UDdiffQ * 0, as proved in chapter 7.3.2, wUl cause

a negative sequence 2nd harmonic to arise in the AC-side currents i
h.

With

that and a d/q frame rotating with an angular velocity -2©,, as chosen in

eqn. (7.1), also steady-state DC-values /^o" and 790" unequal to 0 wiU ap¬

pear in the AC-side current phasor components id" and i ".

It is evident in eqn. (7.1) that uDdiff(s), id"(s) and iq"(s) are represented in

dependancy on their initial values UDdiff0, Idd' and Iq0".

More, speaking of self-balancing, it is important to understand that also the

pulse patterns must not be manipulated by means of an additional NP-con-

trol scheme. This impUes that the switching functions sph have a symmetry

to half or a quarter of a period and wiU not contribute with a negative se¬

quence 2nd harmonic (table 7.1 in chapter 7.3.1). Therefore, in a d/q frame

rotating with an angular velocity -2u),, their phasor components SdQ" and

Sq0" will equal to 0. This has furthermore been taken into account by the

derivation of eqn. (7.1) in table 7.11.
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System parameters:

r: resistive part of the system in [p.u.]

I: stray reactance of the transformer in [p.u.]

©j: fundamental frequency of the AC-system in [rad]

AC-side phasor quantities with respect to a d/q frame rotating with

an angular velocity of a negative sequence 2nd harmonic -2^:

id"(s): Laplace transformed d-component of the AC-side cunent

phasor in [p.u.]

i "(s): Laplace transformed q-component of the AC-side current

phasor in [p.u.]

S2d0": steady-state d-component of the squared switching function

phasor in [p.u.]

S2q0": steady-state q-component of the squared switching function

phasor in [p.u.]

/rf0": initial d-component of the AC-side current phasor in [p.u.]

I 0": initial q-component of the AC-side cunent phasor in [p.u.]

DC-side quantities:

uDdlff(s): Laplace transformed DC-side unbalance in [p.u.]

^Ddif/o ' steady-state DC-side unbalance in [p.u.]

table 7.12: Quantities in the 3-level VSI self-balancing transfer func¬

tions (table 7.11)
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On the other hand, the squared switching functions s2h wiU show up a neg¬

ative sequence 2nd harmonic, which was shown in table 7.2 of

chapter 7.3.1. Hence, in a d/q frame rotating with an angular velocity -2ffij,
dieir phasor components 52d0" and S2^" wiU be unequal to 0, which has

been considered in eqn. (7.1).

With that and supposing the 3-level VSI to have self-balancing abiUties, the

individual quantities id"(s), iq"(s) and uDdlff(s) are expected to approach
to 0 for /-> oo in the time domain. This wiU be studied in die foUowing sub¬

chapter.

b) Self-balancing studies by means ofthefinite value theorem ofthe

Laplace transform

When having the intention to study the 3-level VSI's answer to a DC-side

unbalance UDdlff0, applying the inverse Laplace transform to eqn. (7.1)

might constitute the right choice.

Unfortunately, due to the complexity of the denumerator poles, it was found

that this operation yields unreasonable compUcated mathematical expres¬

sions, which also with the symboUc calculation tools of die simulation pro¬

gram MATLAB couldn't be simplified.

Therefore, in a next step, another powerful and simple theorem of the La¬

place transform has been appUed. This theorem is known as the 'final value

theorem' of the Laplace transform ([58]) and can mathematically be ex¬

pressed by eqn. (7.2):

lim(s-F(s)) = Umf(t) (7^2)
s -»0 r-»°°

With eqn. (7.2) it is now at least quaUtatively possible to assess whether the

3-level VSI has self-balancing abiUties or not.

Applying eqn. (7.2) to eqn. (7.1) (F(s)=id"(s), iq"(s), uDdlff(s)), nearly at

first sight results to eqn. (7.3):

limid"(t) = 0; limi"(f) = 0; \imuDdlff(t) = 0 (73)

Roughly spoken, eqn. (7.3) proves that after an infinite time t the initially

apparent DC-side unbalance UDdlff0 and the hereby caused AC-side cunent

phasor components Id0" and lq0" (negative sequence 2nd harmonic in the

3-phase plane) wiU totaUy have disappeared.

With other words, it can be said diat die 3-level VSI wiU inherently be capa-
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ble to 'self-control' a DC-side unbalance to zero. The obvious driving force

for this self-balancing must be seen in the initial AC-side current phasor

components Id0" and 7?0" itself, since all other sources have been neglected
in this analysis.

These AC-side current phasor components ld0" and I 0" (negative sequence

2nd harmonic in the 3-phase plane) wiU be reflected back to the DC-side via

the convolution with the phasor components S2d0" and S2q0" of the squared

switching functions s2h according to

2tUDdiff
= -~ •

'0 = Yc^S d0" ' %d" + 529°" ' '?"] "

This convolution wiU result in a balancing DC-component in the NP-current

'o-

Hence it can be summarized, that a DC-side unbalance UDdiff0 causes a

negative sequence 2nd AC-side current harmonic to arise in the 3-phase

plane, which in its turn counteracts to its driving force, the DC-side un¬

balance. From this point of view, the 3-level VSI self-balancing actually

can be compared to the self-induction law of a coil (rule of Lenz).

More, it has to be emphasized tiiat eqn. (7.3) wiU prove right for aU switch¬

ing functions (with a symmetry to at least a half or a quarter of a period) and

all 3-level VSI operation modes.

This is tme since the phasor steady-state values S2d0" and S2q0", which

constitute the only quantities in eqn. (7.1) corresponding to a specific pulse

pattern and a specific 3-level VSI operation mode, will have no influence on

the result (eqn. (7.3)) of the operation eqn. (7.2).

c) Self-balancing studies with simplified transferfunctions (r=0)

The previous sub-chapter provided very important qualitative statements

concerning the self-balancing attributes of the 3-level VSI topology. How¬

ever, no quantitative results could be achieved due to the complexity of the

corresponding transfer functions.

Therefore, another very common approach for an approximated solution of

eqn. (7.1) will be appUed here, which consists in a simplification of the

complicate transfer functions.

Hereby, in a high power system, the usually very small ohmic part r wUl be

neglected, resulting in simpUfied transfer functions, which then can more



-207-

easily be transformed back into the time domain.

Neglecting the ohmic part r of die system, eqn. (7.1) results to eqn. (7.4),

or, transformed back into the time domain, to eqn. (7.5).

id"(s) = If; iq"(s) = I-f;uDdlff(s) = 1^ forr=0 (7.4)

id it) = Id0"; iq"(t) = 7g0"; uDdlff(t) = UDdlff0 for r=0 (73)

It is obvious and quite astonishing that the results manifested in eqn. (7.3)

and eqn. (7.5) are totaUy different.

While eqn. (7.3) clearly underlines that an initial DC-side unbalance

UDdtffo anc*toe hereby caused AC-side current phasor components ld0" and

lqQ wiU be 'self-controUed' to 0 (for r * 0), they wiU in opposite to that re¬

main at their initial values, if the ohmic system part is neglected (r=0).

Hence, it can be concluded that in case of no ohmic system part (r=0),

the 3-level VSI wiU not show up any self-balancing abilities at aU! A

DC-side unbalance wUl, presuming no additional balance control, not

experience any changes.

Also here it has to be pointed out, that this wiU prove right for aU operation
modes and switching functions (with a symmetry to at least half or a quarter

of a period), which also becomes evident when evaluating eqn. (7.1) for

r=0.

Up to now, the question for the 3-level VSI self-balancing attributes could

only quaUtatively be answered, which on the other side aU the same yielded

very interesting results. A more quantitative analysis however, also showing
the analytical dependencies on specific system parameters, failed.

This was due to the fact that the general self-balancing transfer functions

(r * 0) yield unreasonable complicated time domain expressions and their

simplification (r=0) coincides with the exceptional special case of no self-

balancing at all.

Another solution or better, approximation, which finaUy wUl result in a use¬

ful quantitative description of the self-balancing phenomenon, will be pre¬

sented in die chapter to come.
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7.4.2 Quantitative 3-level VSI self-balancing analysis

a) System order reduction

GeneraUy, the main reason for the complexity of transfer functions in the

Laplace domain is manifested by the fact that these equations do not exclu¬

sively describe steady-state operation (as the weU known complex analysis)
but also take into account the system's transient response. Especially in sys¬

tems with voltage source inverters (both 2- and 3-level VSIs), the transient

responses usually consist of at least two terms in the time domain, which are

briefly characterized in the foUowing.

The first term is free of oscUlations and describes die variation in time of the

variable under investigation as response to e.g. a load step. In most cases,

these variations in time result in a Unear function in time or an exponential
function, which also includes the steady-state values.

The second term is superimposed to the first one and is characterized by an

exponentially more or less well damped osciUation, depending on the size

of die ohmic part r. This oscUlation either corresponds to a DC-component
in the 3-phase quantities on the AC-side (c —» °°) or to an interharmonic os¬

ciUation (c * <=°). Due to its decaying character it wiU however not contrib¬

ute to die steady-state values. For more detaUed informations with respect to

this undesirable phenomenon, the reader is referred to [59] - [62].

Concerning the self-balancing analysis as performed in this chapter, those

transient dynamics, which are determined by the above described second

term, truly are not of highest interest and will therefore be neglected in the

foUowing. This simply means to reduce the order of the system, which in its

turn yields less compUcated transfer functions.

b) Analysis

The way to perform the just mentioned system order reduction can be de¬

scribed as foUows.

In a first step, basing on the corresponding steady-state equations (eqn.
(D.16), appendix D.2.2), Unear expressions for the AC-side current phasor
components id"(s) and iq"(s) in dependancy on the DC-side unbalance

uDdiff(s) are derived. These expressions wtil then be inserted in the state-

space equation for uDdiff(s) and the result wiU finaUy be solved for

uDdiff(s) and transformed into the time domain.



-209-

A sinular analysis for die AC-side current phasor components id"(s) and

iq"(s) will not be performed, since they depend on uDdiff(s) and die same

dynamics have to be expected for diem as for uDdiff(s).

As mentioned above, die basis for die smdies to come is constimted by the

general steady-state equations, given in appendix D.2.2, eqn. (D.16). To¬

gether with die general assumptions made in chapter 7.4.1a), these steady-
state equations result to eqn. (7.6).

Solving the upper two equations for the two steady-state values ld0" and

y in dependancy on UDdiff0 yields eqn. (7.7) and eqn. (7.8).

/ "
-

ld0
-

rS2rin"-2aJS2
d0 q0 Ur

2(7-2+ 4G)2/2) D4iff0 (7-7)

and

«°
~

2(r2 + 4co2/2) Ddtff0 • (7.8)

Now, in a next step, the DC-side unbalance UDdiff0 is supposed to slowly

vary in time.

Further, neglecting any transient oscUlations (subchapter a)) and assuming
the AC-side time constant l/r smaUer than the variation in time of UDdiff0,
eqn. (7.7) and eqn. (7.8) can be transformed into the Laplace domain ac¬

cording to eqn. (7.9) and eqn. (7.10).

rS2d0-2(HllS2q0
ld(S)

2(r2 + 4(02l2)
' "Ddiff{S> (7-9)

iq(s)~-
rS2q0 + 2<allS2,

2(r2 + 4©2/2) -uDdiff(s) (7.10)
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It should be anticipated here that the validity of these assumptions wUl be

confirmed in the simulation results presented in chapter 7.4.6.

These equations eqn. (7.9) and eqn. (7.10) manifest the before mentioned

Unear expressions for the AC-side current phasor components id"(s) and

i"(s) in dependancy on the DC-side unbalance uDdi^(s).

Proceeding with the analysis, the state-space equation for uDdi^(s), which

was derived in eqn. (E.37) of appendix E.3.2 has to be recaUed in mind and

is here presented once again in eqn. (7.11).

s «W«) = hs2do i/(') + S2q0" «V'(*)] + UDdiff0 (7.11)

Inserting eqn. (7.9) and eqn. (7.10) in eqn. (7.11) and solving for uDdiff(s)
yields the desirable simple transfer function eqn. (7.12), which is very well

suited for the quantitative investigations of the 3-level VSI self-balancing at¬

tributes.

"w(s) =

arKJVp + csyPi' u°dm (7'12)

4c(r2 + 4o)2/2)

Finally, the inverse Laplace transform of eqn. (7.12) wtil no longer consti¬

tute a problem and therefore, uDdiff(s) can be written in the time domain

according to eqn. (7.13).

— 4c(r2 + 4a>?P)
WO-iW-e - with T^ =

3,[(5y)2+(5y)2]
ai3;

xbal: self-balancing time constant

It should be mentioned that due to their assumed linear dependancy on

uDdiff(t), also the variations in time for id"(t) and iq"(t) will now be deter¬

mined via eqn. (7.9) and eqn. (7.10).

With that, the quantitative self-balancing analysis is performed and the

achieved results will now be discussed in the following chapter.

7.4.3 Discussion

First of all, as the most important fact, it should again be stated, that the 3-
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level VSI in the presence of an ohmic system part r <t 0 will always show up

self-balancing abilities

This is true since the self-balancing time constant xbal in eqn (7 13) will al¬

ways take on a positive value and hence the exponential function will al¬

ways decay to 0 for t —> ~

In the following sub-chapters, the quantitative influences of the individual

parameters r, I, (S2d0")2 + (S2q0")2 and c will be discussed and explained

a) Influence ofthe system parameters r and I

Assuming the ohmic part r of the system being very small compared to the

inductive part I, which is true for almost all high power applications, it can

be concluded from eqn. (7.13) that the self-balancing time constant is

inversely proportional to r and proportional to the squared value of /

These dependencies can be better understood with the help of a simple

graphical model, which is presented in figure 7 2
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wtil take on a shape as presented for phase a in figure 7.2. Hereby, the DC-

side unbalance UDdiff0 was arbitrarily assumed to equal to UDdiff0=0.25
and all harmomcs in uphdiff wm" he neglected.

It is evident in figure 7.2 that the fundamental component of uadiff wiU be a

2nd harmonic (represented in figure 7.2 by the dotted line). The negative

phase sequence of this 2nd harmomc is meanwhile weU known and will be

presumed here, though not obvious in figure 7.2.

Further, the large DC-component in uadiff constitutes a 0 sequence system

and hence wiU not contribute to the cunents on the AC-side.

As mentioned yet before, uadiff wUl cause a negative sequence 2nd AC-side

current harmonic to arise in iadiff, whose amplitude and phase-displacement
with regard to the fundamental of uadiff will exclusively be determined by r

and /. This proves right since no counter-voltage of this frequency wiU be

present in the system. In figure 7.2 this is exemplified for a large value

r =0.1 [p.u.] and Z=0.2[p.u.].

Simultaneously, this 2nd harmonic in iadi^ wiU be reflected back to the DC-

side via s2 or \sa\, where it wiU generate the NP-current i0 as indicated by
the thick line in figure 7.2. It can clearly be seen by the filled current-time

area of i0 that the NP-cunent shows up a DC-component.

Now, it is also evident from figure 7.2 that die magnitude of this NP-current

DC-component, which is known to be the driving self-balancing force,

strongly depends on the phase-displacement between s2 or \sa\ and the 2nd

AC-side cunent harmonic.

Assuming r=0 (fundamental of iadi^ is lagging by 7t/2 with respect to the

fundamental of «a^), it is quite easy to see in figure 7.2 that the resulting

DC-component in i0 wiU equal to zero, which simply means that no self-

balancing will occur (chapter 7.4.1c)).

For any ohmic part r * 0 however, the phase-displacement of die fundamen¬

tal of iadiff (the negative sequence 2nd cunent harmonic) with respect to s2

or |ja|, wiU become smaUer than Jt/2 and a DC-component in i0 wUl be

the result.

Since r in practical appUcations is usually very smaU compared to /, this

DC-component in i0 also has to be expected to be quite smaU, which would

yield large self-balancing time constants xbal.

Further, for these conditions (r « 0),/), the arising DC-component in i0 will
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be approximately Unear to r. This can be verified in figure 7.2 when virtu¬

ally shifting iadiff by smaU phase-displacements around the pure inductive

phase-displacement of n/2.

With that, the Unear dependancy of die self-balancing time constant xbal on

the ohmic system part r wiU be discussed sufficiently, which wiU now also

be done for the inductive system part /.

An increase of the inductive part / wiU have a double influence on the aris¬

ing 2nd current harmomc.

First of aU, linearly to the increase of /, the 2nd AC-side current harmonic

ampUtude wiU for r « 0),/ roughly linearly decrease, which also yields the

same linear decrease for the self-balancing DC-component in i0.

In addition to that, whUe presuming a constant ohmic part r, the phase-dis¬

placement of the 2nd AC-side current harmomc with respect to the NP-an¬

gles will for an increasing inductive part / inherently shift towards the pure

inductive mode. Hence, the self-balancing DC-component in i0 wiU once

more be reduced.

Since both effects are approximately inversely proportional to /, the result¬

ing dependancy on / wiU be inversely proportional to I2.

With that also the influence of / on the 3-level VSI self-balancing attributes

hopefuUy has become more transparent.

Finally, another general valid 3-level VSI self-balancing dependancy,

namely those on the 3-level VSI operation mode, can clearly be derived with

the help of figure 7.2.

Assuming constant system parameters r and /, the resulting NP-current wUl

not loose its DC-component, if the switching functions are phase-shifted or

if the NP-angles (the modulation index m) wiU be varied in order to set-up
another operation mode. The validity of this statement will be explained in

the following.

Since the relative phase-displacement of the fundamentals of uadiff and

iadiff is exclusively determined by the impedance r and /, the fiUed NP-cur¬

rent segments in figure 7.2 will remain the same, if the switching functions

are phase displaced. Witii otiier words, iadiff is coupled to s2h or \sa\ and

the self-balancing DC-component in i0 will not change its value when ex¬

clusively a phase-displacement is applied to s
h.

On the other hand, by virtually varying the NP-angles (modulation indices
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m) in figure 7.2, it is evident that the DC-component of i0 W1U change,
however still a value unequal to 0 wiU be result.

This graphicaUy shows the quaUtative independence of the self-balancing
attributes on a specific 3-level VSI operation mode.

Last but not least a special case should shortly be discussed. As can be

clearly seen in eqn. (7.13), no self-balancing occurs, if no ohmic part r

will be present in the system.

Though this is physically not realistic, the ohmic part r in a high power
system usually takes on very small values. Therefore, large time con¬

stants xbal will have to be expected, which quantitatively will be verified

in chapter 7.4.6.

In contrary, in small scaled hardware models, the ohmic part r nor¬

mally is quite large and due to this, a good self-balancing behaviour of

the 3-level VSI can be observed with no or almost no need for an addi¬

tional NP-controller.

b) Influence ofthe 2nd harmonic ofthe squared switchingfunctions

With respect to a d/q plane rotating with an angular velocity -2(0lt the ex¬

pression (S2do")2 + (S^ao")2 m e<m. (7.13) represents the squared amplitude
value of the fundamental of s2h, which is known to be a negative sequence

2nd harmonic (table 7.2 in chapter 7.3.1). As can be seen in eqn. (7.13), the

time constant xbal will be inversely proportional to these squared ampUtude.
To get a better understanding of tiiis dependancy, the harmonic analysis per¬

formed in chapter 7.3 and the harmonic transfer rales derived in chapter 4.3

will be of great help.

The harmomc analysis in chapter 7.3 indicated the self-balancing attributes

of the 3-level VSI. It could be seen in table 7.5 of chapter 7.3.1 that in case

of a DC-side unbalance UDdi^0, i0 shows up a DC-component, which for

sure must either have an increasing or a decreasing effect on UDdiff0.

According to the NP-current equation

h~ ~ 2j 'ph
'

sph~~ 2-i iPfl' \sPh<'
ph = g,b,c ph = aJo,c

this DC-component in i0 wtil in case of UDdiff0 * 0 predominantly be gen¬

erated by the convolution of the negative sequence 2nd harmomcs of i
h

and s2h or \sph\ respectively. The negative sequence 2nd harmonic of i
h
in
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its turn is caused by the convolution of again s2h or \sph\ with UDdiff0
(uphdiff = s2ph - UDdiffO = \Sph\ ' UDdiff0)-

Hence, the magnimde of die arising DC-component in i0 in case of

UDdiffQ * 0 wiU be proportional to the squared ampUtude of die 2nd har¬

monic of s2h or \s h\ and in addition to the DC-side unbalance UDdiff0 it¬

self.

Further, as it was clearly shown in the previous analysis, this DC-compo¬
nent in i0 wiU always have the appropriate sign to counteract to an existing
DC-side unbalance UDdi^0.

From that it is now evident that the self-balancing time constant xbal in eqn.

(7.13), will be inversely proportional to the squared amplitude of the nega¬

tive sequence 2nd harmonic of s2h or \sph\.

More, it can be expected that the numeric values of the negative sequence

2nd harmonic amplimde of s2h or \sph\ does not vary in a wide range for

different modulation schemes and switching frequencies. This is due to the

fact, that this ampUtude wiU predominantly be determined by the convolu¬

tion of the fundamental component of the chosen switching functions sph
with itself, which normaUy takes on large values, especiaUy in transmission

applications.

c) Influence ofthe capacitor size

Last but not least, the influence of the capacitor size c wiU also shortly be

discussed.

According to eqn. (7.13), the self-balancing time constant xbal shows up a

simple linear dependancy on the capacitor size c. Also this result is in very

good agreement with what would have been expected from a logical point of

view, which further strengthens the trust in the validity of eqn. (7.13).

7.4.4 Influence of the higher ordered even numbered harmonics of the

AC-side currents

The performed self-balancing analysis only has taken into account the self-

balancing contribution of the negative sequence 2nd harmonics of iph. This

proves right since in a d/q frame rotating with an angular velocity -2u)[
only this component wiU show up steady-state DC-values IdQ" and I 0" un¬

equal to 0.

For sure, also the higher ordered even numbered harmonics according to
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table7.2 and table 7.3 in chapter 7.3.1 will yield appropriate signed DC-

components to arise in i0, which wiU support the 3-level VSI DC-side self-

balancing effect.

This could be shown by performing the same analysis as presented in

chapter 7.4.2b), however now choosing a d/q frame rotating with e.g. 4©!,

-8©! or 10o)1, which conesponds to the harmonic orders of interest. Then,

nearly the same results as in eqn. (7.13) for -2o)j would be achieved except
of larger multiphcation factors (16, 64,100) for (O2, which indicate remark¬

ably larger time constants xbal.

In addition, appropriate values for the phasor components S2d0" and S2q0"
of s2h or \sph\ must be inserted, which no longer coincide with the funda¬

mental component of s2h (negative sequence 2nd harmonic), but with the

4th, isth, or 10th etc.. These higher ordered harmomcs of s2h or \sph\ in its

turn can usuaUy be expected to contribute with smaUer values than its fun¬

damental component.

Hence, it can be expected that the influence of the higher ordered even num¬

bered harmomcs on the DC-side self-balancing behaviour wiU be small.

7.4.5 Influence of the total DC-side voltage harmomcs

a) General considerations

In the investigations up to now, the influence of the harmonics in the total

DC-side voltage uDsum on the 3-level VSI self-balancing abiUties has not

been taken into account.

This was due to the fact that in the here chosen d/q frame (rotating with an

angular frequency -2©!), the equation for the total DC-side voltage uDsum

is totally decoupled from the other 3 system equations, as clearly shown in

eqn. (E.34) of appendix E.3.1.

However, it was shown in the harmonic analysis in chapter 7.3.1 (table 7.6),
that in case of a DC-side unbalance, the harmonic orders in uDsum will

change. In addition to all even numbered multiples of six, all odd numbered

multiples of 3 wiU also be present.

These odd numbered multiples of 3 wiU be generated by the convolution of

the switching functions sph with the even numbered AC-side current har¬

momcs, which in its mm are the result of the DC-side unbalance itself.

For sure, also these harmonics of uDsum, being odd numbered multiples of
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three, wiU be reflected back to the AC-side (u hsum
in table 7.7 of

chapter 7.3.2), where they will be the driving force for even numbered AC-

side cunent harmonics (iphsum in table 7.9 of chapter 7.3.2).

Hence, it should not be excluded tiiat these harmonics will have an influence

on the 3-level VSI self-balancing attributes, which wUl be investigated in

the following.

b) Mathematical analysis

In a first step, the steady-state influence of the AC-side current phasor com¬

ponents Id0" and Iq0" (caused by a DC-side unbalance UDdij^0) on the total

DC-side voltage uDsum wUl madiematicaUy be described. For that purpose,

the state-space equation for uDsum wiU be recaUed in mind, which, accord¬

ing to eqn. (D.14) in appendix D.2.1 can be written to eqn. (7.14).

J»Dsum
= J-C[S°°i'l' + S«>'-i«] (7"14)

Herein, the switching function phasor components sd and s
'

are assumed

to be constant and therefore are represented by dieir steady-state values Sd0'
and Sq0'. Further, the DC-side source/sink current iD is set to zero, since it

wUl not have an influence on the investigation to come.

By means of complex phasors, eqn. (7.14) can be expressed by

jfDsum
= ^reaKSo'* • ?'} (7-15)

with

So* = Sdo ~ J V and i' = id' + j iq' (7.16)

It has to be noted, that eqn. (7.14) - eqn. (7.16) are vaUd in a d/q-frame rotat¬

ing with an angular velocity 0)j. Only in this frame, the phasor components

SdQ and Sq0' of the switching function's fundamental wUl take on values

unequal to zero.

Hence, before inserted in one of these two equations, the current phasor
components Id0" and Iq0" calculated in a d/q frame rotating with an angular
velocity -2©, have to be transformed in a d/q frame rotating with an angu¬

lar velocity ©j. MathematicaUy, this can be described by eqn. (7.17).

( = Z()...c-;3co1r; /0" = /d0" + j-y (7.17)
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with

f: cunent phasor in a d/q frame rotating with an angular velocity ©,

/0": current phasor in a d/q frame rotating with an angular velocity -2©j

Inserting eqn. (7.17) in eqn. (7.15) and solving for uDsum yields eqn. (7.18).

»Dsum =

Yc
" Jreal^o'* • Jo" • e-fl°*'}dt (7.18)

Calculating the integral of the real part of 50'* • /0" • g"-'3coi'

(real(z)=l/2(z + z*), [52]) results to eqn. (7.19).

"Dsum = J^&o* lo" «~;3tV - So /«"* ' ej3(0>') (7.19)

Reflected back to the AC-side, uDsum wiU be die driving force for a cunent

phasor i
,
which in steady-state is determined to eqn. (7.20).

• •

=
Jl. l

•gux i J
2 4©,C

£q iq g ^o f-o e

r-j-2(Oxl r + j -4©!/
(7.20)

Now, eqn. (7.20) wUl be transformed back in a d/q frame rotating with an

angular velocity -2©,, which, according to

iaux -gux

yields the cunent phasor iaBJt" in eqn. (7.21).

«0 •
1 *0 -0 ^0 *0 e

2 4©,cl r-j- 2©,/ r + j-4(Oxl
(7-21)

In eqn. (7.21), the first term in the brackets (DC-term) corresponds to a neg¬

ative sequence 2nd harmonic, while the second term (oscUlating with

eJ t°1') represents a positive sequence fourth harmonic in the 3-phase plane.

Here, only the DC-term (negative sequence 2nd harmonic) of eqn. (7.21)

wUl be of interest for further smdies and therefore the osciUating term will

be neglected from now on. With that, i0I(X" can be rewritten in the form of

eqn. (7.22).
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_

Sq'Sq'* • (2<axl-j - r)
~

8©1c(r2 + 4©2/2)
-°" (7'22)

Separating die real and die imaginary part and replacing Sq'Sq* by

(Sd0')2 + (V)2 finaUyresultst0e<m-(723)-

. „ C01/((5,0')2-r(5g0')2)
„_

r((5</0')2 + (5,0')2) „

Ib"
4©1c(r2 + 4©2/2)

"° J
8©1c(r2 + 4©2/2)-°

^ ;

c) Discussion

With the help of eqn. (7.23), it can now be shown that this current phasor

i-gux"' which originaUy is caused by die self-balancing current phasor

^o" = Ido"+ Jlqo"'m addition contributes to the 3-level VSI self-balancing
abiUties.

Simply neglecting the imaginary term in eqn. (7.23), which for r « ©j/ wiU

not introduce a major fault, it is evident diat iaux" wiU be in phase with l0",
which means that die resulting negative sequence 2nd harmomc and with

that the balancing DC-component in the NP-current i0 wiU increase. How¬

ever, for reaUstic system parameters (Z=0.2[p.u.], c=3[p.u],

(Sjo)2 + (Sqo')2=l-^' me additional self-balancing component |ollx" wUl

take on moderate values (iflBX" = 0.14-70")-

This supporting influence could also be observed in simulations performed
with different capacitor sizes. Hereby, the same simulation as presented in

chapter 7.3.3 with the same DC-side unbalance source (unequal resistors in

parallel to the DC-side capacitors) have been carried out for cro,=0.5[p.u.]
(tc =1.44msec), cIO,=1.5[p.u.] (tc =4.32msec) and c,OI=2.5[p.u.]
(t. =7.2msec).

'tot

The vahdity of the statements made in this chapter were manifested in

steady-state DC-unbalancies UDd,ff0, which decreased with decreasing ca¬

pacitor values. For cfo,=0.5[p.u.] (tc =1.44msec) UDdlff0 resulted to

t/orf#o=°-15[P-u-]' for cMf=1.5[p.u.]'°'(i:C)M=4.32msec) UDdlff0 equals

UDdlff0 =0.25[p.u.] (as presented in chapter 7.3.3) and finally for

c,ot=2.5[p.u.] (xc =7.2msec) UDdlff0=0.21[p.u.] was achieved as the

steady-state DC-unbalance.

7.4.6 Simulation results

This chapter presents some simulation results with SABER, which wiU
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prove the vahdity of the mathematical self-balancing analysis carried out in

the previous chapters.

Again, the FFM modulated 3-level VSI SVC with the same parameters as in

chapter 7.3.3 is chosen as a representative example to confirm the theoreti¬

cal investigations.

However now, the two DC-side capacitors are initially charged to different

DC-voltages, which yields a DC-side unbalance UDdiffQ at r=0 of

^
Ddtff0

= 01 [P-Ul-

In addition, it is assumed that the SVC will work in the pure capacitive oper¬

ation mode during the whole simulation (iq'=Iq0'=l[p.u.]).

Further, in order to exclusively take into account the self-balancing contri¬

bution of the 3-level VSI itself, the controUed variable i
'

was filtered with a

comb filter, which is tuned to all harmonics being odd numbered multiples
of 3.

This has to be done, since these odd numbered multiples of 3, which in the

3-phase plane correspond to the even numbered AC-side cunent harmonics

caused by the DC-unbalance, will be present in i
' and wUl then via the con¬

trol variable tyu also cause undesirable modifications in the switching func¬

tions.

These undesirable modifications in the switching functions wiU yield a DC-

component to arise in the NP-current i0, which in the whole inductive and

up to about 0.7[p.u.] in the capacitive operation mode supports the self-bal¬

ancing while it counteracts to it between 0.7[p.u.] and l[p.u.] in the capaci¬
tive operation mode. This effect wiU be explained more in depth in

chapter 8. Since this is a control specific influence, it wUl not be of interest

here and would only falsify the results. Therefore, it has been eliminated by

appropriate filtering of i '. This has been done for all simulations in

chapter 7.

Now, before focusing on the simulation results, the self-balancing time con¬

stant xbal according to eqn. (7.13) wUl be calculated. For the given system

parameters

r = 0.005 [p.u.], / = 0.2 [p.u.], c = 3 [p.u]

and

(52d0")2 + (52.0")2 = 0.14,
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tiie latter of which resulted from a FFT of the chosen FFM switching func¬

tions (P=n/10), the self-balancing time constant xbal is given to

Tfca/ = 2.9sec..

As it was shown in chapter 7.4.5b), also those harmonics in the total DC-

side voltage uDsum, which are caused by die DC-side unbalance UDdiff0,
wUl positively contribute to the self-balancing effect by also generating a

self-balancing negative sequence 2nd harmonic.

For the parameters given here, this additional current phasor component

Lux" can he calculated to iaux" = 0.153 I0", which roughly wiU decrease

the self-balancing time constant to about 15%, which yields

xfca, = 2.45 sec.

This time constant is quite large (about 120 AC-system cycles), and even if

the self-balancing contributions of the entirety of aU remaining even num¬

bered AC-side cunent harmonics might yield a further smaU decrease of

this value, stiU a really large value has to be expected.

This calculated value for xbal wiU now be compared with the simulation re¬

sult, which is presented in figure 7.3, graphic a).

Herein the response of Uodm t0 lis initial DC-side unbalance UDdi^0 is

shown. In addition, for clearness reasons, uDdiff is filtered by means of a

2nd order notch filter (150Hz, quality factor 0.56) in order to get rid of the

inherent 3rd harmonic osciUation (chapter 5).

The variation in time of uDdiff can clearly be identified to coincide with

those of an exponential function, which is in very good agreement with eqn.

(7-13).

Also the time constant xbal, which in the simulation can be estimated to

about 2.3 sec. is also in quite good agreement witii the calculated value. The

fact, that the time constant xbal achieved by the simulation is smaUer than

the calculated one, confirms the small, but positive influence of the entirety
of aU remaining even numbered AC-side current harmonics.

To proceed further, the two simulations in the graphics b) and c) of

figure 7.3 are focusing on the dependency of the ohmic and the inductive

system part r and / on the 3-level VSI self-balancing attributes.

In graphic b), die resistive part r has been doubled to r=0.01 [p.u.] and the

inductive part / has remained the same (/=0.2 [p.u.]), while in graphic c)
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r = 0.005 [p.u.]; / = 0.2 [p.u.]; c = 3 [p.u]; xbal = 2.45 sec. (calculated)

r = 0.01 [p.u.]; / = 0.2 (p.u.]; c = 3 [p.u]; xbal - 1.22 sec. (calculated)

r = 0.005 [p.u.]; I = (0.2/JT) [p.u.]; c = 3 [p.u]; xM" 1.22 sec.(calculated)

r = 0 [p.u.]; / = 0.2 [p.u.]; c = 3 [p.u]; t6o/ -> ~ (calculated)

0.1

-0 075

& 005

0.025

k

- 0.1e";
*Dd,e (filtered)

-

i i i

05 15
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fig 7.3: self-balancing behaviour of the 3-level VSI FFM modu¬

lated SVC example as response to an initial DC-side unbal¬

ance UDd,ff0 for different system parameters
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the ohmic part remains at its initial value (r=0.005 [p.u.]) and the inductive

part is chosen to 1=0.2/ «/2 [p.u.].

According to eqn. (7.13), in both cases the time constant xbal wiU shrink to

half of its value. By comparing graphic a) with graphic b) and c), it can be

concluded that the simulations are in good agreement with the theory.

FinaUy, also the theoretical special case r=0 has been investigated. The

achieved results in figure 7.3, graphic d) must not be further discussed, since

they totaUy confirm the expectations.

With that, die 3-level VSI self-balancing attributes are sufficiently investi¬

gated and the time has come to have a closer look at both the most common

and die most serious DC-side unbalance sources, which wUl constitute the

topic of the next chapter.

7.5 DC-side unbalance sources and their impact

It was mentioned yet in chapter 7.2 that various sources exist, which are re¬

sponsible for a 3-level VSI DC-side unbalance. For practical appUcations it

wiU be of highest interest to get a feeling for die quantitative impact of these

individual unbalance sources. Hereby the knowledge of reaUstic values for

both the arising unbalance magnimde and the conesponding dynamics is

very desirable. The achieved results might then also show up the most criti¬

cal DC-side unbalance sources.

In addition the smdies wiU be of great help to answer the questions, whether

an additional balance controUer wiU be necessary or not, and, if yes, which

dynamic requirements have to be fulfilled by this controUer.

Therefore this chapter will focus more in depth on these aspects with respect

to the particular DC-side unbalance sources introduced in chapter 7.2.

Again, this wiU be exempUfied on the 3-level VSI SVC with a total DC-side

capacitance ct0,=1.5[p.u.] or xc =4.32msec and otiierwise the same pa¬

rameters as given in chapter 6.3. "Further, no additional DC-side balancing
controller is implemented.

7.5.1 DC-side unbalance transfer functions

A good insight in possible DC-side unbalance sources can be achieved by
having a closer look at the transfer functions for the DC-side voltage uDdiff
in dependancy on the control and die disturbance variables. These transfer
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functions are derived in appendix E.2 (table E.9) and are here once more

presented in table 7.13. The herein appearing quantities are in addition sum¬

marized in table 7.14.

Hereby it should be recalled in mind that these transfer functions for

uDdiff(s) is vaUd in a d/q frame, which rotates with an angular velocity

-2©j.

Therefore, it has to be emphasized that DC-load-steps in the control varia¬

bles Asd"(s) and Asq"(s) (switching function phasor) as weU as in the dis¬

turbance variables A«L/(s) andA«Lo"(s) (AC-system voltage phasor com¬

ponents) wiU conespond to negative sequence 2nd harmonics in the 3-phase

plane.

In eqn. (7.24) it is not difficult to recognize, that negative sequence 2nd har¬

momcs in the above mentioned control or dismrbance variables wUl cause a

DC-component to arise in uDdiff(s) •

By simply assuming DC-load-steps in Asd"(s), Asq"(s), AuLd"(s) and

AuLq"(s) according to

ay
s

s

and applying the 'final value theorem' of the Laplace transform ([58])

lim (s-F(s)) = Um/(f),
s->0 f-»~

to eqn. (7.24) results after a short analysis to eqn. (7.26).

In eqn. (7.26) it can clearly be seen, that for any DC-side unbalance source

ASd0", A5o0", AULd0" and AULqQ", the resulting DC-side unbalance

Um uDdiff wiU not be infinite, but limited to values, which can now be cal-
r-»~

culated witii eqn. (7.26).

This once again proves that the 3-level VSI has the inherent abUity to coun¬

teract to a DC-unbalance:

In presence of a DC-side unbalance source, UDdifj increases up to that

point, where the 3-level VSI self-balancing DC-component in i0 equals

Asd"(s) =

A5,0"
Asq"(s) =

Auu"(s) =

At/Ld0"
AuLq"(s) =
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System parameters:

r: resistive part of the system in [p.u.]

/: stray reactance of die transformer in [p.u.]

©j: fundamental frequency of the AC-system in [rad]

AC-side phasor quantities with respect to a d/q frame rotating with

an angular velocity of a negative sequence 2nd harmonic -2©,:

Asd" (s): deviations in the d-component of the switching function

phasor in [p.u.]

As "(s): deviations in the q-component of the switching function

phasor in [p.u.]

Au^'^s): deviations in the d-component of the AC-system voltage

phasor in [p.u.]

A"lo"(*) : deviations in the q-component of the AC-system voltage

phasor in [p.u.]

S2d0": steady-state d-component of the squared switching function

phasor in [p.u.]

S2q0": steady-state q-component of the squared switching function

phasor in [p.u.]

IdQ": initial d-component of the AC-side current phasor in [p.u.]

/ 0": initial q-component of the AC-side current phasor in [p.u.]

DC-side quantities:

uDdiff(s): variation in time of the DC-side unbalance in [p.u.]

UDsum0: steady-state total DC-side voltage in [p.u.]

table 7.14: Quantities in the 3-level VSI DC-side unbalance transfer

functions (table 7.13)
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to UDdiff =
J^dQ« + 2<olS2^U 0

,

t-*~Dd'ff r[(S2d0")2 + (S2q0")2]
d0 1

(r52o0"-2©1/52rf0")t/DiBm0^
r[(52d0")2 + (S2g0")2] «°

2(r52d0" + 2©1/52a0")

r[(S2a-0")2 + (52a0")2]
uc

2(rS2q0"-2(OllS2d0") ,

>[(52rf0")2 + (5V)2] i?0

those introduced by the DC-side unbalance source.

However, die hereby resulting steady-state values Um uDdiff can take on

unreasonable large values, which wiU be shown in chapter 7.5.4.

The above described Umiting behaviour of the 3-level VSI wiU be subject to

change, if no ohmic part wiU be in the system. Then the transfer functions in

eqn. (7.24) wiU result to eqn. (7.25).

Applying the 'final value theorem' of the Laplace transform ([58]), it can

easUy be seen that Um uDdiff wiU strain after infinity for any DC-side un-

r->~
"

balance source ASd0", ASq0", AULd0" and AULq0" unequal to 0.

7.5.2 DC-side unbalance caused by transient load steps

Probably one of the most frequent DC-side unbalance sources is with re¬

spect to transient load steps in the controUed variables of the 3-level VSI.

Mathematically, the influence of these DC-side unbalance sources can

hardly quantitatively be described. In order to get a quantitative feeling for

their impact, simulations with representative parameters are very weU suited

to fulfil this task.

Hence, a simulation with the weU known SVC-example was performed, in

which the compensator is undergoing two load-steps in its control variable,
which is the reactive phasor component i

'

of the AC-side currents iph.

During the first 500ms, the SVC is working in a neutral mode (iq =0),which

is foUowed by a load step into die nominal capacitive mode (ia'=l) at
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t=500ms. FinaUy, at t=lsec. the compensator is forced into the nominal in¬

ductive operation mode (ia'=-l) for the rest of the simulation. Concerning
the appUed control strategy, the reader is referred to chapter 6.3.1 for a brief

and to chapter 9.3 for a more detaUed description.

The variation in time of i
'

is presented in the upper graphic of figure 7.4.

Simultaneously, the response of the DC-side voltage uDd,ff to these tran¬

sient load steps in iq is given in the lower graphic of figure 7.4.

AC-side current phasor component /
'

002

001

-0 01 -

-002

t[sec]

filtered DC-side voltage uDd,ff

05

t[sec]

15

fig 7.4: response of the (filtered) DC-side voltage uDdlff to load

steps in the controUed variable i
'

of the FFM modulated

SVC-example

Here again, for clearness reasons, uDdlff is filtered by means of 2nd order

notch filters (150Hz, quaUty factor 0.56).

It can be clearly seen in the upper graphics of figure 7.4, that fortunately the

transient load steps in iq wiU only cause a smaU DC-side unbalance of the

two DC-side voltages uDi and uD2 of not more than about 0.01 [p.u.].

However, though the DC-side capacitor value is chosen not too small, the
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dynamic of uDdiff is quite fast, which would also ask for a controUer with a

similar fast dynamic performance in order to rapidly counteract to this DC-

unbalance. This in its tum is difficult to realize, since die necessary filtering
of Uodiff (srnaU DC-component compared to a large 3rd harmonic) always
introduces a certain delay into the closed control loop.

Last but not least, also the self-balancing attributes of the 3-level VSI are

once more underlined in die upper graphic of figure 7.4. Since they are quite
moderate, an additional DC-side unbalance controUer wiU therefore be quite
desirable.

Finally it should be mentioned that die badly damped osciUations, which are

apparent in both graphics of figure 7.4 especiaUy after the second load step
at t=lsec., correspond to die resonance of die system, which is determined

by die zeros of the denumerator. These osciUations are superimposed to

Uodiff a* wm" m addition sUghdy increase the DC-side unbalance tran-

siendy.

It was shown in [59] - [62], that these osciUations wiU be present in aU 2-

level VSI quantities. Here, it is now evident from both the transfer functions

in table 7.13 and die simulation results, that they also have to be expected in

those quantities, which exclusively exist for die 3-level VSI.

7.5.3 DC-side unbalance caused by transients in the AC-system volt¬

ages

Another possible DC-side unbalance source is represented by transients in

the AC-system voltages uLph, like voltage drops, single Une faults, etc.

Their quantitative impact wUl be studied by means of a large single Une

voltage drop of 0.75 [p.u.] in the AC-system voltage uLa. This type of AC-

system voltage transient counts responsible for roughly 90% of aU AC-sys¬
tem voltage disturbances.

At t=40ms, the SVC is connected to the AC-system and controUed into die

nominal capacitive operation mode (iq=\). Then, at t=105ms, the above de¬

scribed voltage drop of 0.75[p.u.] in u^ wiU take place, which wiU be

cleared 200ms later, at t=305ms.

The fundamentals of the AC-side currents i
h

are controUed to constimte a

symmetrical 3-phase system, also during die severe AC-system fault. This

wUl be achieved by an additional feed-forward controUer, which wiU be de¬

scribed in detail in chapter 9.4.
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AC-system voltage uLa

AC-side current phasor component i

(unfiltered) DC-side voltage uDd,ff

filtered DC-side voltage uDd,ff

-005

fig 7.5: response of the filtered and unfiltered DC-side voltage

uDdtff to a11 AC-system voltage drop of 0.75[p.u.] in uLa,
feed-forward controller implemented for the controlled

variable i' of the FFM modulated SVC
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The variation in time of m^, /' and, of course, the unfiltered and filtered

DC-side voltage uDdiff, which represents the dynamic of the DC-side unbal¬

ance, are shown in figure 7.5.

From the lowest graphic in figure 7.5 it can be seen, that the magmmde of

the DC-side unbalance UDdlff, introduced by this severe AC-system fault, is

still in a reasonable range and timited to sUghtly more than 0.05[p.u]. Also

here however, the dynamic of die arising unbalance Uodiff xs pretty fast,

which constitutes a challenging touchstone of an additional DC-side unbal¬

ance control scheme.

Further, with respect to the unfiltered DC-side voltage UDdiff (third graphic
from the top), a remarkable 50Hz component is present during die AC-sys¬
tem fault, which once more confirms die quaUtative and quantitative har¬

monic analysis performed in chapter 4.4 and chapter 6.5.

Finally it should be noted that this harmonic with fundamental frequency
must also not be forgotten, when designing die necessary filter for uDdiff in

an additional DC-side unbalance control!

7.5.4 Unbalance caused by even numbered AC-system harmonics

In the two previous chapters, the influence of transient DC-side unbalance

sources have been investigated, which however wiU not introduce a steady-
state DC-side unbalance UDdiff0.

This proves right, since their influence wUl be limited to a short time, after

which the 3-level VSI itself is capable to slowly 'serf-control' this DC-side

unbalance to 0.

This will now be subject to change in the foUowing chapters, where the in¬

fluence of steady-state DC-side unbalance sources wiU be studied quantita¬

tively.

As could be seen in eqn. (7.26), a negative sequence 2nd harmonic in the

AC-system voltages uLph represents one of those steady-state DC-side un¬

balance sources and will therefore be investigated more in depth.

a) Simulations

For that purpose, two simulations have been performed for the SVC exam¬

ple with SABER. In the first simulation a negative sequence 2nd AC-system
harmonic with an amplimde of 0.02 [p.u.] is assumed to be in phase a

cophasal with the AC-system voltage fundamental of u^. In the second
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simulation, this harmomc wiU have the same ampUtude, however a lagging

phase-displacement of n/2 with respect to the fundamental of «La is cho¬

sen. Further, the compensator is working in the nominal capacitive mode

(i
'

=1) during the whole simulation interval.

It should be noted, that in practical applications, such a magmmde can eas¬

Uy arise for this harmonic in case that the inverter transformer or another

transformer in the vicinity of the inverter is saturating.

The two simulation results, showing the response of the reactive AC-side

current phasor component i
'

and the filtered DC-side voltage uDdlff are

given in figure 7.6 and figure 7.7. AdditionaUy, in figure 7.7, the Une dia¬

grams of the two individual DC-side voltages uD1 and uD2 are also in¬

cluded.

AC-side current phasor component iq

1 51 1 1 1 1 1 1— 1 1 1

~»!
3

D.

^05

0I 1 1 1 i 1 1 1 . 1

0123456789 10

filtered uDdlff

0 2i 1 1 1 1 1 1 1 1 1

015-
^___

'

-

I01' ^^
005 -y^

0123456789 10

i [sec J

fig 7.6: response of i
'

and uDd,ff (filtered) to a negative sequence

2nd harmonics in uLph with an ampUtude of 0.02[p.u.],
cophasal to the fundamental of uLph
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fig 7.7: response of iq , uDdlfy (filtered), uDl and uD2 to a negative

sequence 2nd harmonic in uLph with an ampUtude of

0.02[p.u.], phase-displaced by Jt/2 to the fundamental of

ULph
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b) Discussion

As can be seen in the conesponding graphics for the filtered DC-side volt¬

age uDdiff in figure 7.6 and figure 7.7, the steady-state DC-side unbalance

UDdiffQ remarkably differs for the two simulations, which becomes evident

when having a closer look at die scales of die vertical axes.

On the first sight, these results might be astonishing, since it could not be

expected that die phase of this AC-system 2nd harmonic would have such a

drastic influence.

However, remembering the graphical model introduced in figure 7.2 of

chapter 7.4.3a), quite a simple explanation can be derived.

The negative sequence 2nd harmonic in uLph wiU for sure cause an AC-side

cunent harmomc to arise with the same frequency and phase sequence. This

AC-side current harmomc in its turn will be transformed to the DC-side and

will also contribute to the generation of the NP-cunent i0 and in particular
to its DC-component.

Now, according to figure 7.2 in chapter 7.4.3, the phase-displacement be¬

tween the AC-side current harmonic and die (squared) switching functions

(s2h) s h
determines the arising DC-component in i0 and with that the

magnimde for the driving DC-side unbalance force.

In case of the simulation where the negative sequence 2nd AC-system har¬

monic is cophasal with the AC-system voltage fundamental, the correspond¬

ing AC-side current harmonic wiU be phase-displaced by roughly 7t/2 with

respect to the (squared) switching function fundamental. This can easily be

verified by a phasor diagram (e.g. figure 5.2 in chapter 5.4.2) for a pure re¬

active 3-level VSI operation mode as assumed here.

Hence, according to figure 7.2 in chapter 7.4.3, only a very smaU DC-com¬

ponent wiU be introduced in i0.

Sinular considerations can be performed for the case that the negative se¬

quence 2nd AC-system voltage harmonic is phase-displaced by Jt/2 with

respect to the fundamental of the AC-system voltage uLa. It wdl then be ap¬

parent that the resulting DC-component in i0 wdl have an almost maximum

value, which wiU therefore also yield an unreasonable large steady-state
DC-side unbalance UDdiff0, to which the 3-level VSI might hardly counter¬

act.

Latest at this point, the simulations have shown that an additional DC-side

unbalance controller will be absolutely necessary in order to protect the 3-
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level VSI from destruction. This can be clearly seen in figure 7.7 for the re¬

active cunent phasor component iq and the individual DC-side voltages

uDl and uD2. After a few hundred miUiseconds they wiU take on values,

which would destroy both the 3-level VSI valves and the DC-side capacitors
due to die large voltage and current stress.

With respect to i
'

in figure 7.7 it should be noted, that die arising large os¬

ciUation, superimposed to the DC-component ia'=l[p.u.], represents a 3rd

harmonic, which in the 3-phase plane corresponds to a negative sequence

2nd harmonic. This negative sequence 2nd harmomc is generated by the

DC-side unbalance and wiU increase up to that moment, where its DC-con¬

tribution to the NP-current wiU be as large as those caused by the small neg¬

ative sequence 2nd harmomc in uLph.

However, as can also be seen in figure 7.6, the dynamic of the arising DC-

side unbalance UDdiff is very slow and tiierefore, it should not be a problem
to design an appropriate controUer.

c) Mathematical verification ofthe simulation results

Finally, to verify the vahdity of die achieved simulation results, the steady-

state DC-side unbalance UDdiff0 for both simulations wtil in addition be

calculated with eqn. (7.26).

Herein, the given negative sequence 2nd AC-system voltage harmonics re¬

sult to

AUU0" = 0.02 [p.u.] and AULq0" = 0 [p.u.]

for those being cophasal with the AC-system voltage fundamental of uLa,

and to

A£W = ° [P-u-] and AULqQ" = 0.02 [p.u.]

for those being phase-displacement by Jt/2 with respect to the AC-system

voltage fundamental of u^.

This proves right, since according to chapter 8.4.5, the d-axes of the d/q-
frames used in this thesis always coincide with the d-component of die AC-

system voltage phasor.

The phasor components S2dQ" and 52a0" of the squared FFM (($ = rt/10)

switching functions s2h were determined by means of a FFT and resulted to



-236-

S2dov = 0.374, S2q0" = 3.8 IO"3.

Together with the other system parameters,

r = 0.005 [p.u.] and / = 0.2 [p.u.],

the conesponding terms in eqn. (7.26) result to

hmuDdiff = 0.194 [p.u.] and limuDdiff = -8.55 [p.u.]

The finally resulting steady-state values for uDdi^ have to be expected to be

smaller than this calculated value (about 15% according to eqn. (7.23) for

the SVC example), since the self-balancing contribution of the harmonics in

uDsum (chapter 7.4.5) are not taken into account in eqn. (7.26). The same

proves right for the entirety of aU higher ordered even numbered AC-side

current harmonics, which in addition might shghtly contribute to the self-

balancing (chapter 7.4.4).

Having the latter mentioned in mind, it can be concluded that both the anal¬

ysis and the SABER simulation are in very good agreement.

A third verification was achieved by performing the same two simulations

with the MATLAB program introduced and described in chapter 6.2.

The hereby achieved steady-state values for all 3-level VSI quantities were

in exceUent coincidence with those from the SABER simulations.

It should again be emphasized here, that the SABER simulator and this 3-

level VSI specific MATLAB program are basing on absolutely different so¬

lution algorithms. Due to this, diese two programs can be seen as independ¬
ent simulation tools, which are quite well suited for the consolidation of at

least steady-state results.

Hence, it can be concluded that a negative sequence 2nd harmonic in

the AC-system voltages uLph will constitute one of the most serious DC-

side unbalance sources.

In general, the same is true for aU other even numbered harmomcs in uLph
with an appropriate phase sequence, e.g. a positive sequence 4th harmomc,

a negative sequence 8th harmonic etc.. However their influence will be bet¬

ter damped by the decoupling inductance /.

7.5.5 DC-side unbalance caused by switching inaccuracies

Anoflier very common steady-state DC-side unbalance source, which proba-
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bly wtil be present in every 3-level VSI, is with respect to inaccuracies in the

switching instants of the 3-level VSI pulse patterns.

Due to unavoidable manufacturing tolerances, the electronic parts in the

gate-drives and also the high power switches itself are physicaUy not identi¬

cal and hence will always cause deviations in the switching instants.

The influence of these deviations should therefore not be forgotten and it

wiU be interesting to get a quantitative feeling for tiieir impact on the DC-

balance of uDi and uD2.

For tiiat purpose, quite a large delay of 50its in the arbitrarily chosen upper

valve of phase a was assumed for the FFM modulated SVC-example. This

one large delay wUl also be representative for the sum of many smaUer devi¬

ations, which may occur when the switching frequency is higher than those

for FFM.

Again a simulation was performed with SABER, the result of which is given
in figure 7.8.

AC-side cunent phasor component i'

--0 02

-004

filtered u
Ddtff

fig 7.8: response of iq and the (filtered) DC-side voltage uDdlff to

a steady-state delay of 50ixs in the switching instant of the

upper valve in phase a for the FFM modulated SVC-exam¬

ple
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It is interesting to see, that this kind of DC-side unbalance does not intro¬

duce a major stress for the 3-level VSI, since the steady-state value for

^Ddtff wm" he limited by the self-balancing abiUties to less than 0.04[p.u.].
This even proves right for the quite large switching instant delay of 50us,

which in most cases wiU not be tiiat huge.

In addition, the dynamics of this DC-side unbalance drift are quite slow.

Also the reactive phasor component iq does not seem remarkably be influ¬

enced by this switching inaccuracy, though for sure smaU, here obviously
not visible, even numbered AC-side current harmonics will be present in the

3-phase plane.

Hence, it can be concluded that this kind of unbalance source wiU not con¬

stimte a major chaUenge for an additional DC-side balance controUer.

Finally, in order to consoUdate the achieved results, the steady-state values

of the most important 3-level VSI quantities (iph, i0, uDl, uD2, uDd,ff,
uDsum and s h) achieved at t=10sec. have been compared witii those result¬

ing from a simulation with the MATLAB program described in chapter 6.2.

Again, a very good coincidence could be observed.

Last but not least, it should be noted, that in smaU scaled hardware models,

where the 3-level VSI self-balancing abiUties are quite good and die low

power valves are more accurate, only a very smaU, really negligible DC-side

unbalance UDdijj0 can be expected.

7.6 Summary

This chapter was focusing on the effects caused by a DC-side unbalance,

which constitutes one of the major 3-level VSI drawbacks. In addition, the

most common DC-side unbalance sources and their individual quantitative

impacts were presented.

In a first step it was shown that in case of a DC-side unbalance additional

harmonics wiU have to be expected in the 3-level VSI quantities.

On the AC-side, even numbered 3-level VSI output-voltage harmonics will

arise, which generate even numbered current harmonics. These even num¬

bered cunent harmonics do not only yield an extra stress for the inverter

valves but also a highly undesirable harmonic distortion for the AC-system.

On the DC-side, the harmonic orders of the individual DC-side voltages
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uDl and uD2 wUl be the same as for balanced DC-side conditions. How¬

ever, in case of a DC-side unbalance, die individual harmonics wiU no

longer show up the same ampUmdes in bodi voltages uD1 and uD2 and also

their mutual phase-displacements will no longer equal to 0 or Jt.

As a result of this, uDsum wUl contribute with harmonics which are odd

numbered multiples of 3 (without DC-unbalance: multiples of six), wmle

uDdtff wiU show up harmonics which are multiples of six (without DC-un¬

balance: odd numbered multiples of three).

In a next step, the 3-level VSI self-balancing attributes have been investi¬

gated in depth. It could be shown that die 3-level VSI topology wiU be in¬

herently self-balancing.

This is due to the fact, that in case of a DC-side unbalance UDdlff0, the 3-

level VSI always generates a DC-component in the NP-current i0, which is

proportional to UDd,ff0 itself and which counteracts to it.

This DC-component in i0 wiU be generated by the convolution of the even

numbered AC-side current harmomcs (which in its tum are caused by die

DC-unbalance) with the squared switching functions s2h.

These statements wiU prove right for all 3-level VSI operation modes (reac¬
tive and active power exchange with die AC-system), for aU switching func¬

tions with at least a symmetry to half of a period and for any switching fre¬

quencies.

However, if no ohmic part r wiU be present in the system, no self-balancing
will occur.

The self-balancing response of the 3-level VSI to an initial DC-side unbal¬

ance UDdtff0 can quite weU be approximated by an exponential function,
the time constant xbal of which wiU be

• approximately inversely proportional to the ohmic part r of the

system.

• approximately proportional to the squared decoupling inductance

/2 of the system.

• proportional to the capacitor size c

• inversely proportional to the squared ampUtude of the 2nd har¬

monic of the squared switching functions s2h.

In high power systems, where the ohmic part r is very smaU, the self-bal¬

ancing time constant xbal wtil be very large (a few seconds), which makes
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an additional DC-side balance controller at least recommendable.

Finally, the impact of various DC-side unbalance sources have been investi¬

gated. It could be seen that a DC-side unbalance will predominantly be

caused by

• transient load steps of controUed variables

• transient disturbances of the AC-system voltages uLph
• even numbered harmomcs with an appropriate phase sequence in

the AC-system voltages uLph

• inaccuracies in the switching instants of the 3-level VSI valves

Transient load steps cause only a moderate DC-side unbalance in Uodiff
which usuaUy wUl be limited to smaU values (about 0.02 [p.u.]) for reasona¬

ble sized capacitors (croI=1.5[p.u.] or xc =4.32msec).

Transient disturbances of the AC-system voltages uLph can introduce a DC-

side unbalance UDdiff with still tolerable magnitudes of about 0.05 [p.u.].
This however presumes, that the size of the DC-side capacitors, which can

limit UDdiff to reasonable values, must not be chosen too smaU!

Even numbered harmonics in the AC-system voltages uLph seem to be the

most powerful DC-side unbalance sources. Even quite smaU negative se¬

quence 2nd harmonics (or 4th positive sequence harmomcs) can cause a

very large DC-unbalance. Hereby, the 3-level VSI self-balancing abUities

wUl no longer be capable to Umit their impact to reasonable small values.

This could be shown by both mathematical analysis and simulations with

SABER.

Inaccuracies in the switching instants of the 3-level VSI valves, for example

switching delays of 50iis, cause only moderate steady-state DC-unbalance,

which is kept at a low level of about t/DdlJy0=0.03[p.u.] by the self-balanc¬

ing abUities.

The results of the studies clearly showed, that an additional active balance

controller is highly recommendable in high power applications, where unu¬

sual operation conditions could cause severe DC-unbalance, which cannot

be limited by the self-balancing abUities to moderate steady-state values.

Hence, additional DC-side balance control will be investigated in the next

chapter.
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8 The 3-level VSI DC-side balance con¬

trol

8.1 Overview

This chapter focuses on investigations concerning the active DC-side bal¬

ance control of the two DC-side voltages um and uD2.

An introduction describes traditional solutions with tiieir basic principle and

their appUcation field. In addition their vahdity limits are explained, which

confirms the need for a new method suitable for appUcations, which exclu¬

sively (e.g. SVCs) have to provide a pure or almost pure reactive power.

In a first step, two different DC-side control measures, which are basing on

modifications of the switching functions sph, are introduced and discussed

with the help of a simpUfied graphical model. It will be shown, tiiat for the

pure reactive operation mode, exclusively one of the two proposed methods

wUl be suitable.

In a next step, the graphical results wiU mathematicaUy be verified witii the

3-level VSI transfer functions for the pure reactive operation mode by
means of a SVC with reaUstic system parameters. It wiU be shown, that the

system behaviour has to be described by botii the transfer functions derived

in a d/q frame rotating with an angular velocity ©t and those achieved in a

d/q frame rotating with an angular velocity -2©j.

Further, basing on the transfer functions, a DC-side balance control wiU be

designed for the FFM modulated SVC application. This control scheme wiU

mainly consist in a conventional closed loop with Pl-controUer for the con¬

trolled variable uDdi^. In addition, a feed-forward controUer for distur¬

bances introduced by the AC-system voltages uL h,
wiU be superimposed.

Finally, the performance of the designed control scheme wiU be verified

with the simulation tool SABER by means of the different DC-side unbal¬

ance sources introduced in chapter 7.5.

8.2 Introduction

Possible hardware solutions for the DC-side balancing include die installa-
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tion of resistors in paraUel to the capacitors or more sophisticated chopper
circuits, which only become active if a DC-side unbalance occurs. However,

since for aU these solutions additional components are necessary, which will

cause higher costs and losses, they are not interesting for high power appli¬
cations.

Therefore, control schemes, where additional hardware components can be

avoided, are highly desirable. These control schemes are based on modifica¬

tions of the switching functions sph, which, as is well known, constimte the

control variables of the (3-level) VSI. Hereby, it is preferable not to increase

the switching frequency by the DC-side balancing control scheme.

Many pubUcations concerning DC-side balancing control methods, espe¬

ciaUy for drives appUcations, have been published in the last few years (e.g.

[63], [44]). The principle of many of these proposed control schemes is

rather simple and consists in the introduction of an appropriate DC-compo¬
nent in the switching functions sph. This measure is quite efficient, if the

load to be fed by die 3-level VSI is an AC-drive, or, more general, if the 3-

level VSI delivers or absorbs an active power.

Unfortunately this control scheme fails, if the 3-level VSI is operated in a

pure reactive operation mode (e.g. SVC) as wtil be shown in chapter 8.3.

Also the AC-drive will be disconcerted, when operating with no mechanical

load (i.e. consuming the mainly reactive magnetization cunent from the 3-

level VSI).

Another approach is based on the 3-level VSI output voltage vectors in the

ot/|3-plane (appendix C.1.1) [65]. This kind of DC-side balance control

scheme has the advantage that the controUer does not affect the AC-side

cunents, since its operation principle consists in modifications of the 3-level

VSI output voltages by means of zero sequence systems. However, both an

increased switching frequency fs and smaller modulation indices m (in¬

ner voltage vectors!) have to be taken into account.

Therefore a DC-side balancing control scheme, which both does not in¬

crease the switching frequency and is suitable for a pure reactive power

transfer, is highly desirable. A solution for carrier based PWM was pro¬

posed yet in [64]. However, this scheme is not directly applicable for FFM

or off-lme-optimized pulse patterns. Therefore, a control measure to deal

with these modulation schemes wUl be presented in chapter 8.3.
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8.3 DC-side balancing control measures

This chapter introduces two different DC-side balance control principles,
which both are basing on suitable modifications of the switching functions

sph. These suitable modifications in sph focus on the generation of a bal¬

ancing DC-component in the NP-current i0. Hereby, the influence of both

control measures on the resulting NP-current i0 wiU in addition be sepa¬

rately be studied for a pure active and a pure reactive operation mode.

The investigations wiU be performed with the help of die graphical model

introduced in chapter 5.4.3 (e.g. figure 5.3). Again, it wiU be of great help
for smdies concerning the generation of a DC-component in the NP-current,

necessary to control a DC-side unbalance to 0.

The quantities used in the following graphics are for clearness reasons sum¬

marized in table 8.1.

8.3.1 DC-side balancing control of type I for pure active operation
mode

Having the intention to introduce a DC-component into the NP-current i0,
one might have the idea to modify die switching functions by shortening the

positive pulses, whUe simultaneously lengthening the negative ones, or vice

versa.

In order to distinguish this DC-side balance control measure (unequal pulse

length for the conesponding pos. and neg. pulses) from the one introduced

in chapter 8.3.2, it wnT here be coined DC-side balance control of type I.

This pulse pattern modification is shown in graphic a) of figure 8.1 for FFM

modulation and a pure active operation mode. Hereby the positive block of

sa is shortened whUe the negative one is lengthened. It is obvious, that this

measure wiU yield a zero sequence DC-component to arise in the switching
functions, which will ineffectively drop over the transformer's secondary
starpoint SP and the neutral point NP on the 3-level VSI DC-side.

It is further shown in graphic a) of figure 8.1, that the NP angles in fact are

shifted to the left and right side respectively, their length however still re¬

mains the same in the two half-periods.

a) Influence ofthe AC-side currentfundamental

This switching function modification has a remarkable influence on the re-
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Switching function related quantities:

sa (original): original switching function without DC-side balance

control measure applied

sa (modified)switching function of phase a with DC-side balance

control measure applied

y: DC-side balance control variable (= phase-displacement of

switching instants)

AC-side current related quantities:

'a b ci •
AC-side cunent fundamentals for the 3 phases ph=a,b,c

ia b c2
' AC-side current neg. seq. 2nd harmonic caused by the DC-

side balance control measure for the 3 phases ph=a,b,c

NP-current related quantities:

i0 ,
: NP-cunent generated by the AC-side cunent

fundamental ial of phase a

-'al

i0 ,.
: NP-current generated by aU 3 AC-side current

~ phi

fundamentals iphl

i0 ,
: NP-current generated by the AC-side current

-•al

neg. seq. 2nd harmomc ia2 of phase a

i0 ,
: NP-cunent generated by aU 3 AC-side current

— phi

neg. seq. 2nd harmomcs i
h2

Iodc i
NP-current DC-component caused by i0 ,

Iqdc t
' NP-current DC-component caused by i0 ,

Iodc ' NP-current DC-component caused by i0 and i0
— phi + 2 — phi — phi

Iodc '• DC-component of the NP-cunent i0, including I0DC ,

and the contributions of aU higher ordered even and odd

numbered AC-side current harmonics

table 8.1: Quantities used in figure 8.1- figure 8.5
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fig 8.1: DC-side balance control of type I (different pulse lengths for the

corresponding pos. and neg. pulses of the switching functions sph)
and its impact on the NP-current i0 for pure active operation mode

(figure 5.2), r=0,/=0.2[p.u], fj=7t/10, y=0.2rad, see also table 8.1
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sulting NP-cunent i0. Assuming the pure active AC-side current ia to be

represented by its fundamental ial, it can clearly be seen in graphic a) of

figure 8.1 that its contribution i0 to the NP-cunent i0 wiU show up a

large DC-component.

This DC-component, presuming the appropriate sign, could now be used for

actively controlling the DC-side balance. Further, its magnimde increases

with increasing values for the DC-side balance control angle y.

Taking into account aU tiiree phases a,b,c, yields the resulting NP-cunent

in_, in graphic b) of figure 8.1, which contributes with the triple DC-value

compared to i0 ,
. However, assuming ial =0, no balancing DC-component

wUl be present in i0, as can also clearly be seen in graphic a) of figure 8.1.

The statements made so far wUl also quaUtatively prove right for a mixed

operation mode (both active and reactive power exchange with the AC-sys¬

tem). Exclusively the magmmde of the arising DC-component in i0 will be

smaUer than for a pure active operation mode.

b) Influence ofthe negative sequence 2ndAC-side current harmonic

To proceed further, it is as weU obvious from graphic a) in figure 8.1, that

due to the above described modification, the FFM switching function has

lost its symmetry to a quarter of a period and wiU now have a symmetry to

its whole period. This in its turn wUl introduce even numbered harmonics in

its spectrum, which wUl cause even numbered AC-side currents to arise.

The influence of its most predominant representative, the neg. seq. 2nd AC-

side current harmomc ia2 is shown for phase a in graphic c) of figure 8.1.

Hereby, the ampUtude corresponds to the modified FFM switching function

with a NP-angle P = 7t/10 (P=18°) and a decrease/increase of the pos./

neg. switching function blocks of y=0.2 rad. Further, for simpUcity reasons,

the ohmic part of the system is neglected (r=0) and the decoupling induct¬

ance is assumed to be Z=0.2[p.u.].

Though quite a large ampUtude can be observed for ia2, no DC-component
wUl be introduced in the resulting NP-cunent i0 ,

as can be verified in

graphic c) of figure 8.1.

This is due to the fact, that the phase-displacement of ia2 with respect to the

fundamental of the switching functions wUl for r=0 be exactly 7t/2 (quar¬
ter period of ia2). As a result of this, no DC-component wiU be apparent in

the NP-current in , .
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More, since this AC-side current 2nd harmonic is exclusively caused by the

modification of die switching functions, its phase displacement with regard
to the modified NP-angles wiU be constant for aU operation modes (all

phase-displacements of sph witii regard to the AC-system voltages uL h ).

The statements derived above are also mathematicaUy proved in appendix
B.2.2 and appendix B.3.2 for both FFM and off-Une optimized PWM pulse

patterns. It could be shown in eqn. (B.25) (FFM) and eqn. (B.34) (offl. opt.

PWM), that in general aU even numbered switching function harmomcs,

generated by die DC-side balance control measure of type I, wiU be co-

phasal or anti-phasal to the switching function fundamental. This in its turn,

presuming the decoupling impedance to be pure inductive, wiU cause even

numbered AC-side cunent harmomcs, which are phase-displaced by ±7t/2

witii regard to its generating switching function harmomcs.

For r * 0, ia2 wiU no longer be phase-displaced by n/2 (quarter period of

ia2) witii respect to the fundamental of the switching functions. This will

cause a DC-component to arise in i0 , ,
which however for die reaUstic

smaU values of r wiU be negUgible to those DC-component generated by

die fundamental components ial of the AC-side currents ia.

Finally, the above mentioned statements wUl also prove right, if aU three

phases a,b,c wiU be taken into account, as becomes evident in graphic d) of

figure 8.1.

c) Dependancy on the pure active operation mode range

Finally, the dependancy of the described DC-side balance control measure

on the pure active operation mode range varying between id = -1 and

ij = 1 wiU be studied.

For that purpose, a simulation with varying values for id has been per¬

formed with a MATLAB program, in which the 3-level VSI is modeUed ac¬

cording to the equations derived in chapter 2.4. In addition, for simpUcity
reasons, the ripple of the DC-side voltages is not taken into account. The

chosen FFM switching functions are modified witii a constant DC-side bal¬

ance control angle y=0.2 [rad] over the whole investigated operation mode

range.

Further, the particular DC-components in the NP-cunent i0 are determined

by calculating the mean value of the particular NP-current equations given
in eqn. (8.1)-eqn. (8.4).
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7odc_,m;= mean(-(ial s2 + ibl sj + icl s2)) (8.1)

7o^C-v*2= mean(-(ig2 sl + hi sl + iC2 s2)) (8.2)

IoDC-'Phi +2= ^oc-'ph, + 7ooc_<pM (8-3)

Iodc= mean(-(ia s2 + ib sj + ic s2)) (8.4)

The herein used AC-side cunent fundamentals iphl and neg. seq. 2nd har¬

monics iph2 resulted from a FFT for the total AC-side cunent i
h.

The particular arising DC-components I0Dc_,phl > hDCjpM aiid 7ODC_.pft/+2.
which are caused by i0 , , i0 ,

and tiieir sum respectively, are presented
— ph\ — phi

in the upper three graphics a) - c) of figure 8.2.

In addition, I0DC, which coincides with the total DC-component of i0, (all

higher ordered odd and even numbered AC-side cunent harmonics have

also been taken into account), is as weU shown in graphic c) of figure 8.2.

From graphic a) in figure 8.2, it can be seen, that both the amplimde and the

sign of the DC-component I0DC depends on the pure active operation
— phi

point. Further, for id = 0, no balancing DC-component I0DC_, will be

present in i0_, .
These results could also be verified in figure 8.1 by virtu¬

ally varying the amplimde of i
.,.

However, it should be emphasized, that fortunately, this zero crossing of the

resulting DC-component I0DC ,
is not depending on varying system pa-

— phi

rameters Uke the AC-system impedance, or a variable 3-level VSI DC-side

voltage. This makes it much easier for a control design, where also the sign

of e.g a Pi-controller has to be reversed, if the zero crossing of I0DC
— phi

takes place.

The neg. seq. 2nd harmonics iph2 fulfil the expectations by not contributing

at all with a DC-component I0DC ,
over the whole active operation mode

range, as clearly shown in graphic b) of figure 8.2.

Hence, also the sum of their impacts, IQDC , ,
will be equal to I0DC , ,

as it is evident in graphic c) of figure 8.2.

FinaUy, graphic c) of figure 8.2 also proves, that /0DC, furthermore co-
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DC-side balance control of type I,

pure active operation mode range
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fig 8 2: NP-current DC-components W_.,t,> 'obc..,,,,. hDc_,ph,ti and l0DC
caused by DC-side balance control of type I (figure 8.1, 8.3) in

dependancy on die pure active and pure reactive operation mode

range, r=0,/=0.2[p.u], P=ji/10, y=const.=0.2rad, see also table 8.1
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incides with I0dc (tota^ arising DC-component in the NP-current i0).
Therefore, the higher ordered even and odd numbered AC-side cunent har¬

monics wiU, if at all, only have negligible influence.

With that it can be concluded, that for a pure active operation mode, the im¬

pact of the DC-side balance control of type I (unequal pulse length for the

corresponding pos. and neg. switching function pulses) almost exclusively

depends on the foUowing quantities:

• the magnimde of the DC-side balance control variable y

• the ampUtude of the pure active AC-side current fundamental i
M.

• the direction of active power exchange with the AC-system

This is true for at least FFM and off-line optimized PWM pulse patterns.

Finally, it should be mentioned, that the above discussed DC-side balance

control measure of type I constitutes the basis for the control schemes,

which have been proposed in the Uterature up to now (e.g. [63], [44]) for

preferably AC-drives applications. Hereby, its implementation is realized in

many different ways.

8.3.2 DC-side DC-balancing control of type I for pure reactive opera¬

tion mode

Now, the impact of the DC-side balancing control of type I on a pure reac¬

tive operation mode wiU be studied.

a) Influence ofthe AC-side currentfundamental

In figure 8.3, the same modifications for sa are assumed as in figure 8.1,

however now the operation mode wiU be a pure reactive one (iq = 1) with

respect to the AC-system voltages.

As one can clearly see in graphic a) of figure 8.3, the AC-side current funda¬

mental ial will no longer contribute with a DC-component in the cone-

sponding NP-current i0 ,
.

This is an astonishing and quite undesirable result!

Unfortunately, the phase-displacement of ial with respect to the switching
function's modified NP-angles does not aUow a DC-component to arise in

'W
Also the contributions of all three phases a,b,c wiU not change this fact,

which is indicated in graphic b) of figure 8.3.
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fig 8.3: DC-side balance control of type I (different pulse lengths for the

corresponding pos. and neg. pulses of the switching functions sph)
and its impact on the NP-current i0 for pure cap. operation mode

(figure 5.2), r=0, /=0.2[p.u], p=7t/10, y=0.2rad, see also

table 8.1
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b) Influence ofthe negative sequence 2ndAC-side current harmonic

In addition, the neg. seq. 2nd AC-side harmonics i
h2 (and aU even num¬

bered multiples) wiU not introduce a DC-component L in the NP-cur-
— phi

rent, which is confirmed in graphic c) and d) of figure 8.3.

Hence, it can be summarized up to now, that die DC-side balance control

measure of type I wiU not be suited for the pure reactive operation mode.

Also a smaU ohmic part r * 0 wUl not yield a sufficient large phase-dis¬
placement for both iphl and iph2 to introduce a remarkable DC-component

inioj^andfoj^.

c) Dependancy on the pure reactive operation mode range

Finally, these undesirable results are clearly confirmed with the help of the

MATLAB program in the graphics d) - f) of figure 8.2 for the whole reactive

operation mode range (-1 < i
'

< 1).

It must therefore be concluded, that the DC-side balance control measure of

type I cannot be appUed if the 3-level VSI exchanges a pure or almost pure

reactive power with the AC-system.

8.3.3 DC-side DC-balancing control of type n for a pure active opera¬

tion mode

Due to the fact, that the DC-side balance control measure of type I cannot be

applied for pure reactive operation modes (SVC), another measure will have

to be derived, which wiU be suitable for these applications.

For that purpose, the switching functions sph wiU be modified in another

way, which wiU here be coined DC-side balance control of type II.

DC-side balance control of type II means to modify the switching functions

sph by shifting conesponding pos. and neg. pulses in opposite directions,
while simultaneously keeping their (equal) pulse lengths unchanged.

This is shown in graphic a) of figure 8.4 for the simple modified FFM

switching function sa in phase a. Herein, it is also evident, that now the in¬

dividual switching function pulse lengths will remain the same, whUe the

length of the NP-angles wUl become different.

Hence, in comparison to the DC-side balance control of type I, no DC-com¬

ponent wiU be apparent in the modified switching function sa.
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fig 8.4: DC-side balance control of type II (phase-displacement of the pos.

and neg. pulses of the switching functions sph in opposite direc¬

tions) and its impact on the NP-current ;'0 for pure active operation

mode (figure 5.2), r=0,Z=0.2[p.u], (3=7t/10, y=0.2rad, see also

table 8.1



-254-

The impact of this measure on the resulting DC-component(s) in the NP-

cunent i0 wUl now be investigated in the same manner as performed in the

previous two chapters for the DC-side balance control of type I.

For comparison reasons, the same system parameters (given in the legend of

figure 8.4 - figure 8.5) and the same magnimde for the control variable, the

DC-side balance control angle y, has been chosen, which is y=0.2[rad].
Further, it will first be focused on the pure active operation mode.

a) Influence ofthe AC-side currentfundamental

Starting with the NP-cunent contribution i0 ,
of the AC-side current fun¬

damental ial (graphic a) of figure 8.4), it becomes evident, that once again a

remarkable DC-component wUl be present. Further, its magnitude increases

with increasing values for the DC-balancing control angle y

Obviously also the DC-side balance control measure of type II is weU suited

for a pure active operation mode. This wUl additionaUy be underlined in

graphic b) of figure 8.4, where the contributions L
,

of all three AC-side
— phi

current fundamentals have been taken into account.

b) Influence ofthe negative sequence 2nd AC-side current harmonic

Due to the modification, sa has lost its symmetry to a quarter of a period.
Hence, also here even numbered switching function harmomcs wiU have to

be expected, which wiU be the driving force for even numbered AC-side

cunent harmonics.

The influence of its most predominant representative, the neg. seq. 2nd AC-

side cunent harmonic ia2 is shown for phase a in graphic c) of figure 8.4.

In contrary to the DC-side balance control of type I, now quite a large DC-

component can be observed in the resulting NP-cunent i0 ,
.

— ai

This is due to the fact, that for r=0, i'a2 wiU be cophasal to the fundamental

of the switching functions. As a result of this, a maximum DC-component
will be arise for the NP-current in

,
.

More, since this neg. seq. 2nd AC-side current harmomc is exclusively
caused by the modification of the switching functions, its phase displace¬
ment with regard to the modified NP-angles wiU be constant for aU opera¬
tion modes (aU phase-displacements of s h

with regard to the AC-system
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voltages uLph).

This also implies, that for a given control angle y, the sign of the DC-com¬

ponent in i0J wiU not change, no matter, which operation mode is chosen.

However, it should be emphasized, tiiat die amphmde of ia2 might vary with

the operation mode. This is due to die fact, that the amphmde of ia2 wtil be

proportional to the 3-level VSI DC-side voltage uDsum, which in its tum

may vary, if the operation point varies. Further, the amphmde of ia2 wiU

roughly be inversely proportional to the decoupling inductance, and in addi¬

tion to a varying AC-system impedance. This effect is highly undesirable,

which wiU be shown in subchapter c).

The statements derived above are also mathematicaUy proved in appendix
B.2.3 and appendix B.3.3 for both FFM and off-line optimized PWM pulse

pattems. It could be shown in eqn. (B.28) (FFM) and eqn. (B.36) (offl. opt.

PWM), that in general aU even numbered switching function harmonics,

generated by die DC-side balance control of type II, wiU be phase-displaced

by ±Jt/2 to the switching function fundamental. This in its tum, presuming
the decoupling impedance to be pure inductive, wiU cause even numbered

AC-side cunent harmonics, which are co- or anti-phasal with regard to die

switching function fundamental.

Finally, the above mentioned statements will also prove right, if aU tiiree

phases a,b,c wtil be taken into account, as can be clearly seen in graphic d)

of figure 8.4.

c) Dependancy on thepure active operation mode range

Finally, the dependancy of the described DC-side balance control measure

of type II on the pure active operation mode range (-1 < id < 1) wtil be

studied witii the MATLAB program. Hereby, the relationships in figure 8.4

conespond to id = 1.

The particular arising DC-components I0DC , I0DC ,
and I0DC

— phi — phi — phi + 2

caused by i0 , i0 ,
and their sum respectively, are presented in the up-

— ph\ — phi

per three graphics a) - c) of figure 8.6.

In addition, I0DC, which coincides with the total DC-component of i0 has

also been included in graphic c) of figure 8.5.

Graphic a) in figure 8.5 shows that exclusively the magnimde but not the

positive sign of I0DC_, (caused by i M) depends on die pure active oper-
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fig 8.5: NP-current DC-components I0DC_,r„, /ooc_,„w. /odc..,m,2 and W
caused by DC-side balance control of type II (figure 8.4, 8.6) in

dependancy on the pure active and pure reactive operation mode

range, r=0,/=0.2[p.u], p=Jt/10, y=const.=0.2rad, see also table 8.1



-257-

ation point. Further, for id = 0, no balancing DC-component I0DC_,
wtil be present in i0 , ,

as this also proved right yet for the DC-side bal-
— phi

ance control measure of type I.

The neg. seq. 2nd AC-side current harmonics iph2 fulfil the expectations by

now contributing with an almost constant negative DC-component /0DCj
over the whole active operation mode range, as clearly shown in graphic b)

of figure 8.5.

This negative DC-component I0DC_, wiU for the given decoupling in¬

ductance Z=0.2[p.u.] be even larger than the opposite signed positive DC-

component I0DC ,
.
This is vaUd for the whole pure active operation mode

range -1 < id < 1.

Hence, the sum of their impacts, 70DC_, ,
wtil for aU values -1 < id < 1

always contribute with a negative DC-component in i0, as it is evident in

graphic c) of figure 8.5. This is desirable, since now for all operation points

a balancing DC-component can be introduced in i0. In addition, no zero

crossing of I0DC t
has to be taken into account, if a control wiU be de¬

signed.

However, it should be emphasized here, tiiat a strongly varying AC-system

impedance (or a larger decoupling inductance than /=0.2[p.u.) might cause

the amphtude of i
h2

to decrease, which then would also yield a decrease in

the corresponding DC-component 70DC ,
of i0. As a consequence,

Iqdc_i might show up two zero crossings (symmetrical to id =0),

which, if not detected and corrected by a sign reverse of e.g. the Pl-conrrol-

ler, wUl cause a given DC-unbalance to increase instead to decrease.

Nevertheless, if this is guaranteed not to happen, die DC-side balance con¬

trol measure of type II wdl have to be preferred to type I for the pure active

operation mode range.

Finally, graphic c) of figure 8.5 also proves, that the higher ordered even and

odd numbered AC-side current harmonics wiU have an additional amplify¬
ing influence on the resulting NP-current DC-component I0DC. It could be

observed in simulations, that almost exclusively the higher ordered even

numbered harmonics, caused by die modification of the switching function

s
h,

are responsible for this additional DC-component. This could also be
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verified by a harmonic analysis, which here however wUl not be performed.

With that it can be concluded, that for a pure active operation mode, the im¬

pact of the DC-side balance control of type II (shifting conesponding pos.

and neg. switching function pulses in opposite directions) depends on the

foUowing quantities:

• the magnimde of the DC-side balance control variable y

• the ampUtude of the pure active AC-side current fundamental i
hX.

• the amplimde of the neg. seq. 2nd AC-side cunent harmonic, which is

caused by the modification of s
h
and which

• depends on the system impedance

• might (shghtly) depend on the 3-level VSI operation mode

• depends on the higher ordered even numbered AC-side current harmon¬

ics, caused by the modification of sph

This is true for at least FFM and off-line optimized PWM pulse patterns.

8.3.4 DC-side DC-balancing control of type II for pure reactive opera¬

tion mode

Last but not least, the suitabiUty of the DC-side balancing control of type II

for a pure reactive operation mode wiU be investigated. In fact, this opera¬

tion mode was die driving force for the derivation of this type II control

measure and wtil now hopefuUy fulfil the expectations. The graphical re¬

sults are presented in figure 8.6.

a) Influence ofthe AC-side currentfundamental

In graphic a) of figure 8.6 it can clearly be seen that the AC-side cunent fun¬

damental ial wUl now cause quite a large DC-component to arise in its con¬

tribution i0 ,
. Further, it is obvious that the magnimde of this DC-compo¬

nent I0DC ,-
wiU increase with increasing NP-control angles y.

More, the high efficiency of the DC-side balancing control of type II for a

pure reactive Qiere: capacitive) operation mode is underUned by the fact that

smaU changes in the control variable y yield maximum changes in the DC-

component of Iqdcj This proves right, since the NP-cunent contribu¬

tion i0_, of ial consists of segments in the vicinity of its fundamental's

peak-value, where changes in y yield the most impressive changes in
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fig 8.6: DC-side balance control of type II (phase-displacement of the pos.

and neg. pulses of the switching functions sph in opposite direc¬

tions) and its impact on the NP-current i0 for pure cap. operation

mode (figure 5.2), r=0,/=0.2[p.u], (3=7t/10, y=0.2rad, see also

table 8.1
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7ooc_.pM •

Also the contributions i0_, of aU three phases a,b,c in graphic b) of

figure 8.6 corifirm the above mentioned statements.

b) Influence ofthe negative sequence 2ndAC-side current harmonic

Regarding the impact of the neg. seq. 2nd AC-side harmonic ia2, very simi¬

lar results as for the pure active operation mode in subchapter b) of

chapter 8.3.3 wUl be achieved.

Except of a slightly higher amplimde (due to a higher DC-side voltage

uDsum), all other characteristics wtil remain the same.

Especially the phase-displacement of ia2 with respect to the fundamental of

s
h

wtil not have changed since it does not depend on the operation mode.

This was discussed yet in subchapter b) of chapter 8.3.3 and can be verified

now by comparing the graphics c) of figure 8.4 and figure 8.6.

Therefore, all statements and considerations made in chapter 8.3.3 b), can

also be appUed here.

c) Dependancy on thepure reactive operation mode range

FinaUy, the dependancy of the described DC-side balance control measure

of type II on the pure reactive operation mode range (-1 < iq < 1) wiU be

studied with the MATLAB program. Hereby, the relationships in figure 8.6

conespond to i
'
= 1.

The particular arising DC-components I0Dcjpkl > hoc_tphl and hDCJphl + 2.

caused by i0 •

, i0 and their sum respectively, are presented in the up-
— phi — phi

per three graphics d) - f) of figure 8.6

In addition, I0DC, which coincides with the total DC-component of i0, is

also included in graphic f) of figure 8.5.

Graphic d) in figure 8.5 shows that now both the magnimde and the sign of

I0dc_i (caused by i hl) depend on the pure reactive operation point. Fur¬

ther, for iq = 0, no balancing DC-component I0DC t
wiU be present in

The neg. seq. 2nd AC-side cunent harmonics iph2 fulfil the expectations by
now contributing with a negative DC-component I0DC ,

over the whole
- phi
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reactive operation mode range. This is clearly shown in graphic e) of

figure 8.5.

Now however, their magnimde I0DC ,
visibly depends on the pure reac¬

tive operation point. This is due to the fact that, for die here presumed con¬

stant modulation index m (FFM, p=Jt/10), the DC-side voltage uDsum will

vary in a not negUgible range, if the reactive AC-side current phasor compo¬

nent iq is varied between -1 < iq < 1.

Therefore, as discussed yet in subchapter c) of chapter 8.3.3, also the DC-

component I0DC ,
(caused by iph2) wUl be subject to vary.

To proceed further, the resulting DC-component I0DC_, (sum of both

contributions I0DC ,
and I0DC ,- ) is presented in graphic f) of

figure 8.5.

From this it is first of aU obvious, that I0DCj shows up an undesirable

zero crossing in between the nominal pure reactive operation mode range

0 < i
'

< 1. This zero crossing of I0DC , ,
which for I0DC ,-

could be
"

— phi +2 —phi

found to correspond to the operation point iq = 0, has now been shifted

into the pure capacitive operation mode range.

Further, in the vicinity of this zero crossing, an active DC-side balance con¬

troUer of type II wiU show up a bad performance due to the very smaU DC-

components I0DC ,
introduced in the NP-current i0. Since the magni¬

mde of the control variable y is limited by the NP-angles (appendix B.3.3,

eqn. (B.36)), this drawback cannot be compensated with an increase of y.

In addition, a varying AC-system impedance might cause the ampUtude of

iphi t0 decrease/increase, which then would also yield a decrease/increase

in the corresponding DC-component Iodcj oi lo •
As a consequence, as

well the zero crossing of 10DC ,
wiU experience a varying shift towards

the inductive/capacitive operation mode range.

More detaUed smdies concerning the dependancy of this critical operation

point wUl be presented in chapter 8.4.2 b).

The latter mentioned two facts constimte a major chaUenge for a DC-side

balance control scheme of type II. EspeciaUy the varying zero crossing of

the resulting DC-component I0DC ,
wiU, if not detected and corrected
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by a sign reverse of e.g. the Pi-controller, cause a given DC-side unbalance

to increase instead to decrease. Fortunately however, the DC-side unbalance

will in this case increase with a moderate dynamic, since the magnimde of

the DC-component I0DC ,
in the vicinity of its zero crossing will be

small. Therefore, a zero crossing detection logic would probably not ask for

very fast dynamic requirements, at least if the zero crossing range of

Iodc i
m a real appUcation can be expected to be within reasonable

smaU boundaries.

Another possible solution consists in the deactivation of the DC-side bal¬

ance controUer in the critical reactive operation mode range. This measure

could be justified by the fact that the 3-level VSI is inherently self-balancing

(chapter 7.4) and anyhow only a moderate performance of die DC-side bal¬

ance controUer can be expected in this critical reactive operation mode

range.

With that it can be concluded, that for a pure reactive operation mode, the

impact of die DC-side balance control of type II (shifting corresponding

pos. and neg. switching function pulses in opposite directions) depends on

the foUowing quantities:

• the magnimde of the DC-side balance control variable y

• the amplimde and die sign of the pure reactive AC-side current funda¬

mental iphi.
• the ampUtude of the neg. seq. 2nd AC-side cunent harmonic, which is

caused by the modification of s
h
and which

• depends on the AC-system impedance

• might depend on the 3-level VSI operation mode

• depends on the higher ordered even numbered AC-side current harmon¬

ics, caused by die modification of s
h.

8.4 Control design for a SVC

The general investigations in the previous chapter focused on the inherent

characteristics of two possible DC-side balance control measures for FFM

modulation and off-line optimized pulse patterns. It could be shown, that the

choice of the appropriate controUer wtil depend on the operation mode of
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the 3-level VSI.

With regard to a SVC appUcation (pure reactive operation mode), it became

evident tiiat exclusively the DC-side balance control of type II (shifting cor¬

responding pos. and neg. switching function pulses in opposite directions)

wtil be suitable as a DC-side balance control measure.

Basing on this DC-side balance control of type II, this chapter presents the

fundamentals for the design of a DC-side balance control scheme, which

then wiU be appUed to a FFM modulated SVC witii reaUstic system parame¬

ters.

8.4.1 Transfer functions for the DC-side balance control of type II

a) transferfunctionfor the contribution ofthe AC-side currentfunda¬
mental

It could be seen in figure 8.6 (chapter 8.3.4), that in case of DC-side balance

control oftype II die fundamental of the AC-side currents iphl wiU contrib¬

ute with a remarkable DC-component in the NP-current i0.

This effect must also mathematicaUy be describable by means of a transfer

function. Since the fundamental i
hi

of the AC-side currents i
h
wiU not

appear (as a DC-component) in a d/q frame rotating with an angular velocity

-2(0!, the transfer functions presented in chapter 7.5.1 (table 7.13), wiU not

constimte the right choice.

For that purpose, one has to focus on an appropriate equation derived in a d/

q frame rotating with an angular velocity (Oj.

In order to distinguish between the phasor components in the two dif¬

ferent d/q frames (appendix C.2.1), the foUowing notation will be used:

x = x'; xd = xd , xq = xq, if the d/q frame rotates with an

angular velocity C0j;

x = x"; xd = xd", xq = xq", if the d/q frame rotates with an

angular velocity -2©!;

The equation of interest is given by eqn. (E.9) (appendix E.1.2), which will

here be presented once again according to eqn. (8.5).
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^Ddtff(s) = ~ • As2d'(s) +|^ As2q(s) (8.5)

Basing on eqn. (8.5), the NP-current Ai0 , (s), generated by the funda¬

mental components iphl of die AC-side currents iph, can be expressed by

eqn. (8.6).

Aio_Vk/s) = ~scAuDdlff(s) = -lldQ' As2d'(s) - \lqQ' As2q'(s) (8.6)

Herein, Id0' and 7?0' are representing the phasor (DC-) components of the

AC-side current fundamental iphl, while DC-components in As2d'(s) and

As2q'(s) represent a fundamental in the squared switching functions s2h.

On first sight, it might be astonishing, that the squared switching functions

s2h contribute with a fundamental component, since they up to now were

known to show up exclusively even numbered harmonics (table 4.2 in

chapter 4.3.1, table 4.15 in chapter 4.4.1 and table 7.2 in chapter 7.3.1).

This however wtil be subject to change, if one of the two DC-side balance

control measures of type I or type II is applied to die switching functions

s
h. Then, due to the generated neg. seq. 2nd harmonic in sph, also a funda¬

mental component wiU arise in their squared quantities sph, which causes a

balancing DC-component to arise in uDdi^ (eqn. (8.5)). Predominantly the

convolution of the fundamental of sph witii its 2nd harmomc counts respon¬

sible for this effect.

Now, the results achieved in the graphics a) and b) of figure 8.6 (and

figure 8.3), are also confirmed by means of the appropriate transfer function

(eqn. (8.6)).

Further, for a pure reactive operation mode and r=0, as assumed for the

control design in this chapter, the active AC-side cunent phasor component

Id0' equals to Ido=Q and the transfer function eqn. (8.6) can be simplified to

eqn. (8.7).

1 Alo-w(g) = "|v^V(j) (8-7j
b) Transferfunctionfor the contribution ofthe neg. seq. 2ndAC-side

current harmonic

Regarding the impact of the neg. seq. 2nd harmonic of the modified switch¬

ing functions sph (graphic c) and d) in figure 8.6), the transfer functions in-
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troduced in chapter 7.5.1 (table 7.13 and table 7.14) are weU suited to verify
the graphical results. It should be recaUed in mind, that these transfer func¬

tions, in opposite to the one described by eqn. (8.7), are referred to a d/q
frame rotating with an angular velocity -2a>!.

For further investigations, the usuaUy very small ohmic part r wtil be ne¬

glected, which results in eqn. (8.8).

WJ0"UDsuJs + 2m&')
AuDdlff(S) = ^ ^Wd) (8.8)

Aj0"(s)

^oU^Js-2^-^]
1

b i°Jl- -

den

den

Pdo"'

&uu"(s)

6sv(«-2»fe)
+

dTn —^ (S)

den = 4/c-f-J!* + [^((SV)2 + (SV)2) + 4ffl,]

With eqn. (8.8), the NP-current Ai0_, (s), representing the contribution of

the neg. seq. 2nd harmonics iph2 of the AC-side cunents iph, is determined

to eqn. (8.9).

3S2do"UDsum0(s + 2ml^
^OJ^W = S ^DdtffO = +

J^ ^^As/(s) (8.9)

^\0"uDL-2WX^-\
+ ^ ±js2£

den -^"(S)

v ° do J
. „, ,

dTn *"" (S)



-266-

6syf*-2co,:jL)
den

*"* (I)

den = 4l' f*2 + [4TciiS2d0")2 + (52«°")2) + 4<0'][
Herein, for a pure reactive operation mode and r=0, the operation point

phasor component S2q0" of the squared switching functions s2h wiU result

toSV=0.
This is due to the fact, that the fundamental of the switching function wtil be

co-phasal to the d-component of the AC-system voltage phasor, which in its

mm is synchronized with the d-axes of both d/q frames used in this work

(angular velocities ©j and -2(0^). Since the neg. seq. 2nd harmonic of the

squared switching functions s2h wiU also be cophasal with the fundamental

of sph, their phasor q-component will equal to 0.

Further, the arising neg. seq. 2nd harmonic in sph, caused by the DC-side

balance control measure of type n, wiU be lagging by jt/2 to the switching
function fundamental (subchapter b) of chapter 8.3.3).

Hence, exclusively the deviations Asq"(s) will be unequal to 0 in eqn. (8.9),

which means that the deviations Asd"(s) do no longer have to be taken into

account. It should be noted here, that applying the DC-side balance control

measure of type I, would yield the opposite result (Asq"(s) =0,

Asd"(s)*0).

Finally, with respect to the discussion to follow, the influence of the AC-sys¬
tem inductance wiU be taken into account by substituting the decoupling in¬

ductance / in the denumerator term of eqn. (8.9) by l+lL (/t=AC-system
inductance).

With that, for a pure reactive operation mode and assuming r=0, eqn. (8.9)

can be simpUfied to eqn. (8.10).

~wm

6(o^d0"UDsum0^ „_ 6SV-S IM,1V«
*W> = -

-1;»~v(.)
- -~^*»u(*) *-^.-w

den=4(l + lL)-^ + [^^c(S^r +4^
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Eqn. (8.10) describes die influence of a neg. seq. 2nd harmonic, either gen¬

erated by die DC-side balance control of type II (Asq"(s)) or by the distur¬

bance variables Au^'^s) and Au^'^s), on a DC-component in the NP-cur¬

rent for the pure reactive operation mode.

8.4.2 The critical operation point in dependancy on system parameters

a) Derivation ofthe equationfor the critical operation point

When designing a DC-side balance control of type II, it wiU be highly desir¬

able to know the critical operation point /?ocr„', where the generated DC-

component in the NP-cunent i0 wiU both equal to 0 (= reverses its sign).
Further, the variation of this critical operation point IqQcrit' in dependancy
on varying system parameters should also mathematically be describable.

Therefore, basing on the transfer functions eqn. (8.7) and (8.10), an expres¬

sion for the critical operation point /aoer,/ wiU be derived in this chapter for

the FFM modulated SVC.

For that purpose, the steady-state values of eqn. (8.7) and eqn. (8.10) wtil be

calculated first. Replacing aU Ax -quantities in eqn. (8.7) and eqn. (8.10) by

conesponding steps AX/s and applying die final value tiieorem of the La¬

place transform (eqn. (7.2) in chapter 7.4.1), yields eqn. (8.11) and eqn.

(8.12).

Mojjs ->0) = I0DCJphi = -|V • ASV (8.11)

Xojjs -> 0) = I0DCJph2 = -^S2iUnD-»AS; (8.12)

o~S2d0" 0

den Ld

12u)iS2,0

J/-C2 »\2.- i^..2/
den =

l(S2d0")2+l6(O*(l+lL)

From eqn. (8.12) it is evident, tiiat for the pure reactive operation mode and
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r=0, a disturbance AU^" in the d-component of the AC-system voltage

phasor (neg. seq. 2nd harmonic in the 3-phase plane), wiU not contribute

with a DC-component in /0 i

In a next step, the steady state values AS2q (eqn. (8.11)) and ASq" (eqn.

(8.12)) wiU be expressed by means of the DC-side balance control angle

Ay. The dependancy of these two quantities on y cannot be described by a

general relationship for aU pulse pattems, but must be determined for a spe¬

cific switching function.

For FFM modulation, these dependencies can be expressed by the simple

eqn. (8.13) and eqn. (8.14).

ASV = -- cos P sin (Ay) = -- cos p • Ay (8.13)

ASq" = -sin2psin(2 • Ay) = -sin2P • Ay (8.14)

AS2q: DC-component in a d/q frame rotating with (Ol

corresponding to a fundamental in s2h

ASq": DC-component in a d/q frame rotating with -2C0,
conesponding to a neg. seq. 2nd harmonic in sph

The relationship for AS2q was derived with the help of the general fourier

row eqn. (B.6) (appendix B.1.2) and figure B.7, while the equation for ASa"
results from eqn. (B.28) (appendix B.2.3). In addition, the approximation

siny = y, which is vaUd for reaUstic smaU values of y has been taken into

account. It should also be noted, that the negative sign in eqn. (8.13) contrib¬

utes to the fact, that cophasal 3-phase quantities wiU show up opposite

signed q-components in the two d/q frames rotating with an angular velocity

©! and -2a>i.

Further, it will be convenient for the following investigations to express the

total DC-side voltage UDsum0 in eqn. (8.12) in dependency on the steady
state value 7a0' of die reactive AC-side current phasor component / '. Ac¬

cording to the steady-state eqn. (D.16) in appendix D.2.2, UDsum0 can be

substituted by eqn. (8.15).

UDsumO = (ULdo + <VV) J£
= (ULdo + «W') '^ <8-15>

In addition, a correction factor (l+Ahev) will be defined for eqn. (8.12),
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which takes the DC-contributions of the higher ordered even numbered har¬

monics into account. For a constant NP-angle p, as assumed here for die

control of the SVC, this conection factor wtil be constant over the whole re¬

active operation mode range.

With that, die resulting DC-components in the NP-current for the FFM

modulated SVC can be written according to eqn. (8.16) and eqn. (8.17).

Wi, =fvcosp-Ay (8.16)
- phi JC ^

nj_A. ,
247C0315VsinP(t/^0--K01//g0')

^DCJphl = "(1 +
***»>

rt t"
' Y ( }

n^(S2d0")2+l6(o2(l + lL)\

Now eqn. (8.16) and eqn. (8.17) wtil be added to achieve the resulting DC-

component I0DC.

Hereby, the operation point phasor component S^o" of s2h wiU be ex¬

pressed by die FFM NP-angle p according to eqn. (8.18).

S2dQ" = - • sin2B (8.18)
it

Eqn. (8.18) for S2^" wtil be achieved from the general fourier row eqn.

(B.14) in appendix B.1.4 for the squared FFM switching functions s2k.

This finaUy results to eqn. (8.19) in table 8.2 for the DC-component I0DC of

the NP-cunent i0, introduced by the DC-side balance control of type II. Ad-

ditionaUy, the contribution from the dismrbance variable AULq (neg. seq.

2nd harmonic in the 3-phase plane) has also been taken into account.

Though eqn. (8.19) does not look very inviting, it is nevertheless the basis

for the calculation of the critical operation point Iqocrit in dependancy on

all system parameters, which have an influence on this quantity.

Setting the numerator of the term depending on Ay to 0 and solving for I 0'
yields the desired eqn. (8.20) for Iq0crit', which is also presented in

table 8.2.

b) Discussion

Now it is possible to investigate the influence of die particular parameters,

which have a more or less remarkable influence on this critical operation
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(8-19)

-a»1cosPJ-(l+A/i,
Ay

3sin2(2P)
+(B

4it2tO]C

|-sin2p
+ ^ -AU,/

('4')

3sin2(2P)

4jt2(0,c +<v(l+y)

7^-Ay + Gw^-AU^'

w . ^J1^*^"' ,

(8.20)

^^{co^-M^p)

System parameters:

/: decoupling inductance, here: /=0.2[p.u.]

lL: AC-system inductance, here: ZL=0[p.u.]

c: DC-side capacitor, here: c=3[p.u.], (cto,=1.5[p.u.], Tc =4.32msec.)

©!: fundamental frequency of the AC-system

P: NP-angle of the FFM switching functions sph, here: P =tc/ 10

Ahev: conection factor, contribution of the higher ordered even

numbered harmomcs of s h; here: Ahev=0.65

Ay: DC-side balance control angle (phase shift of the positive and negative
switching function blocks in opposite directions)

AUL" :disturbance variable, corresponding to a neg. seq. 2nd harmonic in

the AC-system voltages uL h

Phasor quantities with respect to a d/q frame rotating with an angular
velocity of the fundamental (0,:

7a0': q-component of the AC-side current phasor

^Ldo- d-component of the AC-system voltage phasor, here ULd0'=l[p.\i.]

table 8.2: equations for the resulting DC-component IQDC of the NP-

cunent iQ (introduced by die DC-side balance control of

type II) and die critical operation point IqQcr„' (Iodc=®>
sign reverse of I0DC) for FFM modulation
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point. For that purpose, a simulation has been performed, where these pa¬

rameters have been varied in reasonable ranges.

The results are represented in figure 8.7. Herein, six parameters have been

varied, which include die AC-System impedance (lL), the ampUtude of the

AC-system voltages (Uuo'), the decoupling inductance of the inverter (/),

the NP-angle of the switching functions (P), the DC-side capacitor (c) and

the correction factor Ahev for the contribution of the higher ordered even

numbered harmomcs.

It can be seen from graphic a) in figure 8.7 that the AC-system impedance,
which here is varied between lL=Q (SCR = ~) and ZL=0.5 (SCR = 2),

has quite a strong influence on the location of Iq0crit' The weaker the AC-

system, the closer the location of /a0cri/ at Iqocrit'=0- This dependency can

be explained by the fact, that the contribution of the even numbered harmon¬

ics wiU shrink, if the strength of the AC-system decreases. Therefore, it

would be highly desirable to know its exact value, which unfortunately is

quite difficult to determine.

Also the AC-system voltage amphmde (graphic b) in figure 8.7) has a major

impact on the value of /o0c,.,/ • However, this parameter can be measured

and witii that /aocr„' can be adopted.

With respect to the decoupling inductance / in graphic c) of figure 8.7 it can

be said, that it is theoreticaUy possible to shift /a0cr„' outside of die nominal

operation mode range by choosing appropriate smaU values for /. However,

taking into account reaUstic AC-system impedances, tiiis wiU be subject to

fail.

A very strong influence can be observed for the NP-angle P (graphic d) in

figure 8.7), which for larger values than usually assumed here (P=7t/10),
wUl shift Iqocrit far outside of the operation mode range. On the other side,

large NP-angles, which correspond to smaU modulation indices m, wUl not

be realistic due to the moderate utilization of the inverter.

It should be noted at this point, that control schemes for asymmetrical oper¬

ation conditions (e.g. AC-system faults) wiU ask for large and also asym¬

metrical NP-angles in order to counteract to these faults. This special case is

not taken into account in eqn. (8.19). Therefore, during AC-system faults, it

is proposed here, to switch the DC-side balance controUer off. This wiU not

constimte a major drawback, since these faults introduce only a moderate

transient DC-unbalance (figure 7.5, chapter 7.5.3), which will decrease due

to the 3-level VSI self-balancing attributes.
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fig 8.7: Dependancy of the critical operation point Iq0crit (/or>c=0>
sign reverse of /0DC) on different system parameters; system

parameters, if not subject to be varied: cfo,=1.5[p.u.] or

xc =4.32ms, /=0.2[p.u.], /L=0, r=0, P=Jt/10, Ahev=0.65
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The influence of the DC-side capacitor size ctot, shown in graphic e) of

figure 8.7, wUl be small for reasonable large values (cMt>1.5[p.u.J or

xr >4.32ms). In addition, diis parameter is weU known and therefore
tot

lqoCril can be adopted.

Last but not least, the influence of the correction factor Ahev wtil be investi¬

gated. This correction factor itself strongly depends on the switching func¬

tions spfl and can hardly be calculated. An approximation can be achieved

with simulations (e.g. with die MATLAB program presented here). If a con¬

trol scheme assumes the same switching function over the whole operation
mode range, Ahev wUl be constant, otherwise it would have to be deter¬

mined for the whole modulation index range. A wrong correction factor

Ahev of a few percent wtil cause an enor in the calculation of Iqocru m the

same range, as becomes evident in graphic f) of figure 8.7.

Finally, it should be noted tiiat die ohmic system part r, which here for sim¬

pUcity reasons was neglected, has only a reaUy negUgible influence

(<0.01[p.u.]) on the location of 1^^,' for reasonable small values r (e.g.

r=0.005[p.u.]). This could be verified in simulations with die MATLAB

program introduced in chapter 8.3.1 c).

8.4.3 Closed loop control design for the FFM modulated SVC

This chapter describes the design of the DC-side balance control of type II

for the FFM modulated SVC. A block diagram of the resulting control

scheme is presented in figure 8.8.

a) Steady state characteristics ofthe DC-side balance control oftype II

for the SVC example

In figure 8.5, it could be seen that for a given constant control angle y, the

arising DC-component I0DC in i0 shows an almost linear dependancy on

the operation point Iq0' with a zero-crossing in the capacitive operation
mode. Hereby, the control angle y in figure 8.5 has been chosen quite large
in order to clearly demonstrate its impact.

In practical applications however, remarkable smaUer values for y wtil be

applied in order not to influence the control of the AC-side cunent funda¬

mental. Due to the fact, that the particular DC-components I0DC ,
and

— phi

I0DC ,
will not be exactly proportional to y, as can be verified e.g. in

figure 8.6, also die zero crossing of their resulting DC-component I0DC will

be subject to change, if y is remarkably changed. This can be clearly seen in
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figure 8.9, which shows the relationships for a practicaUy reaUstic value of

y=0.02[rad] and otherwise the same parameters as in figure 8.5, which coin¬

cide with those of the SVC example.

a)
0.05

-0.05 1

b)
0
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

--0.01
3

^-0.02

-0.03

-i 1— -i r—

'0DC
'phi

-1 -0.8 -0.6 -0.4 -0.2 0 0.2 04 0.6 0.8 1

-1 -0.8 -0.6 -04 -0.2 0 0.2 0.4 0.6 0.8

fig 8.9: NP-cunent DC-components I0dc_i > hoc t » ^o. and /„

caused by DC-side balance control of type II (figure 8.4, 8.6) in

dependancy on the operation mode of the SVC, r=0.005,

/=0.2[p.u], p=jr/10, y=const.=0.02rad, see also table 8.1

It is evident from figure 8.9, that now the sign reverse of I0DC has signifi¬

cantly moved very close to nominal capacitive operation, whtie those of

I0DC ,
has only sUghtly been shifted into the capacitive region. Though

the now achieved zero crossing of 70DC might remain nearly unchanged for

smaU values of y, it aU the same once more shows that the varying zero

crossing of I0DC constitutes a serious drawback of this control measure.

First of aU, the validity of eqn. (8.20) will be verified by calculating the crit¬

ical operation point /o0cr„' •
For the given system parameters (table 8.2) and

neglecting the contributions of the higher ordered even numbered harmonics

(AA,v=0). /,qOcrit results to

W = 0-503 [p.u.]

Comparing tiiis value with the value achieved in figure 8.9 c) for
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Innr
, >

°ne caa see an excellent agreement. In eqn. (8.20), also the size
u£^-'pAl +2

of the DC-side capacitor has been taken into account, which in the MAT¬

LAB simulations resulting to figure 8.9 had to be assumed to be infinite

large. However, it should be noted, that the capacitor has only a small influ¬

ence on the value of Iqocni = 0.503 [p.u.]. Calculating eqn. (8.20) for an

infinite capacitor would give /a0cr„' = 0.528 [p.u.].

Also /0dc corresponding to the total resulting DC-component in the NP-

cunent i0, was computed with a conection factor A/iev=0.65[p.u.]. This

value for Ahev was roughly determined with the help of the simulation pre¬

sented in figure 8.9. With that lqoCT,l increased to

W = o-9°rp-u-]>

which is as weU in very good coincidence with the value achieved in graphic

c) of figure 8.9.

b) Filter requirements

Unfortunately, the DC-component in uDdlff, which here constitutes the con¬

trolled variable, will usuaUy be small compared to the superimposed 3rd

harmonic oscillation. More, under asymmetrical operation conditions,

uDdiff wu^ m addition to that also contribute with a fundamental component

(and higher ordered odd numbered harmonics), as shown in chapter 4.4.2

(table 4.20) and chapter 6.5 (figure 6.4ffl).

In order to design a proper control, these undesirable harmonics have to be

filtered. It was found that for a capacitor size of c(of=1.5[p.u.] or

xc =4.32msec, as chosen for the SVC, a 2nd order Tschebyscheff low-pass
filter (0.5 dB over-shoot) with a cutoff frequency fcut=22.5Hz
(/CB,=0.45[p.u.]) wiU fulfil the demands sufficiently. The transfer function

of this filter is described in eqn. (8.21) and graphicaUy represented in the

block diagram in figure 8.8.

A0d)2cut
Gfti_*UDJs) =

L383.s2+L361t0cKr.s + C02ciit
<8-21)

A0 = 1; 03c„r = 0.45 [p.u.]

A design with notch filters yields an undesirable oscillatory dynamic, hence

they have been avoided here. In addition, it could be seen, that they cannot
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increase the control speed remarkably, which more or less is limited by the

system itself.

c) Controller

Since the system to be controUed roughly behaves Uke an integrator, a PI-

controUer with a simple adoption to die operation point 7a0' has been cho¬

sen.

It should be noted, tiiat an exact dynamic transfer function, which takes into

account both contributions of the AC-side current fundamental iphl and the

neg. seq. 2nd harmonic iph2 wUl be difficult to achieve. This is manifested

in the fact, that their individual transfer functions are derived in different d/q

planes rotating with 0)] and -2(al.

The adoption with respect to the operation point /^' has a Unear character¬

istic and was derived witii the help of figure 8.9 and some representative si¬

mulations with SABER. This also includes a sign reverse for 7a0'>0.95[p.u.]
and a deactivation of the Pl-controUer in the operation point range

0.85[p.u.] < Iq0' < 0.95 [p.u.] and during AC-system faults in order to avoid

an unstable control performance. A quantitative description is given in eqn.

(8.22).

GPl(s) = factor
Kp-s + K,

s

(8.22)

KP = 1 [P-U.],^; = 0.002 [rad] [p.u.]

factor = -(0.15 +Iq0' 0.1) for -l[p.u ]^V< 0.85[p.u.]

factor = 0 for 0.85 [p.u-]^V < 0.95 [p.u.]

factor = 0.35-/aC
'

• 0.1 for 0.95 [p.u-]<V <l[p.u.]

The Pl-controUer and its adoption/sign reverse is also graphically repre¬

sented in figure 8.8.

d) Generation ofthe switchingfunctions

The generation of the FFM switching functions for the DC-side balance

control of type II is described in detati in appendix B.2.3. For convenience

reasons, it wiU here at least graphically be explained by means of

figure 8.10.
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0 Jt/2 it 3)c/2 2n

car [rad]

fig 8.10: Graphical generation principle of a 3-level VSI FFM

switching function for NP-control of type II

FinaUy, it should be noted, that also off-line optimized PWM pulse pattems

can be generated according to die same principle, as shown in appendix
B.3.3. Witii that, the DC-side balance control of type II can also easUy be

transfened to off-line optimized modulation signals with higher switching

frequencies.

8.4.4 Feed-forward controUer for the FFM modulated SVC

The investigations in chapter 7.5.4 showed that a neg. seq. 2nd AC-system

voltage harmonic constitutes the most powerful DC-unbalance source at all.

This is also confirmed in the steady-state equations (eqn. (8.19)), where for

AUL" # 0 (neg. seq. 2nd harmonic in u,h) an unbalance causing DC-com¬

ponent wiU arise in Iqdc- m order to compensate this serious unbalance

source, an additional feed-forward controUer wiU be included in the closed

loop.

According to eqn. (8.19) in table 8.2, the condition given by eqn. (8.23) has

to be fulfilled in order to compensate (70DC=0) a disturbance generated by

AULq" (a neg. seq. 2nd harmonic in uLph).

This feed-forward controUer is also graphicaUy Ulustrated in the block dia-
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(8.23)

Ay/r =
sinP .„ „

f "1

2(0,|-(l+AAeJUw;sin2P+[5iggp+(o1/(cos2p-1-^-AA„siii2pj]/,0j

AY# = Gff_DCbal AULq"

gram in figure 8.8.

In practical appUcations, the disturbance variable AU^" must also be fil¬

tered, since it wiU contribute with a 3rd harmonic in case of an AC-system

voltage phase-shift or, even worse, witii a fundamental component during

asymmetrical AC-system conditions (e.g. Une faults).

Further, it must not be excluded, tiiat harmonics in the AC-system voltages

uLph (5th, 7th,...) might be present, especiaUy in weak AC-systems.

Therefore, AUL" wiU be filtered with a comb filter, which in the Laplace-
domain can be written according to eqn. (8.24).

1 +e-°5s

Gfil_MLq(s) = L1j— (8.24)|

8.4.5 Phased Locked Loop (PLL)

In order to synchronize the 3-level VSI phasor controls witii die AC-system

voltages and also to provide die arguments a^f and -2<oxt for die d/q trans¬

forms, a Phased Lock Loop wtil be needed.

In this work, a PLL in the d/q phasor plane rotating with (Ol is chosen,

which is presented in figure 8.11.

This PLL synchronizes die 3-level VSI controls with the d-component of

the AC-system voltage phasor uLd by indirectly (via atan(i/La'/KLa.')) con-

trolUng its orthogonal q-component uLq' to zero.

In case that uLq wUl not equal to 0 (atan(uLq /uu') * 0), the output varia¬

ble Afx (frequency deviation) of a Pl-controUer forces an integrator
(tar = J2n(fl+Afl)dt) to de- or increase the argument or for the trigono¬
metric functions used in the d/q transform. As soon as aw will coincide with

the argument of the rotating AC-system voltage phasor (uL = uLa + j uip,

uLq' wiU equal to 0 and the PLL is locked. In order to avoid, that the rotating

AC-system voltage phasor is locked to the negative value of uu', which
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also would result in Uig'=0, the atan(«z^'/MLd') is chosen as die control

variable instead of u^.

The low-pass filter for axan^u^/ujj) ensures, that for asymmetrical AC-

system conditions, the arising 2nd harmomc in uu' and uLq wtil not have

an influence on the control. Hence, the resulting argument cot wtil always

be synchronized with die positive sequence fundamental component of the

AC-system voltages and disturbances in uLph wiU not be transferred

tiirough the PLL.

8.4.6 Simulation results

In order to verify the results achieved so far and to assess die effectiveness

of the proposed DC-side balance control measure, simulations have been

performed witii the SABER simulator tool. For mat purpose, the control

scheme discussed in the previous chapter has been implemented for the

SVC with system parameters being the same as in table 8.2. The results are

presented in figure 8.12 - figure 8.15.

a) Verification ofthe critical operation point

First of all the sign reverse, which was calculated in die previous chapter to

lqOcrit = 0.9 [p.u.] wUl be verified. This is done by deactivating die sign

logic, which means that the DC-side balance control is expected to be unsta¬

ble for operation points larger than Iqocri,' = 0.9 [p.u.]. Indeed, tiiis is con¬

firmed in figure 8.12 a) for the first 250ms, where the SVC works in the ca¬

pacitive operation point Iq0' = 0.95 [p.u.]. After this time, a load step is ap¬

pUed from Iq0' = 0.95[p.u.] to 7a0' = 0.85[p.u.], which conesponds to

quite a slow, but stable DC-side balance control.

b) DC-side balance controller response to load-steps

In figure 8.12 b) load-steps from 7a0" = 0 to 7o0' = l[p.u.] (at t=250ms)
and then to 7a0' = -1 (at t=500ms) have been appUed. When comparing the

Une diagram of the resulting (filtered) unbalance uDdiff with those in

figure 7.4 (chapter 7.4.2) showing the self-balancing behaviour, it becomes

evident that the DC-side balance controUer remarkably reduces the balanc¬

ing time constants. Factors of about 10 for the pure capacitive and even of

about 50 for the pure inductive operation mode can be assumed to be reaUs¬

tic.

In addition, it is indicated by the smaU notch in die cunent phasor iq at

about t=280ms, that the DC-side balance control angle y must not be chosen
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a): verification of the sign reverse in I0DC

- 05 -

0 005 0.1 015 02 025 03 035 04 045 05

b): response of the DC-side balance controUer to load steps in i
'

-002 -1 1 L_

01 02 03 04 05 06 07

t[sec]

fig 8.12: a): verification of the sign reverse in the DC-component

I0DC of i0 for DC-side balance control of type II; b):

response of the DC-side balance controller to load-steps in

die reactive AC-side current phasor component i ';

r=0.005[p.u.], other SVC system parameters in table 8.2
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=05

a): step in Am^'^s) of 0.02 [p.u.] at t=lsec.

m

0 03

002

0 01

0

-0011

05 1.5 25

uDdtff (filtered)

0 05 15 2 25 3

001

'

is
i. 0

' i

0 05 1 15 2 25 3

t[scc]

b): steady state switching instant delay of 50us in phase a at t=0

fig 8.13: a): response of die DC-side balance controller to a step in

AuLd"(s) of 0.02 [p.u.] (neg. seq. 2nd harmonics in u, h,

cophasal to the fiindamental); b): response to a steady state

delay of 50us in die switching instant of the upper valve in

phase a; r=0.005[p.u.], other SVC system parameters in

table 8.2
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a): step in AuL "(s) of 0.02[p.u.] at t=lsec, feed- forward confroUer

off

0 05 1 15 2 25 :

0

1-01 V
1

Y
-

* 1 1

0 05 1 15 2 25 3

Usee]

b): step in AuLq"(s) of 0.02 [p.u.] at t=lsec, feed-forward confroUer on

1 5h

"= M
a. I

"051

o!

0

--01

£,-02

-03

-04

0.5 15 2.5

uDdtff (filtered)

0 0.5 15 25

0

^"
at

i-01

-02

t-^

t*\

0 05 15

t[sec]

25

fig 8.14: response of the DC-side balance controUer to a step in

AuLq'(s) of 0.02 [p.u.] (neg. seq. 2nd harmonics in uLph,

phase-displaced by n/2 to die fundamental) with feed-forward

controUer deactivated (a)) and activated (b)); r=0.005[p.u.],

7 0'=l[p.u.], other SVC system parameters in table 8.2
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a): step m Au^'^s) of 0.02 [p.u.] at t=lsec., feed-forward controUer off

o

„-05
3

s -i

-15

-02
() 05 1 15 2 25 3

-,0 01

1
~

0
r Y

0 05 1 15 2 25 3

tfsec]

b): step in AuL "(s) of 0.02 [p.u.] at t=lsec, feed-forward controUer on

o

-,-05
3

Q. -1

t
) 05 1 15 2 25

0

i

a-oi

•

uDdtff (filtered)

' i

-

fig 8.15: response of die DC-side balance controUer to a step in

AuLq"(s) of 0.02 [p.u.] (neg. seq. 2nd harmomcs in uLph,

phase-displaced by ic/2 to the fundamental) with feed-forward

controUer deactivated (a)) and activated (b)); r=0.005[p.u.],

7a0'=-l[p.u.], odier SVC system parameters in table 8.2
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to large in order to prevent an interaction with the control of the fundamen¬

tal quantities.

c) DC-side balance controller response to a neg. seq. 2ndAC-system

voltage harmonic, cophasal to thefundamental

The DC-side balance controller response to a neg. seq. 2nd AC-system volt¬

age harmonic (At7Ld"=0.02[p.u.])) which is cophasal to the fundamental of

uLph, is presented in figure 8.13 a). For r=0, as shown in eqn. (8.12), this

disturbance wiU not have an influence at all. Since here a realistic small

ohmic part r=0.005[p.u.] is taken into account, also a small impact can be

observed, which however does not constimte a major problem for the DC-

side balance controUer. This proves right despite the fact that the SVC is op¬

erated in the nominal capacitive operation mode, where the DC-side balance

controller performance is quite moderate.

However, without an active DC-side balance control implemented, things
work out to become much more worse, as could be clearly shown in

figure 7.6 of chapter 7.5.4.

d) DC-side balance controller response to a switching instant delay

The controUer response to a steady-state switching instant delay of 50iis in

phase a is given in figure 8.13 b). It is confirmed that the DC-side balance

confroUer is well suited to counteract to this probably very frequent DC-un¬

balance source, even when operating in a range with moderate performance

(V = i).

e) DC-side balance controller response to a neg. seq. 2ndAC-system

voltage harmonic, phase-displaced by n/2 to thefundamental

The DC-side balance controller response to a neg. seq. 2nd AC-system volt¬

age harmonic (Af/La-"=0.02[p.u.]), which is phase-displaced by ji/2 to the

fundamental of uLph, is presented in figure 8.14 and figure 8.15.

The two figures differ from each other by the chosen operation point of the

SVC, which equals to 7a0' = 1 in figure 8.14 and to 7a0' = -1 in

figure 8.15. In addition, the graphics a) conespond to simulations, where the

feed-forward controUer is deactivated, whUe the graphics b) show the results

with an activated feed-forward confroUer.

First of aU, it is obvious, tiiat the additional feed-forward controller fulfils

quite a good job by transiently Umiting the arising DC-side unbalance. This
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proves right in both operation points 7 0' = 1 and 7 0' = -1. Further it is

once again confirmed tiiat the performance of the control scheme in die pure

inductive operation mode wtil be better than in the high capacitive operation
mode.

The small deviations between die feed-forward control angles yff and die

resulting steady-state NP-angle is manifested in die fact, tiiat die correction

factor Ahev=Q.65 obviously is shghtly mis-tuned, which also yields a small

error in yff (eqn. (8.23)). It was found dial AAtv=0.64 constitutes the cor¬

rect value for Ahev. Though the impact of this mis-tuning is not remarkable,
it all the same shows die importance to determine Ahev with great care.

Further, it can be seen in figure 8.14 for 7a0' = 1, that the resulting DC-side

balance control angle reaches quite large values of about 0.15[rad]. For a

given NP-angle p=n/10=0.314[rad], which constitutes the theoretical

maximum for its resulting value (figure 8.10), this neg. sequence 2nd har¬

monic in uLph should roughly not exceed 0.04[p.u.]. Otherwise, in this op¬

eration point 7 0' = 1, the DC-side balance controUer couldn't compensate
its DC-component introduced in die NP-current iQ.

Another very undesirable effect can be observed when having a closer look

at the AC-side current phasor component i
'

in figure 8.14 for 7 0' = 1.

Apparentiy, quite a large oscUlation arises in iq ,
which was found to be pre¬

dominantly determined by a neg. seq. 2nd harmomc in the 3-phase plane
(3rd harmomc in i '). With an amphmde of more tiian 0.3[p.u.], it contrib¬

utes with die Uon's share, beside a pos. seq. 4th harmomc, which also shows

up in the AC-side currents. On the other side, if not compensated, the neg.

seq. 2nd harmonics in uL h
of 0.02[p.u.] will for the given system parame¬

ters cause a corresponding AC-side current harmonic of at most 0.05[p.u.].

This neg. seq. 2nd harmonic wUl further not be generated by a resonance of

the system (which is at about 84 Hz), but exclusively by the DC-side bal¬

ance confroUer.

When focusing on figure 8.9, it becomes evident that for Iq0' = 1 quite a

large DC-side balance control angle y^ wiU be necessary to compensate for

die NP-cunent DC-component introduced by the neg. seq. 2nd harmonic in

uLph. This is true, since the opposite signed contributions of the AC-side

current fundamental i
hl

and the even numbered harmonics compensate
each other to a large amount in the NP-current on the DC-side. Unfortu¬

nately, this will not prove right on the AC-side, where the large even num¬

bered harmomcs in the modified switching functions s
h

are the driving
force for even larger even numbered AC-side current harmonics.

According to figure 8.9, die opposite has tiierefore to be expected in the in-
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ductive operation range, which is clearly confirmed in the simulations pre¬

sented in figure 8.15.

8.5 Summary

This chapter was dealing with DC-side balance control (in addition to the 3-

level VSI self-balancing abiUties).

In a first step, two possible DC-side balance control measures, which consist

in appropriate modifications of the switching functions sph, have been intro¬

duced by means of graphical models. This was done with the simple FFM

pulse patterns. In addition, the AC-side cunents iph were exclusively repre¬

sented by its fundamental iphl and a neg. seq. 2nd harmomc iph2.

The first control measure, which here was coined control measure of type I,

modifies die switching functions sph by shortening the positive pulses,
while simultaneously lengtiiening die negative ones, or vice versa

It could be shown witii the graphical model, mat the DC-side balance con¬

trol measure of type I is well suited for 3-level VSI applications, where an

active power will be exchanged with the AC-system. However, if the 3-level

VSI works in a pure reactive operation mode, this method fails.

It was further proved (assuming r=0), that exclusively the AC-side current

fundamental i
hl

will be responsible for the arising DC-component in the

NP-cunent i0, caused by the switching function's modification. A neg. seq.

2nd harmonic iph2 (and its even numbered multiples), which are also caused

by die switching function's modification, wiU not contribute with a DC-

component in i0. More, if plotted over the whole pure active operation
mode range (-1 < id < 1), I0DC wUl change its sign, if the direction of the

active power transfer wiU be reversed (at ij^)).

The second control measure, which here was coined control measure of type

II, modifies the switching functions sph by shifting conesponding pos. and

neg. pulses in opposite directions, while simultaneously keeping their

(equal) pulse lengths unchanged.

It could be shown with the graphical model, that the DC-side balance con¬

trol measure of type II is weU suited for aU 3-level VSI appUcations, no mat¬

ter of the operation mode.

It was further proved (assuming r=0), that both the AC-side cunent funda¬

mental iphi and a neg. seq. 2nd harmonic iph2 (and its even numbered mul¬

tiples) will contribute with a DC-component to the NP-cunent i0. Also

here, the neg. seq. 2nd harmonic i
h2 (and its even numbered multiples) are
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caused by die switching function's modification.

The resulting NP-current DC-component I0DC for a given control angle y

wtil then be determined by the sum of both contributions. More, if plotted

over die whole pure active or reactive operation mode range

(-1 < id',i
'

< 1), I0DC might change its sign, which has to be taken into ac¬

count when designing a DC-side balance controUer. Unfortunately, this zero

crossing of IQDC also depends on a varying AC-system impedance, which

constitutes a drawback of this DC-side balance control measure of type II.

In a next step, die achieved graphical results have also mathematicaUy been

verified witii the help of the transfer functions for the pure reactive operation
mode by means of a SVC with reaUstic parameters.

FinaUy, in order to show die efficiency of the DC-side balance control meas¬

ure of type II, a controUer has been designed for a FFM modulated SVC.

This confroUer includes a conventional closed loop with Pl-controUer for

the controUed variable uDdiff and in addition a feed-forward controUer for

disturbances, being introduced by die AC-system voltages uLph. The control

scheme was implemented in a SABER program.

The simulation results achieved with SABER once more confirmed die va¬

hdity of die transfer functions and further showed, tiiat an active DC-side

balance control can improve the behaviour of the 3-level VSI during a DC-

side unbalance.

Concerning transient DC-side unbalance sources (load-steps in die control¬

led variable), a DC-side balance control yields control time constants, which

are at least a factor of ten smaUer than those achieved in die self-balancing
smdies. Also switching instant delays fliere: 50ns) wtil be controUed to 0

before tiiey cause a remarkable DC-side unbalance.

With respect to the most critical steady state DC-side unbalance source,

even numbered harmonics in the AC-system voltages (neg. seq. 2nd har¬

monic, pos. seq. 4th harmonic, etc.), the controUer can limit their impact to

quite small values of only a few percent. However, due to die limited range

of the NP-control angle y, these even numbered harmonics should not have

larger ampUmdes tiian 0.05[p.u.]. In addition, quite large neg. seq. 2nd har¬

monics appear in the AC-side currents i
hl

when appUed in die higher ca¬

pacitive operation range.

Therefore, and because of the undesirable and with the AC-system imped¬
ance varying sign reverse of the resulting balancing DC-component I0DC, it

must be concluded, that other or additional, more sophisticated control strat¬

egies wiU be highly desirable at least for disturbances introduced by die AC-

system.
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9 Control of the SVC

9.1 Overview

This chapter is focusing on a basic AC-side cunent control scheme for the

FFM modulated 3-level VSI SVC.

In a first step, die dynamic phasor transfer functions of the 3-level VSI SVC

are presented, which also include die influence of dynamics in the AC-sys¬
tem voltages uLph.

Basing on these transfer functions, a conventional control loop wUl be de¬

signed for the reactive current phasor component i '. Simulations with

MATLAB and SABER show a reasonable good performance for load-steps
in the controlled variable iq .

At disturbances in the AC-system voltages

uLph however, the confroUer cannot sufficiently limit the peak-values of the

AC-side currents.

Therefore, an additional feed-forward controUer wiU be designed, which

compensates the impact of these AC-system voltage disturbances in the AC-

side cunents. The efficiency and performance of the feed-forward control

scheme wtil finally be verified by simulations with SABER.

9.2 Introduction

When focusing on the design of a control scheme for the 3-level VSI con¬

nected to an AC-system, the dynamic phasor transfer functions of the sys¬

tem might be of great value.

The chosen d/q frame for the fransformation from the 3-phase to the phasor

quantities will hereby rotate with the fundamental angular velocity (Ol

(k=l, appendix C.2.1). In order to distinguish the phasor components in

this d/q frame from those in a d/q frame rotating with an angular veloc¬

ity -2(0] (k=-2, appendix C.2.1, chapter 7, chapter 8), the following no¬

tation will be used:

I x = x i Xd ~ Xd i xq ~ Xq'i I

The dynamic phasor transfer functions in the Laplace domain are de¬

rived in appendix D.2 and appendix E.1 in a most general way and are
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valid for aU 3-level VSI appUcations connected in shunt to an AC-sys¬
tem. Herein, also the influence of the AC-system voltages uLpk and finite

DC-side capacitors are taken into account

In addition, the equations are presented in dependancy on two sets of control

variables, namely the switching function phasor components Asd'(s) and

As '(s) and also by their corresponding quantities Atyu(s) and Am(s).

In diis diesis, die latter ones (Afyu(s) and Am(s)), are chosen for die control

design of a FFM modulated 3-level VSI SVC.

Further, the influence of the AC-system strength will not be taken into

account for the design of the control schemes in this thesis. For that pur¬

pose, the reader is refened to e.g. [30]. Here, an infinite strong AC-system is

assumed for the verification of the designed control schemes.

9.3 SVC current control loop design

In tiiis chapter, a current control loop wtil be designed for die reactive AC-

side current phasor component iq of the 3-level VSI SVC.

This also includes smdies concerning die influence of AC-system voltage
disturbances (incl. asymmetrical operation conditions) on the performance
of the controller. Hereby, the control design wiU be performed witii die help
of die dynamic transfer functions of the 3-level VSI SVC.

9.3.1 Transfer functions of the SVC

For reasons of convenience, the general transfer functions derived in appen¬

dix E.1 (eqn. (EM), eqn. (E.13), eqn. (E.15) in table E.1 - table E.3) are

once more presented in table 9.1 and table 9.2 for a SVC appUcation. The

individual parameters and phasor quantities herein are described in

table 9.4. In addition, the 3-level VSI SVC model, which is taken as a basis

for the derivation of the transfer functions, is given in figure 9.1.

Since the dynamic transfer functions do not look very inviting in its most

general form (r * 0), they will be simplified by assuming die resistive sys¬

tem part r=0, which for a SVC application coincides witii the fact that the

steady-state quantities 7d0' and Q>a0 (table 9.4) wiU equal to 0. The resulting

simplified SVC phasor equations are presented in table 9.3.

Witii respect to die closed loop controUer design, die most general equations
(table 9.1) have been used, while for the design of some parts of die feed-
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transformer

fig 9.1: model of die 3-level VSI SVC for smdies concerning

dynamic system behaviour and control design

forward controller (chapter 9.4), the simpUfied ones (table 9.3) have been

presumed.

9.3.2 Control loop design

a) Controlprinciple

For die control of the pure reactive current phasor component /
'

of a 3-level

VSI SVC, the control variable <|)a (phase angle between the AC-system volt¬

ages uLph and the 3-level VSI output voltages uph) constitutes a suited con¬

trol quantity ([8], [62], [67] - [70]).

For a SVC appUcation witii a small ohmic system part (r = 0.005[p.u.]), the

steady-state operation point <5>uQ of 0a is close to 0 and conesponds to a

very smaU active AC-side current phasor component Id0', which exclusively

covers the losses of the SVC. Hence, the 3-level VSI output voltage phasor
u' and die AC-system voltage phasor ml' are almost co-phasal for steady-

state conditions. If the amplimde of die 3-level VSI output voltage phasor u'

is larger than those of the AC-system voltage phasor ml' ,
the SVC generates

a pure reactive power (capacitive operation mode). In case that the 3-level

VSI output voltage phasor u' is smaUer than those of the AC-system voltage

phasor uL', the SVC absorbs a pure reactive power (inductive operation

mode). This is graphically represented by means of the phasor diagram in

figure 9.2.

Deviations Atyu(s) from its steady-state operation point Oa0 will inherently

cause a deviation Aid'(s) in the active cunent phasor component id'(s),
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System parameters:

r: ohmic part of the system; here: r=0.005 [p.u.];

/; stray reactance of the transformer; here: / =0.2[p.u.];

c: 3-level VSI DC-side capacitors; here: cw,=c/2=1.5[p.u.],
-r. =4.32ms;
'tot

CO,: fundamental frequency of die AC-system;

AC-side phasor quantities with respect to a d/q frame rotating with

an angular velocity of the fundamental to,:

Id0' : steady-state operation point of the d-component of the AC-side

current phasor

7 0': steady-state operation point of the q-component of the AC-side

current phasor

4>b0 : steady-state phase angle between the AC-system voltage
phasor and the 3-level VSI SVC output voltage phasor

Mo: steady state modulation index of the switching functions s h;

here: M0=4/n • cosP=4/jt • cos(7t/10)=1.2109;

Ai^' (s): deviations from Id0'

Ai'(s): deviations from 7 0'

Afyu(s): deviations from *u0

Am(s): deviations from M0

AuuXs): deviations in the d-component of the AC-system voltage
phasor

AuLq'(s): deviations in the q-component of the AC-system voltage
phasor

DC-side quantities:

UDsum0: steady-state total 3-level VSI DC-side voltage

A"z>«m(*): deviations from UDsum0

table 9.4: Quantities in the 3-level VSI SVC phasor fransfer func¬

tions (table 9.1 -table 9.3)
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steady-state operation point 7 0'=1

a 10

10' 10 10 10 10

steady-state operation point 7 0' =0
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- 90

10 10 10 10 10

steady-state operation point 7 0'=-l

sio

10'

10'

fig 9.3: Bode diagrams of the 3-level VSI SVC transfer function

G&, _a<|> (*) f°r different operation points 7a0', see also

table 9.1
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An in depth discussion of these transfer functions has been performed yet in

[8], [62], [67] - [70] for the 2-level VSI SVC. Since the results are also vaUd

for the 3-level VSI, the reader is referred to die Uterature.

The undesirable system resonance (Orts for the here investigated 3-level VSI

SVC can be calculated from die denumerator term (eqn. (9.12)) of the sim¬

pUfied transfer functions (table 9.3) which results to eqn. (9.13).

3Af2
= >i+"4^ = 1-68 [p.u.] (9.13)

c) Filterfor the reactive currentphasor component

The reactive current phasor component i
'

should be filtered, since it pre¬

dominantly shows up a 6th harmonic, which results from the 7th AC-side

current harmonic in the 3-phase plane. In addition, during asymmetrical op¬

eration conditions, a 2nd harmomc appears in i', which mainly has its ori¬

gin in the neg. seq. fundamental component arising in the AC-side currents

in the 3-phase plane.

Unfortunately, filtering the latter mentioned 2nd harmonic highly increases

the risk for an unstable control loop, since the phase of the open loop trans¬

fer function in the vicinity of the resonance (Ores might take on values larger
than Jt. This will prove right for both low-pass and also notch- or comb-fil¬

ters. Therefore, the filtering of this 2nd harmomc has to be renounced here

and its impact on the reactive current control during asymmetrical operation
conditions has to be tolerated.

For the filtering of the 6th harmonic in i ', a 2nd order Tschebyscheff filter

(0.5 dB over-shoot) with a cutoff frequency fcut=200Hz (/eu,=4[p.u.J) will

fulfil the demands sufficiently. The transfer function of this filter is die-
scribed by eqn. (9.14).

G*Vf) =

1-383 -s2 + OOIZ...-s
+ <*2

^
"cut * ' *"

cut

A0 = l< ®cut = 4[p-U.]

d) Pl-controUer

In order to close the open loop, a simple Pi-controller was found to show a

reasonable dynamic for the basic investigations performed here. The chosen
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values for the amplification Kp and die integral part K, of the Pi-controller

constimte a compromise between a sttil acceptable resulting dynamic for i
'

and a stiU moderate excitation of the resonance frequency. Its transfer func¬

tion and the quantitative values for KP and K, are given in eqn. (9.15).

KPs+K,

GPI(s) = -E -' (9.15)
s

KP = 0.087[rad]/[p.u.], K, = 0.0028[rad]/[p.u.]

With that, the open loop transfer functions

GM _,!(*) = GPI(s) • G^.j^d) Gfllu.(s) (9.16)
»-

in the 3 different steady-state operation points 7 0'=1, 0, -l[p.u.] result to

those presented in figure 9.4. A block diagram of the control scheme, also

including a feed-forward confroUer (chapter 9.4), is given in figure 9.5.

e) Step responses ofthe closed loop

In order to basicaUy assess the performance of the designed control scheme,

steps have been appUed for die confroUed variable Ai' of l[p.u.] and for the

disturbance variables Auu' and AuLq of 0.25[p.u.]. The results for the 3

steady-state operation points 7 0'=1, 0, -l[p.u.] are shown in figure 9.6.

From this, it can be concluded that the performance of the designed control¬

ler is quite acceptable for a step in die controlled variable iq ,
however very

bad if disturbances occur in the AC-system voltage phasor components uLJ

and«La'.

Hence, an additional confrol measure, suitable to counteract against these

disturbances, wiU be highly desirable.

93.3 Simulation results of the 3-level VSI SVC

In order to also verify the controUer performance in a more realistic manner,

simulations with SABER have been performed for the 3-level VSI SVC.

In accordance to figure 9.6, these simulations present the dynamics of the

confroUed variable iq after steps in the controUed variable iq itself and af¬

ter steps in the disturbance variables uLd and uL '. In addition, simulations

have been performed for asymmetrical operation conditions, which are
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steady-state operation point 7 0'=1

iff

o

f -90

J-180

-270

10"J

10" 10"' 10" 10'

steady-state operation point 7 0'=0

10"2 10"' 10° 10'

steady-state operation point 7 0'=-l

IO2

"

^V0^ fl "

- s^^:
IO2

fig 9.4: Bode diagrams of the 3-level VSI SVC open loop transfer

function G^,. ol(s) for different operation points 7 0', con¬

trol via tiie phase angle cj>u between the 3-level VSI output

voltages and the AC-system voltages
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steady-state operation point 7a0'=l

001 002 003 004 005 006 007 008 0.09 01

t[sec]

steady-state operation point 7a0'=0

0 001 002 003 004 005 006 007 008 009 01

t[sec]

steady-state operation point 7 0'=-l

0 001 002 0.03 004 005 006 007 008 009 01

t[sec]

fig 9.6: Responses of the controUed variable i
'

to steps in the con¬

troUed variable iq itself (1 [p.u.]) and the disturbance vari¬

ables uLd and uLq (0.25[p.u.]) for different operation

points 7a0', control via the phase angle tyu between the 3-

level VSI output voltages and die AC-system voltages
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caused by a large single Une AC-system voltage drop in phase a of

0.75[p.u.].

With respect to disturbances in the AC-system voltage phasor component

uL
'

(AC-system voltage phase shifts) and to asymmetrical operation condi¬

tions, also the influence of the PLL (chapter 8.4.5, figure 8.11) has been in¬

vestigated. The simulation results, showing the most important quantities,
are presented in figure 9.71 - figure 9.1311.

a) Controller response to load-steps in i
'

Regarding die behaviour of the SVC in case of load-steps in iq (figure 9.71,

figure 9.7II) it can be concluded, that very similar results are achieved as

presented in figure 9.6.

b) Controller response to 3-phase voltage drops

Also during disturbances in uu' (3-phase AC-system voltage drops,

figure 9.81 and figure 9.8II), the 3-level VSI SVC shows the same response

as in figure 9.6 for the nominal capacitive operation point 7a0'=l[p.u.].
Hereby 3-phase voltage drops in the AC-system voltages of

Ai7£a-=:F0.25[p.u.] at t=105ms and t=305ms respectively have been simu¬

lated.

c) Controller response to AC-system voltage phase shifts

For AC-system voltage phase shifts (disturbances in uLq), the results

strongly depend on die adjustment of the PLL (chapter 8.4.5, figure 8.11).

Witii an very slow tuned PLL (step response time ca. 15 sec), a step in uL
'

of AULq =±0.25 [p.u.] causes very high over-currents on the AC-side when

the dismrbance occurs at t=105ms (figure 9.91, graphic d)-f)). At t=305ms,

when a reverse step (AULq'=-0.25[r>.u.]) is applied, no over-currents can be

observed. However, as can be clearly seen in the filtered reactive AC-side

current phasor component i^,/ (figure 9.91 g)), the SVC now reverses its

operation point into the inductive operation mode.

The same simulation with a very fast tuned PLL (step response time ca.

2ms.) shows remarkably better dynamics (figure 9.101, figure 9.1011). No

high over-currents can be observed botii at t=105ms and t=305ms when die

AC-system voltage phase shifts (AULq =±0.25 [p.u.]) occur.

While the specific influence of the PLL tuning could be foreseen for this
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fig 9.71: response of the 3-level VSI SVC to steps in the confroUed

variable iq (at t=50ms, 150ms, 250ms, 400ms): a) uLa, b)

uw c) uu>d)»«.e) «'»• 0 »e« 8) »W
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fig 9.7II: response of the 3-level VSI SVC to steps in the controUed
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nominal capacitive operation mode (7a0'=l[p.u.])

0 005 0 1 015 0.2 025 03 035 04 045 05

t[sec)

fig 9.81: response of the 3-level VSI SVC to 3-phase voltage drops
in uLph of 0.25[p.u.] (Auu' =t0.25 [p.u.] at t=105ms and

reverse at t=305ms, graphic a)-c)): a) u^, b) uLb, c) uLc,

$*„>*) if® h'&igfii
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.8II: response of the 3-level VSI SVC to 3-phase voltage drops
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nominal capacitive operation mode (I^=l[p.u.])

1 1 1 1 1 1 1 1 1

0 005 0.1 015 02 025 03 035 04 045 05

t [sec]

fig 9.91: response of the 3-level VSI SVC to AC-system voltage

phase-shifts (AuLq =±0.25 [p.u.] at t=105ms and reverse at

t=305ms, graphic a)-c)), very slow PLL (step response time

ca. 15 sec.): a) Ula, b) uLb, c) uu, d) ia, e) ib, f) ic, g) i^'
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.9II: response of the 3-level VSI SVC to AC-system voltage

phase-shifts (AuLq =±0.25 [p.u.] at t=105ms and reverse at

t=305ms), very slow PLL (step response time ca. 15 sec.):

a) ua, b) ub, c) uc, d) <)>„, e) um, f) uD2, g) uDsum, uDdlff
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nominal capacitive operation mode (7a0'=l[p.u.])
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.1 Oil: response of the 3-level VSI SVC to AC-system voltage
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nominal capacitive operation mode (7a0'=l[p.u.])

t[sec]

fig 9.111: response of the 3-level VSI SVC to an AC-system voltage

drop in phase a of 0.75[p.u.] (at t=105ms and cleared at

t=305ms, graphic a)-c)), very slow PLL (step response time

ca. 15 sec.), a) uu, b) uLb, c) uLc, d) ia, e) ib, f) ic, g) i^,'
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.1 HI: response of the 3-level VSI SVC to an AC-system voltage

drop in phase a of 0.75[p.u.] (at t=105ms and cleared at
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nominal capacitive operation mode (7^=1 [p.u.])
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.12II: response of the 3-level VSI SVC to an AC-system voltage

drop in phase a of 0.75[p.u.] (at t=105ms and cleared at

t=305ms), very fast PLL (step response time ca. 2ms.), a)

ua,b) ub,c) uc, d) <|)a, e) um, f) uD2,g) uDsum, uDdlff
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nominal inductive operation mode (7^'s-lfc.u.])
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drop in phase a of 0.75[p.u.] (at t=105ms and cleared at

t=305ms, graphic a)-c)), very fast PLL (step response time
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nominal inductive operation mode (7a0'=-l[p.u.])
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simulation (AC-system voltage phase shifts), the relationships become more

compUcated in case of asymmetrical operation conditions.

d) Controller response to singlephase AC-systemfaults

In case of single phase AC-system faults (in general: at asymmetrical AC-

system voltages), the phasor components uLd' and u^ of die AC-system

voltages contribute with a 2nd harmonic.

A very fast tuned PLL (step response time ca. 2ms.) will tiien also see a re¬

markable 2nd harmomc in its control signal. This proves right, since die

low-pass filter in the PLL control-loop (chapter 8.4.5, figure 8.11) will have

a high cut-off frequency in order to guarantee a fast step response.

As a consequence, the reference signals for the d/q transform won't show up

a pure sinusoidal shape, which in its turn will influence the control scheme.

At least on first sight, this will for sure be highly undesirable.

In opposite, a very slow tuned PLL (step response time ca. 15sec.) will not

be influenced by die 2nd harmomc in uu' and u^', which will now suffi-

ciently be damped by a very low cut-off frequency of the low-pass filter in

its control-loop.

The impact of these two different PLL tunings can be verified in figure 9.111

- figure 9.1311 for a single Une AC-system voltage drop in phase a of

0.75[p.u.].

In figure 9.1 II and figure 9.1 in, die PLL is tuned to be very slow, which re¬

sults in remarkable asymmetrical over-currents on the AC-side witii ampU¬
mdes up to 5[p.u.] (graphics d) - f) in figure 9.111). Also the DC-side volt¬

ages uD1 and uD2 (graphic e) and f) in figure 9.1 III) show up very large os¬

ciUations (fundamental component and 2nd harmonic).

For a very fast PLL and a nominal capacitive operation mode (7a0'=l[p.u.]),
a much better system behaviour can be observed in figure 9.121 and

figure 9.12H. The arising over-currents on the AC-side are much smaUer

now and also die other 3-level VSI quantities are kept at still reasonable val¬

ues.

However, tilings become worse again, if die same single line AC-system
fault occurs when the SVC is operating in the nominal inductive operation
mode (7a0'=-l[p.u.]). According to the simulations in figure 9.131 and

figure 9.1311, the AC-side currents i
h

exhibit quite large peak-values of

more than 3[p.u.]. In addition, they constimte a highly asymmetrical 3-
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phase system. Though the results are not as worse as for a very slow tuned

PLL (figure 9.1 II and figure 9.1 III), they are stiU really not acceptable.

Summarized, it can therefore be concluded, that during disturbances in the

AC-system voltages, an additional controUer wiU be of high need in order to

limit the arising AC-side current peak-values.

9.4 SVC control during AC-system faults

9.4.1 Basics

In the simulations performed in the previous chapter, it could be seen that

the performance of the current controUer is pretty bad, if disturbances in the

AC-system voltages uLph occur. In order to improve this behaviour, a feed¬

forward controUer wtil be designed in this chapter.

Hereby, only AC-system voltage disturbances, which can be described by a

positive sequence and/or a negative sequence fundamental component, are

taken into account. The compensation of other AC-system voltage dismr¬

bances (e.g. flicker) cannot properly be achieved, when FFM modulation is

presumed.

3-phase AC-system voltage drops or 3-phase AC-system voltage phase-
shifts are described by exclusively a dismrbance in the positive sequence

fundamental component of the AC-system voltages uLph. E.g. single phase
faults however show up both disturbances in the positive sequence and the

negative sequence fundamental component (which usually equals to 0).

In a d/q-plane rotating with an angular velocity 0), (Jfc=l, appendix C.2.1),

positive sequence fundamental disturbances in uL h are represented by DC-

quantities in AUjJ and AULq. On the other side, negative sequence funda¬

mental components are appearing as a clockwise rotating 2nd harmonic

phasor AuL2 with a constant amplimde.

In this thesis, the control laws for the feed-forward controller presume a

very slow tuned PLL (step response time of about lsec), which will be syn¬

chronized witii the d-component ULd of the AC-system voltage phasor.
This yields the advantage, that AC-system voltage dismrbances will not

have an influence on the basic quantities cos 03,1 and sinco,f
(chapter 8.4.5, figure 8.11) necessary for the d/q-transform. Hence, a d/q
frame with a very high inertia wiU be achieved and disturbances in u.

h
will

exactly be reflected in the AC-system voltage phasor components uLd and
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uLq . Their influence on die AC-side currents can tiien be compensated by a

feed-forward controUer, which calculates the reference values for the funda¬

mental components of 3-level VSI output voltages uph.

For asymmetrical AC-system voltages uLph (neg. seq. fundamental compo¬

nents), this will also result in asymmetrical 3-level VSI output voltages uph,
which means that the modulation indices ma,mb, mc wtil no longer be die

same in the 3 phases a,b,c. As well the phase-displacements Da, Db and Dc
will differ from their values 0, -2n/3, 2rc/3 for symmetrical operation
conditions.

A very efficient and fast control scheme for asymmetrical operation condi¬

tions, which however only can be appUed for carrier based PWM modula¬

tion, is proposed in [72] and [73].

In the following, an approach for FFM modulation or off-line optimized
PWM will be presented.

9.4.2 Feed-forward controUer design

a) Feed-forward controllerfor the compensation ofpositive sequence

fundamental disturbances in the AC-system voltages

As mentioned above, positive sequence fundamental disturbances in uL h

constimte DC-components AULd and AC/^' in a d/q plane rotating with an

angular velocity go,. Hence, it will be sufficient in this sub-chapter to exclu¬

sively focus on the DC-components (upper-case letters) of the individual

phasor quantities.

In order to compensate die impact of diese DC-components AU^ and

AULq in the AC-side current phasor r of the 3-level VSI SVC, an appro¬

priate control law for a feed-forward controUer has to be derived. For that

purpose, the phasor diagram presented in figure 9.14, will be of great help.

Herein, the phasor quantities show up the index pos in order to emphasize
that these quantities refer to pos. seq. fundamental components in the 3-

phase plane. This also ensures a clear distinction from phasor quantities cor¬

responding to neg. seq. fundamental components, which wtil be introduced

in die sub-chapter to come.

In general, the pos seq. fundamentals of die SVC AC-side currents iph wtil

not change at all, if Urefp0s wm" be controlled in the following way:

• the 3-level VSI output voltage phasor Urefpos' wtil always be co-phasal
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capacitive mode

r = 0 [p.u.] jj
,

st-Opos
ZOpos

LOpos

fig 9.14: Phasor diagram of the 3-level VSI SVC for the derivation

of the feed-forward control law with respect to positive

sequence fundamental AC-system voltage disturbances

to the AC-system voltage phasor UL
'

and

• the absolute value of the phasor \UZrefpJ\ =\ULpos' - Urefpos'\ (voltage

phasor across the transformer stray reactance) will always remain the

same.

These relationships are represented in figme 9.14 for the case that there is

no disturbance in the AC-system voltage phasor UL
'

(ULpos'=Uiopos)
and for the case of a pos. seq. fundamental disturbance

Wlpos' = wUpo; + jAuLqpo; (uLpo; = uLOpos'+ auLpos').
From figure 9.14 it can further be seen, that in a d/q frame with a very high
inertia, the AC-side current phasor 70

'

wiU have to be phase-displaced by

A<E>„ in order to keep the 3-level VSI output voltage phasor co-phasal to the

AC-system voltage phasor. This results in a reference current phasor

-refpos '
wru<;h is described by eqn. (9.17).

-refpos drefpos+JI,qrefpos '-0 e jI,o (cos ®upos + j sin *„.0I) (9.17)

with
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ldrefpos = -IqO Stupes' lqrefpos = VCOS<IW' ®upos =

atanj/
^Lqpos

Ldpos

Witii that, the d and q components Udrejpos' and Uqrefpos' of the 3-level VSI

output voltage reference phasor

Hypos' = uLpo; - uZrefpo; = uLpo; - ;©,/ • irefpo; (9.18)

can be calculated according to eqn. (9.19) - eqn. (9.21).

Udrefpos' = Uupj + ^llg^p,,; = UUpo; + <OiUg0pOs'COS<Pupos (9.19)

Uqrefpos' = U^pJ-Oi^Idrefpos = ULqpos + <*>llIqOpos'siD<!>uPos (9-20)

*UBOs = atan^ (9.21)(
Ldpos

"P°s U,

Eqn. (9.19) - eqn. (9.21) constimte appropriate control laws, which wtil

keep the pure reactive AC-side currents i
h symmetrical and at tiieir set-

value in case of positive sequence fundamental disturbances in die AC-sys¬
tem voltages uLph.

The next sub-chapter wtil now focus on equivalent control laws for the com¬

pensation of neg. seq. fundamental components in uL h,
as always present

in asymmetrical AC-system voltages.

b) Feed-forward controllerfor the compensation ofnegative sequence
fundamental components in the AC-system voltages

Negative sequence fundamental components in uL h
will be reflected in the

d/q plane as a phasor uL2 = uLd2' + j uLqi >
which rotates clockwise with

an angular velocity of a 2nd harmonic component and a constant ampUtude.

Transforming this rotating phasor uL2 in a d/q frame rotating with a neg.

seq. fundamental angular velocity -to, by multiplying uL2 with e;2t01' re¬

sults in a stiU standing phasor UL
'

(eqn. (9.22)).

£W = «ta' • eJ2a<' = *W + JULqneg' (9-22)

Since no negative sequence fundamental components wtil be desirable in

the AC-side currents iph, the neq. seq. reference phasor Uref
'

for the 3-

level VSI output voltages coincides witii UL
'

(eqn. (9.23)).
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U-refneg ~ ^'drefneg + J^qrefneg ~ U-Lneg ~ ^Ldneg + JULqneg (9-23)

Applying eqn. (9.23) as a control law for the feed-forward controller with

respect to the compensation of a neg. seq. fundamental component in i
h

will yield sufficient results, if die DC-side capacitors are pretty large.

Otherwise, a more or less remarkable second harmonic arises in uDsum,
which is determined by the convolution of the positive sequence AC-side

current fundamentals with the neg. seq. switching function fundamentals.

This second harmonic in uDsum will be reflected back to the AC-side as a

negative sequence fundamental (and a 3rd harmomc) and wiU cause unde¬

sirable negative sequence fundamental AC-side currents to arise.

At this point the dynamic transfer functions are of great help, since they
make it possible to properly compensate this effect, which wtil be shown in

the foUowing.

For that purpose, eqn. (9.9) for Aid'(s) and eqn. (9.10) for Aiq'(s) in

table 9.3 wiU be set to 0, and the two resulting equations will be solved for

the two control variables A$u(s) and Am(s) in dependancy on the distur¬

bance variables AU[J(s) and AuLq(s). This results in eqn. (9.24) and eqn.

(9.25).

Wurefi*) = M? • A"La2'(*) (9-24)
M0uDsum0

37a0M0 AuLq2'(s)
uDsum0 C • UDsum0

Amref(s) =
-±-

• AULd2(s) -2LJL
.

_^ (9.25)

Inserting these two feed-forward control laws in eqn. (9.11) for AuDsum(s)
(table 9.3), yields eqn. (9.26).

3V AuLq2'(S) ,n^

^DsUm2^) =
rrr h— <9-26)
'fn(l S

Eqn. (9.26) corresponds to the arising 2nd harmonic in the sum of the two

DC-side voltages, if die 3-level VSI is controUed according to eqn. (9.24)
and eqn. (9.25).

In a d/q-plane rotating with an angular velocity co,, the 3-level VSI output-

voltage phasor urJ can be described by eqn. (9.27).
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= \(MQ + Amref) • ^*-o+AW - (UDsum0 + AuDsum) (9.27)

If no losses are present in the system, as assumed for the dynamic phasor
transfer functions in table 9.3, die steady-state phase-displacement *b0 be¬

tween die 3-level VSI output voltages and die AC-system voltages equals to

<J>„0 =0 for a SVC appUcation. Further, since die deviations Atyurej wtil usu¬

ally be smaU, the complex exponential function eJ^"r'f can be simpUfied to

e>*-* = cosA^, + j sinA^ = 1 + j Ai>uref (9.28)

With tiiat, eqn. (9.27) can be written to eqn. (9.29).

Href = \(M0 + *»lref) " 0 + 7 " Wuref) " (UDsumO + ^Dsum) (9-29)

An additional simpUfication of eqn. (9.29), which consists in the negligence
of aU A-product terms, results in eqn. (9.30).

Further, with respect to negative sequence fundamental components in the

3-level VSI output voltages, the DC-components in eqn. (9.30) have not to

be taken into account, which finaUy yields eqn. (9.31).

u
' -lM 11

U^ref
.

&*.
%2ref

-

2M0UDsumO
'PP+tM*'-'*-] (931)
V M0 uDsumO' J

,

Inserting now eqn. (9.24), eqn. (9.25) and eqn. (9.26) (transformed into the

time domain) in eqn. (9.31), yields a well known result (eqn. (9.32)), which

is identical witii those achieved in eqn. (9.23).

W = ^^ + j AuLq2' (9.32)

On one side, tiiis proves die vahdity of die transfer functions presented in

table 9.3. On the other side it also shows that sometimes more simple ap¬

proaches will have the same outcome.

However here, the intention is to eliminate the influence of the second DC-

side harmomc on the AC-side currents, which even for not too smaU capaci-
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tor sizes as presumed here (ctot =1.5 [p.u.] or xc =4.32 msec) wtil have

a not negUgible influence. This can also be seen in the simulation results in

chapter 9.4.5. Therefore the more complex approach via the dynamic trans¬

fer functions wiU be justifiable.

It can be seen from eqn. (9.31), that the term depending on AuDsum must not

be taken into account, when calculating a neq. seq. reference phasor

Urefneg • Otherwise, the calculation of the appropriate switching function

modulation indices mph=mabc and phase-displacements Dph=DaJ)C
(subchapter xxx) wtil yield wrong results.

Hence, a neq. seq. reference phasor Urefnegcorr', corresponding to the con¬

tribution of AuDsum wtil be calculated in the following, which finaUy has to

be subtracted from eqn. (9.23).

In the time domain and in a d/q frame rotating with an angular velocity of a

positive sequence fundamental CO,, the contribution of AuDsum can be writ¬

ten to eqn. (9.33).

u

3M07a0'
2refcorr 2cU

DsumO
JAuLq2'-dt (9.33)

^^\UL2'sin(2(0lt + ^uneg)-dt
2CUDsumO

3Mo/„n'
^^Vu1.cos(2ov+ *„.,)

4m rll Ll "'"v-"']-
-

uneg>
^mlCUDsumO

=

3MoV
. jj .. (eX2ov+ *,,„„) g-;(2<v + <tW)

%®icUDsum0
L2

Transforming this rotating phasor u2refCOrr' in a d/q plane rotating with an

angular velocity of a negative sequence fundamental -co,, yields die desira¬

ble stiU-standing correction phasor Urefnegcorr' (eqn. (9.34)).

In addition, a component rotating counter-clockwise with a 4th harmonic

appears, which corresponds to a tiiird harmonic in the 3-phase plane. Since

only the still-standing component is responsible for 3-phase neg. seq. funda¬

mental components, the 4th harmonic component wiU be neglected in eqn.

(9.34).

Witii tiiat the resulting neq. seq. reference phasor Urefnel!' can be calculated
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,=
3MoV „ ,.e-j*,„es (9341j

Urefnegcorr am CTT
" V"9^

owlcuDsumO

?>MOln(l

11
'
-

g (11 '
+ if/ "I

Urefnegcorr om rrj ^Ldneg J,tJLqneg >

oullLUDsumO

,
=

3M0IqO
rr .

-refnegcorr 8©,C«7Djum0 ~Ln^

to eqn. (9.35).

iw = «L2 '""•' - Vu,.;+iVt.„.;

9.4.3 Separation of the positive and negative sequence fundamental

AC-system voltage components in the d/q-plane

In order to calculate die reference phasors Uref
'

and Ure,
'

for the 3-

level VSI ouhiut-voltages, it wtil be necessary to separate the pos. and die

neg. seq. fundamental components in the AC-system voltages uLph.

This can very fastly be achieved in the d/q-plane, where it corresponds to

die separation of the DC-components and a 2nd harmonic. The separation is

graphically represented in the block diagram in figure 9.15.

Herein, the necessary time for the separation (time delay x msec.) is variable

and can also be chosen very small. For the simulations presented in

chapter 9.4.5, this time delay x was chosen to

x = 0.1 msec.

which ensures that the separation will be performed almost immediately.

However, it should be noted that such smaU separation times presume that

the AC-system voltage phasor components uu' and uL
'

will nearly be

ripplefree (except of the 2nd harmomc).

This has to be fulfiUed, since harmonics in kw' and uL
' wtil be strongly

ampUfied by die factor l/(sinco,;c) which becomes quite large, if x has a

smaU value.

This factor l/(sinco,x) will be necessary to achieve the original amplimde
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of the 2nd harmonic after the delay operation and the subsequent subtrac¬

tion.

Another drawback of this separation consists in the delay and die coupling

of die d and q components due to the rotation c-'0,/2"aV). Hence, during

the time interval x, wrong values wtil be achieved for the quantities U^p^',
^Lqpos> ^Ldneg an<^ ^Lqneg This **"" on me omer side not have a signifi¬

cant impact on the control, if x takes on a very smaU value. The rotation

eJ ~<B'*' in its turn ensures that the 2nd harmonics in UjJ and UjJ show

up the original phase before they are transformed into a phasor.

For the basic investigations performed in tins diesis (infinite strong AC-sys¬
tem with ideal sinusoidal AC-system voltages), titis kind of separation ful¬

fils an exceUent job. Its performance in case of a weaker AC-system how¬

ever might be worse (larger time delays, influence of the d/q component

coupling).

FinaUy, it should be mentioned that also in the (still-standing) a/p" plane, die

positive and negative sequence fundamental components can be separated,
which however asks for a fixed given time delay of 5 msec [74].

9.4.4 Calculation of the control signals for the FFM modulator

In order to feed die FFM modulator with the proper control signals cs/(a fc c)

and csn,abc} (figureB.5 in appendix B.2.1) for the generation of the

switching functions sph, the amphmde and die phase-displacements of the

3-level VSI output-voltages have to be known.

For that purpose, the 3-level VSI output voltages u
h
wtil be represented by

phasor components Uph, which can be calculated according to eqn. (9.36)

([68], [53]).

Ua

Ub

Uc

1 1 1

e-j 2)1/3 £j 2)1/3 J

ej 2)1/3 e-j 2)1/3 l

II
'

—refpos

—refneg

0

(9.36)

With tiiat, the individual modulation indices mpn=mai)iC and phase-dis¬
placements Dph=Dabc are determined by the foUowing eqn. (9.37) and

eqn. (9.38).
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_

2 ' W-a,b,c\
_

2 ' 4^d(ajb,c) + ^q(a,b,c)
'la,b,c jt jj

uDsumO uDsumO

(9.37)

'Td(aJ>,c)
I>abc = atan-2^ (9.38)

•J j

The individual NP-angles fjaac for the control signals cs/(aoc) and

csii(a,b.c) are 8iven by e(m- (9-39).

Kb,c=o^A-maJ>^ (9.39)

Now, also the control signals cs,,a b c)
and cj//(a fe c)

can be calculated ac¬

cording to eqn. (9.40) and eqn. (9.41).

"/(fl,A.c) = 7?g{^'((B''+'D^--|3^-)} (9.40)

csII(aM = Re{eW+ D°*< +^} (9.41)

9.4.5 Simulation results

In order to verify the performance of the feed-forward controller, some si¬

mulations have been performed for the 3-level VSI SVC. The results are

presented in figure 9.161 - figure 9.1911.

It can be concluded, tiiat the feed-forward controUer remarkably improves
the performance of the 3-level VSI SVC. This proves right for aU three

types of AC-system voltage disturbances (single phase/3-phase voltage

drops, AC-system voltage phase shifts).

Also the influence of the 2nd harmomc in die total DC-side voltage uDsum

can be clearly seen by comparing the simulation results in figure 9.181 -

figure 9.1911. Especially the large 2nd harmonic ampUtude in the reactive

AC-side current phasor component i^-/ in graphic g) of figure 9.181 indi¬

cates unsymmetrical AC-side current fundamental ampUmdes.

In addition, a fourier analysis for the AC-side currents i
h
has been per¬

formed. For the case where the influence of the 2nd harmonic in uDsum was

not taken into account (figure 9.181, figure 9.18II), the fundamental ampU¬
mdes of iph resulted to 7a,=0.83[p.u.], 7ol=1.17[p.u.], 7cl=1.17[p.u.]. In

the simulation, where the influence of the 2nd harmonic in uDsum has been

taken into account, the fourier analysis confirmed that the fundamental am-
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nominal capacitive operation mode (7a0'=l[p.u.])

J 1 1 1 1 I I L

t[sec]

fig 9.161: response of the 3-level VSI SVC to 3-phase voltage drops in

uLph of 0.25[p.u.] (Auu'=^0.25[r).u.] at t=105ms and

reverse at t=305ms, graphic a)-c)); feed-forward controUer

implemented: a) uu, b) uLb, c) uLc, d) ia,e) ib, f) ic, g) i^/
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.16II: response of the 3-level VSI SVC to 3-phase voltage drops
in uLph of 0.25[p.u.] (A«La-'=T0.25[p.u.] at t=105ms and

reverse at t=305ms); feed-forward confroUer implemented:

a) ua, b) ub, c) uc, d) <(>„, e) um, f) uD2, g) uDsum, uDdlff
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nominal capacitive operation mode (7a0'=l[p.u.])

[i 1 1 1 1 1 1 1 1 i

0 005 01 015 02 025 03 035 04 045 05

t[sec]

fig 9.171: response of the 3-level VSI SVC to AC-system voltage

phase-shifts (AuLq =±0.25 [p.u.] at t=105ms and reverse at

t=305ms, graphic a)-c)); feed-forward controUer imple¬

mented: a) m^, b) uLb, c) uLc, d) ia, e) ib, f) ic, g) i^,'
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig9.17II: response of the 3-level VSI SVC to AC-system voltage

phase-shifts (AuLq =±0.25 [p.u.] at t=105ms and reverse at

t=305ms); feed-forward controUer implemented: a) ua, b)

ub, c) uc, d) <j)u, e) um, f) uD2, g) MD„m, «MJ?
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nominal capacitive operation mode (7o0'=l[p.u.])

51 1 1 1 1 1 1 1 1 i

0 005 01 015 02 025 03 0 35 04 045 05

t [sec]

fig 9 181: response of the 3-level VSI SVC to an AC-system voltage drop in phase

a of 0.75[p.u.] (at t=105ms and cleared at t=305ms, graphic a)-c)); feed¬

forward controller implemented, influence of the 2nd harmonic in uDsum

not taken into account: a) uu, b) uLb, c) uu, d) ia, e) ib, f) ic, g) i^/
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nominal capacitive operation mode (7a0'=l[p.u.])
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fig 9.1811: response of the 3-level VSI SVC to an AC-system voltage drop m phase
a of 0.75[p.u.] (at t=105ms and cleared at t=305ms); feed-forward con¬

troller implemented, influence of the 2nd harmomc in uDsum not taken

into account: a) ua, b) ub, c) uc, d) <(>„, e) um , f) uD2, g) uDsum, uDdlff
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nominal capacitive operation mode (7a0'=l[p.u.])

t[sec]

fig 9 191: response of the 3-level VSI SVC to an AC-system voltage drop in phase

a of 0.75[p.u.] (at t=105ms and cleared at t=305ms, graphic a)-c)), feed¬

forward controller implemented, influence of the 2nd harmonic in uDsum

taken into account: a) uu, b) uLb, c) uu, d) i„, e) ib ,f)ic, g) i"^,'
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nominal capacitive operation mode (7 0'=l[p.u.])
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fig 9.19H: response of the 3-level VSI SVC to an AC-system voltage drop in phase
a of 0.75[p u.] (at t=105ms and cleared at t=305ms); feed-forward con¬

troller implemented, influence of die 2nd harmonic in uD„um taken into

account: a) ua, b) ub, c) uc, d) <|>„, e) uD}, 0 "D2. g) uD,um. "oj,//
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ptitudes of die AC-side currents iph are almost equal.

9.5 Summary

This chapter was focusing on a basic AC-side current control scheme for the

FFM modulated 3-level VSI SVC. Hereby, die AC-system strength was not

taken into account, e. g. the AC-system was assumed to be infinite strong.

In a first step, the dynamic phasor transfer functions of the 3-level VSI SVC

were presented, which also included die influence of dynamics in the AC-

system voltages uLph and finite DC-side capacitor sizes.

Basing on these transfer functions, a conventional control loop (PI-control¬

ler) has been designed for die reactive current phasor component i'. Simu¬

lations with MATLAB and SABER proved a reasonable good performance
for load-steps in the controUed variable i '.

At disturbances in the AC-system voltages uLph however, the controUer

couldn't sufficiendy Umit die peak-values of the AC-side currents i
h.

Therefore, an additional feed-forward controUer was designed, which com¬

pensates the impact of these AC-system voltage disturbances in the AC-side

currents i
h. Hereby, only AC-system voltage disturbances, which can be

described by a positive sequence (3-phase voltage drops) or a negative se¬

quence fundamental component (single phase voltage drops) were taken

into account.

In order to verify the efficiency and performance ofthe feed-forward control

scheme, simulations with SABER for the FFM modulated 3-level VSI SVC

have been performed.

It could be seen that during AC-system voltage disturbances (single phase/
3-phase voltage drops, AC-system voltage phase shifts), the feed-forward

controUer limits the arising peak-values in the AC-side currents to reasona¬

ble small values. In addition, die fundamentals of the AC-side currents are

controlled to constimte an almost symmetrical 3-phase system, also in the

case of highly asymmetrical AC-system voltages uL h.
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Appendix A

Normalisation and capacitor time constant

A.l Normalisation

A.l.l Reference quantities

The nominal peak-values UL of the AC-system voltages uLpn and die nomi¬

nal apparent power SVSi of the VSI constimte the reference quantities for

the normalisation.

Uref = UL [V] Sref = SVSI [VA] (A.1)

With that, the reference value Iref for the currents can be calculated to

"--1-lfew-i-^w <"j

The reference impedance Z,.ef is defined to

U«fr_ 3
U2

Zref =
_»? [Q] = |.

_L [Q] (A.3)
1«F

£

"VC1
1ref

^
°VSI

Reference values fref for the frequency f and wref for the angular frequency
w are given by the nominal fundamental frequency fi of the AC-system:

fref = f, = 50Hz (A.4)

wref = w, = 2ji • fref = 2rc • f
j (A.5)

Basing on the reference impedance Z^ and the reference angular frequency

wref, the foUowing reference values for a resistance Rref, an inductance Lref
and a capacitance Cref can be derived:

^ref - ^ref' (A-6)

"-ref
—

'

Wref
(A.7)

c -

l
(A.8)r"

wref-Zref'
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A.1.2 Per unit representation of individual quantities

The ampUmdes (uppercase letters) and variation in time (lowercase letters)

of all voltages, currents and passive components are referred to the above

defined reference quantities. This yields die per unit ([p.u.]) representation,
which is indicated by italic characters.

Per unit representation of voltage ampUmdes and corresponding variations

in time:

U.
Ux=r^ [p-U.]

uref
Ux =

fT" [P«] (A.9)

Per unit representation of current ampUmdes and corresponding
in time:

variations

Ix =
±

[p.u.]
hef Xref

(A.10)

Per unit representation of impedances, resistances, inductances and capaci¬
tances:

zx = p- [p.u.]
*Tef

(A.11)

R
r i

T =

R~~ [PU]

Kref

/ = i- [p.u.]
^ref

C
r t

c =

pr- [p.u.]

*Tef

(A.12)

Per unit representation of frequencies and angular frequencies:

fx=7JL [p.u.] wx = -^ [p.u.] (A.13J
'ref wref

The time t will also be normaUzed to per unit quantities according to the fol¬

lowing convention:

t = wreft[rad] CA.14JJ

Hence the real time t with its physical unit [sec.] (seconds) wtil be trans¬

formed to the normaUsed time t, which represents an equivalent value in

[rad] (radiants).
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Quantities, which do not have a physical unit Uke die modulation index m of

the switching functions Sph or the switching functions sph itself, are invariant

with respect to the per unit normalization:

m = m [p.u.]; sph = sph [p.u.] (A. 15)

A.L3 Per unit transformation of equations

With regard to die above presented definitions, aU equations in the time do¬

main can easily be transformed from the physical unit to the normalized per

unit representation. Simply replacing the quantities with physical units by
their normalized representatives, yields accurate results.

Hence, the voltage equations for a resistance, a inductance and a capaci¬
tance in physical unit representation

u(t) = R i(t), u(t) = L • ^, u(t) =
± Ji(t)dt

will be transformed to

u(t) = ri(t), u(t) = l-dM, u(t) = yji(t)dt
in per unit representation.

Also the arguments of the trigonometric functions are transformed in the

same way. For example,

u(t) = U- cos(wxt)

in physical units wiU be transformed to

u(t) = Ucos((Qxt)

in per unit representation.

A.1.4 Laplace transform of per unit equations

If time domain equations in per unit representation have to be transformed

into the Laplace domain, also die Laplace operator s = j • w has to be ap¬

pUed in a normalized per unit form.

Hereby, the normalized per unit representation of s is given by
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A.2 Definition of the capacitor time constant

It is common to represent the DC-side capacitors C of the 2- or 3-level VSI

by means of a time constant in physical units. This time constant can be de¬

fined by die ratio between the stored capacitor energy Wc at a nominal rated

voltage Urjnon, and the nominal apparent power SVsi of the 2- or 3-level

VSI.

svsi ^vsi

Hereby, Urjnon, equals those DC-side voltage, which results if die VSI nei-

tiier absorbs nor deUvers any fundamental active or reactive power from the

AC-system. Then, the fundamental ampUmdes U] of die VSI output volt¬

ages Uph and UL of die AC-system voltages ULph have identical values:

U, =

m' Dnom
= UL; m = modulation index of Sph (A.18)

Witii that, Uonom can be easily calculated from eqn. (A.18).

A.2.1 2-level VSI

Concerning the 2-level VSI, Ur^m is given by

2U,
UDnom =

-^ (A-19)

Hence, xc (eqn. (A. 17)) can be written as

2-C

tc =

s•^vsi

uL
—5 [sec]
mz

4CZrefr
3 • ra1

(A.20)

If the capacitor C is given in per unit representation (c),
time constant xc wiU be calculated according to

the corresponding

x
-

4' c
r___ n

, w, = 2ji • f, (A.21)c
3 • m2 •w,

A.2.2 3-level VSI

Concerning the 3-level VSI, it should be distinguished between the time

constant Xc of the individual capacitors C and the time constant Xc of the
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total instaUed capacitance Ctot=C/2.

For the calculation of the time constant xc the voltage across the individual

capacitor C has to be chosen as Ur)nom, which is determined to

UDnom = ^ (A.22)

Inserting eqn. (A.22) in eqn. (A. 17) yields

1/2 C U? C • Zref
*c =

-= r[sec-J = i—-f [sec-^ <A-23^
SVSI • mz 3 • m:

With respect to the calculation of the time constant xc ,
the voltage across

the total capacitance Q,,, must be considered as Ur^on,:

2UL
UDnom =

-^ (A.24)

With that, xr can be written as
*-tot

2 • Ctot • UL 4-Cto,-Zref
(A.25)Xr —

, LSCC.J

SVSI m2

"

3 m2
["CC-]

If the capacitors C or Ctot are given in per unit representation (c or ctot), the

corresponding time constants xc and xc wiU be calculated according to

w, = 2jt f, (A.26)xc _

-> i
lsec-J.

3-ffr-w,

and

4-c
T -

"" r-prl-

w, = 2rc-f, (A.27)Xc.
,

~

-> 2 IjCC.J ,

•<"
3

• ml w,
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Appendix B

3-level VSI switching functions

B.l Fourier rows

B.l.l General definition

Each periodical function / can be described by means of a fourier row,

which in a most general form is defined according to eqn. (B.l) - eqn. (B.3)

([52]).

f((Ot) = -£ + V (Ak • cosJtuH + Bk sinJtCuf)
2

a:

(B.l)

=

y
+XA2 + Bl sin(^a)f + atan^J

with

Jke K = 0,1,2,3,...°°

Ak = - f f((Ot) cosfcoif • doat;

-it

(B.2)

Bk = - f f((Ot) sinfcow • d(Ot (B.3)

-it

Hence, also any periodical 3-level VSI switching function s may be repre¬

sented by a fourier row. Hereby it can be distinguished between switching
function s with a symmetry to a period, a symmetry to half of a period and a

symmetry to a quarter of a period. The particular general fourier rows for

these switching functions wtil be deduced in me chapters to come in depen¬

dancy on the individual switching angles.

B.1.2 3-level VSI switching functions with a symmetry to a period

For a general 3-level VSI switching function s with a symmetry to its period
as shown in figure B.l, the fourier coefficients A0, Ak and Bk are calculated

in a most general way according to eqn. (B.4).
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-l -

a, a, a, a, it

2
*2"3

3jc

2

-L

figureB.l: 3-level VSI switching function s with a symmetry to a

period

A° =

n
s(0)-2n +(-!)'«»£ (-!)'• s(a,)a,

i = i

(B.4)

Ak = (-l)^)l^(-iy.S(a,) sinka,,

i = i

N

Bk = _(-i)*(0)±£(_i). - S(a,) • cosfca,

i = l

withJfcs K= 1,2,3,...°° andOSa,<2n;

The particular quantities herein are defined in eqn. (B.5), which will

also be referred to in the chapters to come.

s(a,) = Um{5(a, + e) + s(a,-
e-»0

e)}; (B.5)

5(0) = Um{s(0 + e)};
e-»0

a, = i-tii switching angle;

N = number of switching angles a, in the definition range of «,;

The term 5(0) in A0 and the term (-1)J(°) in A0, Ak and Bk are with re¬

spect to the start value 5(0) of s, which might be different (e.g. 5(0) =0 or
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5(0)=-l)tiian those assumed in figure B.l (5(0)=1).

Inserting eqn. (B.4) in eqn. (B.l) results in eqn. (B.6), which describes die

general 3-level VSI switching function in dependancy on the individual

switching angles a,.

5 =

2n

N N

5(0) • 2* + (-1)J<°>X (-1)' 5(a,) • a, +

i = i )

+(-i)j(0)XM X(_1)' ^"J siaka'

(B.6)

- ^ (-!)«• 5(a,)-cosfca,

• coskm-

sin/tcot

i=i

withJke AT = 1,2,3,...°° and0<a <2tc;

With the trigonometric theorem ([52])

A cos* + B sin* = JA2 + B2 sin(x + atan(A/B))

eqn. (B.6) can also be written as eqn. (B.7).

5 =

2it 5(0)-27t+(-l)^)X(-l)'.5(a,)-a1
i = l

(B.7)

+£.Sysin(*cof+<|>St)

with ke K= 1,2,3,...°° and0<a <2ji;

u V (
N ^

S' =

i I(-1)''s(a')'smta' + £(-l)'-5(a,)-cos*a, ;

N

(-l)*(0>X(-l)'-5(a,)-sin*a,
<|>s = atan

i = i

-(-1)J(0)^(-1)' • 5(cQ • cosJfccc,
i = l
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B.13 3-level VSI switching functions with a symmetry to half of a

period

A 3-level VSI switching function 5 has a symmetry to half of its period
(figure B.2), if the following condition is fulfiUed:

5(0K-jT) = -s(cof) (B.8)

N i"»i

3Jt

2

a, 04 a3 a, „

2

aw + Jt 2jt (0'

figure B.2: 3-level VSI switching function s with a symmetry to half

of a period

Then, the fourier coefficients A0, Ak and Bk are determined in a most gen¬
eral form according to eqn. (B.9).

A0 = 0; (B.9)

Ak = (-1)J(0)I:X (-1)' SW sin*a<;
1 = 1

N

Bk = _(_1).(0)JL£ (_i).. s(a,) - cosfca,;
1= 1

with&e K= 1,3,5,...°° and0<a,<7t;

From eqn. (B.9) it is evident that, compared with the 3-level VSI switching
functions with no symmetry at aU, no DC-component and exclusively odd
numbered harmonic orders k wiU be present in 5.

Inserting eqn. (B.9) in eqn. (B.l) results in eqn. (B.10), which describes the

general 3-level VSI switching function with a symmetry to half of the pe-
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riod in dependancy on die individual switching angles a,.

-

with Jte K= 1,3,5,

(N ^)
^(-iy s(a,) sinka,
Ui J

^(-iy s(a,) coska,

..oo andO<a,<Jt;

- cosJfcuK- (B.10)

• sinJfccof >•

With the trigonometric theorem ([52])

A cos* + B • sin* = JA2 + B2 • sin(* + atan(A/B))

eqn. (B.10) can also be written as eqn. (B.l 1).

s = ^Sksin(k<ot + $Si) (B.ll)

with Jt e K = 1,3,5,...°° and0<a,<n;

- [( N \2 / N \2

^ = rJI(-l)'-(a,)-sinK U ^(-ly-sCa^-costa,

f
N >

(_1)'(0)£ (_1). . j(tti). smjfcai

<t>s = atan
1 = 1

N

_(_1)»(0)Y (_!)». S(a|). C0Sfcai

>

v 1=1
>

B.1.4 3-level VSI switching functions with a symmetry to a quarter ofa

period

For a 3-level VSI switching functions s with a symmetry to a quarter of its

period, die calculation of its fourier row can further be simpUfied by specific

symmetry conditions. Hereby it has to be distinguished between switching
functions s with a cosinusoidal fundamental component and those with a si¬

nusoidal fundamental component.

a) Cosinusoidalfundamental component

For a 3-level VSI switching functions 5 with a symmetry to a quarter of its

period and a cosinusoidal fundamental component (figure B.3), the foUow-



-350-

ing two conditions have to be fulfilled in die interval [-7t,Jt]:

5(cof-7c) = -5(cor) and s(m) = 5(-cor) (B-12)

V*

3Jt

OjOj <Xj aN Jt

2

-1 -

figure B.3: 3-level VSI switching function s with a symmetry to a

quarter of a period and a cosinusoidal fundamental compo¬

nent

With that, the fourier coefficients A0, Ak and Bk are determined in a most

general form according to eqn. (B.13).

An = 0; (B.13)

Ak = (-l)'«»i. £(_!)« - 5(a,) sinfca,;
i = l

Bk = 0;

with Jte K = 1,3,5,...°° and 0<a,:£n/2;

From eqn. (B.13) it is evident that for switching functions with a symmetry

to a quarter of a period and a cosinusoidal fundamental component, all fou¬

rier coefficients Bk wiU equal to 0. Hence, the sinusoidal components

sinJtcof in eqn. (B.l) will not contribute to the fourier row of s.

Inserting eqn. (B.13) in eqn. (B.l) results in eqn. (B.14), which describes

die 3-level VSI switching function with a symmetry to a quarter of a period
and a cosinusoidal fundamental component in dependancy on the individual

switching angles a,.
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5 = (_i)*«>)£± £ (_i)<. j(a,) • sinJta, • cosJtcot (B.14)

with*e K= 1,3,5,...°° and0<a <ic/2;

b) Sinusoidalfundamental component

For a 3-level VSI switching functions s with a symmetry to a quarter of its

period and a sinusoidal fundamental component (figure B.4), the foUowing

two conditions have to be fulfilled in the interval [-Ji,7t]:

5((0f-n) = -5(cof) and 5(tor) = -5(-cor) (B.15)

Ji + a, ji + owi 2Tt-aN 2jt-a,

n ir

a, cxjOj aN it Jt-aw Jt-a, *

2

-1

3;
2

2it

figure B.4: 3-level VSI switching function s with a symmetry to a

quarter of a period and a sinusoidal fundamental compo¬

nent

Witii that, die fourier coefficients A0, Ak and Bk are determined in a most

general form according to eqn. (B.16).

A0 = 0; (B.16)

Ak = 0;

N

Bk = -(-iy(0)±£(_i).. J(0g - cosfcoc,;

with Jte K= 1,3,5,...°° and 0 < a, < Jt/2;

From eqn. (B.16) it is evident that for switching functions with a symmetry
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to a quarter of a period and a sinusoidal fundamental component, aU fourier

coefficients Ak wtil equal to 0. Hence, the cosinusoidal components

cosJtcor in eqn. (B.l) wiU not contribute to the fourier row of 5.

Inserting eqn. (B.16) in eqn. (B.l) results in eqn. (B.17), which describes

the 3-level VSI switching function with a symmetry to a quarter of a period
and a sinusoidal fundamental component in dependancy on the individual

switching angles a,.

a( \
s = -(-1 )j(0)^t- £ (-1)'' • s(at) coska.1 sinkmt (B.17)

with/tE K= 1,3,5,...°° and0Sa,<Jc/2;

B.2 FFM switching functions

This chapter introduces the graphical generation and a fourier row descrip¬
tion of general 3-level VSI FFM switching functions, basing on two phase-

displaced 2-level VSI FFM pulse patterns. Besides the FFM switching func¬

tions with a symmetry to a quarter of a period, also those for the two DC-

side balancing control methods (type I and type II) are presented. Hereby,
all graphical and matiiematical representations of the switching functions

are with respect to a cosinusoidal fundamental component as it is assumed

throughout this thesis.

The fourier row of the 3-level VSI FFM switching functions are given in de¬

pendancy on both the NP-angle |3 and the correction angle y, which is the

control variable for the DC-side balance control schemes.

The graphical generation method might not only be helpful for mathemati¬

cal analyses but also might show up an easy way for the generation of the

pulse patterns in simulator and hardware implementations. This wiU espe¬

cially prove right for the modified switching functions suitable for the two

DC-side balance control schemes.

B.2.1 3-level VSI FFM switching function

a) Graphical generation

The most simple 3-level VSI switching function 5, which results from FFM

modulation, always can be represented by half the sum of two phase-dis¬

placed 2-level VSI FFM switching functions sIFFM and sIlFFM (eqn. (B.l8)
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b) Mathematical representation

For analysis purposes, a mathematical representation of the switching func¬

tions might be of great value. A description by means of a fourier row seems

to be the most suited in the field of power electronics. Hereby, the fourier

rows for the individual 2-level VSI FFM switching functions s1FFM and

snffm result to eqn. (B.21).

siffm = £^sinfc--cos[fc(o>f-P)] (B.21)

siiffm = X^sin*f ' c°s[*(flW + P)l

keK = 1,3,5,7,...; P<tc/2

With eqn. (B.18), eqn. (B.21) and the trigonometric theorem ([52])

„ x+y x-y
cos*+ cosy = 2cos cos——

the fourier row for the 3-level VSI FFM switching function sPFM can be

calculated to eqn. (B.22).

sFFM = V—sinfc-cosfcp • cos&cor (B.22)

keK = 1,3,5,7,...; p<7t/2

From eqn. (B.22) it is evident that with an appropriate choice of the NP-an¬

gle p, particular harmomcs can be eliminated (cos&P = 0) or minimized

(cosfcp —» min). Further it is possible to control the modulation index m

(=4/ncosP) in a wide range between m=4/n (p=0) and m=0

(p=7t/2).

For sure, eqn. (B.22) can also easily be verified by eqn. (B.14), representing
the general fourier row for a 3-level VSI switching function with a symme¬

try to a quarter of a period and a cosinusoidal fundamental component.

Hereby, according to figure B.5, the number of switching angles N in a

quarter of a period equals to N=l and die unique switching angle a, results

to

a,=7c/2-p.

The switching function values 5(0) and 5(cc,) (eqn. (B.5)) are determined

to

J(°)= sffm(°) =1; 5(a,)=5FFM(a,)=l.
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B.2.2 Modified 3-level VSI FFM switching function for the DC-side

balance control of type I

a) Graphicalgeneration

Also 3-level VSI FFM pulse patterns suitable for die DC-side balance con¬

trol of type I can be generated with die help of two phase-displaced modi¬

fied 2-level VSI FFM pulse patterns (eqn. (B.l8)).

Hereby, the control signals cst and csu are the same as for the unmodified

FFM pulse pattern (appendix B.2.1), while the carrier signals cf and ca
now take on a DC-value unequal to 0. This is manifested in eqn. (B.23) and

graphicaUy shown in figure B.6.

CS[ = cos(aw-P) ; csu = cos(cof + P) (B.23)

Cj = const = siny; cn = const = siny

SIFFM/IIFFM = s8n(c5////-c////)

SFFM =

2
' (SIFFM + sUFFm)

'IFFM

-, 1

S. °

~-i

SIIFFM+1.

'FFM *FFM ~

2 (SIFFM + SIIFFM>

P
.

P

Jt/2 Jt

co/ [rad]

3lt/2 2JI

figure B.6: Graphical generation principle of a 3-level VSI FFM

switching function sFFM for DC-side balance control of

typel
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According to eqn. (B.23), the NP-angle P and die DC-side balance control

angle y can be adjusted independendy.

It can be seen in figure B.6 that the DC-components in c7 and cn yield a

phase-displacement y of the switching instants of s]FFM and sIIFFM in op¬

posite directions. This causes the negative blocks of both sIFFM and sIIFFM

to become larger than the positive blocks, which corresponds to a negative

DC-component in the two switching functions.

As a consequence also the resulting 3-level VSI pulse pattem sFFM, being
half the sum of sIFFM and sIlFFM, will show up a negative DC-component,
which is represented by a larger negative and a smaUer positive block. Fur¬

ther it is obvious from figure B.6 that in case of a negative DC reference

value for c7 and cu, the opposite, namely a larger positive and a smaUer

negative block for sFFM would be achieved.

Witii regard to the NP-angles of sFFM, it can clearly be seen in figure B.6

that their length (2P) has not been influenced by die modification ofthe car¬

rier signals. However, this does not prove right for the location of the NP-

angles, which now, compared to die unmodified 3-level VSI FFM pulse pat¬

tem in figure B.5, are phase-displaced in opposite directions by the DC-side

balance control angle y.

b) Mathematical representation

The fourier rows for the individual 2-level VSI FFM switching functions

generated with the control and carrier signals according to eqn. (B.23) result

to eqn. (B.24).

SIFFM - — + \ —[ sink-cosky -
jt ^rcJtV 2

cosfc-sinfcylcos [Jfc(00f--P)](B.24)

SHFFM =

TC

+ XTcx(sin^C0S^- cosk- sin£y]cos[&(u)f + P)J

Jte K = 1,2,3,4,...; P<7C/2 . y<rc/2 -P;

The restriction y < Jt/2 - P ensures, that the resulting 3-level VSI FFM

pulse pattern sFFM contributes with both positive and negative pulses. If

y < jt/2 - p is not fulfiUed either exclusively positive or exclusively nega¬

tive pulses wtil be apparent in sFFM.

With eqn. (B.23),

SFFM = 1/2 " (SfFFM + SnFFM)
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eqn. (B.24) and die trigonometric theorem ([52])

* + y *—v
cos* + cosy = 2cos cos——-

die fourier row for the 3-level VSI FFM switching function sFFM wtil result

in eqn. (B.25).

SFFM -

TC
+ V" —-( sinJt-cosJty

*fnk\. 2
- cosfc- sinity jcosfcp cos Jtcor (B.25)

Jte K = 1,2,3,4,...; P <tc/2; y< TC/2--P;

It can clearly be seen in eqn. (B.25), that sFFM now shows up a DC-compo¬
nent proportional to y. However, these DC-components constimte a zero se¬

quence system and wtil therefore not cause any DC-components to arise in

the AC-side currents.

Further also aU even numbered harmonics wtil be present in sFFM, which

are capable to control a DC-side unbalance to 0, at least for an operation
mode witii an active power exchange. The phase-displacement of these even

numbered harmonics with respect to the fundamental component is either 0

or it as can clearly be seen in eqn. (B.25).

For sure, eqn. (B.25) can also easily be verified by eqn. (B.6), representing
the general fourier row for a 3-level VSI switching function witii no symme¬

try. Hereby, according to figure B.6, the number of switching angles N in

the whole period equals to iV=4 and the individual switching angles oc( re¬

sult to

a,/2=7t/2Tp-y; a3/4=3jt/2=FP+y.

The switching function values 5(0) and s(at) (eqn. (B.5)) are determined

to

5(0) =sFFM(0) =1; s(a1/4)=sFFM(a1/4)=l; s(a2/3)=sFFM(a2/3)=-l.

B.2J Modified 3-level VSI FFM switching function for the DC-side

balance control of type II

a) Graphical generation

Also 3-level VSI FFM pulse patterns suitable for the DC-side balance con¬

trol of type II can be generated witii the help of two phase-displaced modi¬

fied 2-level VSI FFM pulse pattems (eqn. (B.18)).
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Hereby, the control signals cs, and csu are the same as for the unmodified

FFM pulse pattern (appendix B.2.1). The carrier signals c, and c„ however

are now described by two opposite signed DC-values, which is mathemati¬

caUy summarized in eqn. (B.26) and graphicaUy shown in figure B.7.

cs, = cos(cor-P) ; csn = cos(coi* +P) (B.26)

c, = const = siny; c„ = -const = -siny

SIFFM/IIFFM = SSa(CSl/II~cI/Il)

_

1
SFFM ~

2
' ^S1FFM + SUFFM>

T 1 T

SFFM
=

2 (SIFFM + sIIFFM)

>\ ~Lu i ^~:
^ -4

P
,

P
t

P
,

P

0 Jt/2 it 3Jt/2 2ji

tor [rad]

figure B.7: Graphical generation principle of a 3-level VSI FFM

switching function sFFM for DC-side balance control of

type II

Here again, the NP-angle P and the DC-side balance control angle y can be

adjusted independently.

The 2-level VSI FFM switching functions sIFFM and sUFFM, resulting from

eqn. (B.26) are also graphicaUy shown in figure B.7.

As could be expected, die two identical but opposite signed DC-values for

Cj and c„ wiU cause identical but opposite signed DC-components to arise

m SIFFM an<^ SI1FFM-
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Therefore the resulting 3-level VSI FFM pulse pattem, which is half the

sum of s,FFM and s,IFFM, wtil not show up a DC-component, which means

that the pulse lengths of the positive and negative blocks are equal.

However, compared to the unmodified FFM modulation function (appendix
B.2.1), the positive and negative blocks are phase-displaced in opposite di¬

rections, which yields unequal NP-angles, as can clearly be seen in

figure B.7.

b) Mathematical representation

The fourier rows for the individual 2-level VSI FFM switching functions,

generated with the control and carrier signals according to eqn. (B.26), are

given in eqn. (B.27).

S1FFM -

TC
¥Idikisinklcosky-
K

- cosJt-sinJty cos [Jt(u)f- P)] (B.27)

SIIFFM ~
3

TC
+ V —I sin£-

*gnk\ 2
cosjfcy f cosit-sinJty )cos[Jt((Br + p)]

keK = 1,2,3,4,...; P<it/2; y<p;

The restriction y < p ensures, that none of the NP-angles of the resulting 3-

level VSI FFM pulse pattem sFFM will shrink to 0, which would coincide

with the forbidden transition from sFFM=l to 5r-Fw=-l or vice versa.

With eqn. (B.26),

SFFM = I/2* (sIFFM + sHFFm)'

eqn. (B.27) and die trigonometric theorems ([52])

X + y x V
cos* + cosy = 2cos cos——- and

„
. x + y . x-y

cos*-cosy = -2sin—r-^sin——

the fourier row for the 3-level VSI FFM switching function sFFM can be

calculated to eqn. (B.28).

It is confirmed in eqn. (B.28), that the resulting 3-level VSI FFM pulse pat¬
tern sFFM has no DC-component as mentioned yet in die previous sub¬

chapter a).

However, also the pulse pattems suitable for the DC-side balance control of

type II contribute with even numbered harmonics, which are the driving
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sffm = y\~rsinfc-cosfcycosfcp costear - (B.28)

-V —rcosfc-sinfcysinfcp • sinfceor

rnk 2

ke K = 1,2,3,4,...; P<tc/2; y<P;

force for the DC-side balancing. These even numbered harmonics show up a

phase-displacement of +TC/2 with respect to the fundamental component, in

opposite to a phase-displacement of 0 or tc for the pulse patterns of the DC-

side balance control of type I.

For sure, also eqn. (B.28) can easily be verified by eqn. (B.6), representing

the general fourier row for a 3-level VSI switching function with no symme¬

try. Hereby, according to figure B.7, die number of switching angles N in

the whole period equals to N=A and die individual switching angles a, re¬

sult to

a1/2=Tc/2 t (P-y); a3/4=3Tc/2 t (P+y).

The switching function values 5(0) and 5(a,) (eqn. (B.5)) are determined

to

s(0)=sFFM(0)=l; s(a1/4)=sFFM(al/4)=l; s(a2/3)=sFFM(a2/3)=-l.

B.3 PWM switching functions

The chapter to come introduces die graphical generation and die fourier row

representations of those 3-level VSI PWM switching functions, which can

be decomposed in a number of N 3-level VSI FFM switching functions.

This decomposition can be performed for aU PWM switching functions hav¬

ing a symmetry to a quarter of a period and also for their modified represent¬

atives suitable for the two DC-side balance control methods (type I and type

IT). Hereby, all graphical and mathematical representations of the switching
functions are with respect to a cosinusoidal fundamental component as it is

assumed throughout this thesis.

The fourier rows of the 3-level VSI PWM switching functions are given in

dependency on their switching frequency fs=N, the particular N NP-an¬

gles P, of the individual N 3-level VSI FFM pulse pattems and die DC-side

balance control angle y.

EspeciaUy for these PWM pulse pattems, the graphical generation method

might not only be helpful for mathematical analyses but also might show up



-361-

an easy way for the generation of the pulse patterns in software simulator

and hardware implementations. This wtil especiaUy prove right for the mod¬

ified switching functions suitable for the two DC-side balance control

schemes of type I and type II.

B.3.1 3-level VSI PWM switching functions with a symmetry to a quar¬

ter of a period

a) Graphical generation

Each 3-level VSI PWM pulse pattem sPWM with a symmetry to a quarter of

a period and a switching frequency fs=N can be decomposed in a sum of

N 3-level VSI FFM switching functions with N different NP-angles P,

(eqn. (B.29)).

N

SPWM = (-1)J'(0)X(-1)' '

SFFMt (B.29)

i = 1

This generation convention can e.g. be derived from eqn. (B.14),

5 = (-l)i(0)Xj^ S(_1)'' 5(a«)' sinkoL' ' cosk0it

ks K= 1,3,5,...°° and0<a,<ic/2;

which describes the general fourier row of a 3-level VSI PWM pulse pattem

with a symmetry to a quarter of a period and a cosinusoidal fundamental

component.

Herein, the N different switching angles a, can be expressed by the N par¬

ticular NP-angles P, of N individual 3-level VSI FFM switching functiqns

sffmi according to

a,=Tc/2-pr

Further it has to be taken into account, that the N individual 3-level VSI

FFM switching functions sFFMl contribute with an alternating sign (-1)' to

the sum term in eqn. (B.29).

The graphical verification of the above mentioned statements is presented in

figure B.8, where N is chosen to be N=3.

Having a closer look at figure B.8, it can further be seen that it is a good idea

to choose die values of die individual NP-angles P, in descending order, i.e
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figure B.8: Graphical generation principle of a 3-level VSI PWM

switching function with a symmetry to a quarter of a period
by means of N (here:N=3) 3-level VSI FFM pulse patterns

P, contributes with the largest value and $N with the smaUest. With that the

index i of a, and P, coincides and in addition only positive/negative pulses

appear in the positive/negative fundamental half-wave of the resulting
switching function sPWM as it is desirable at least for an optimized pulse
pattern.

Presuming a cosinusoidal fundamental component, the start value sPWM(0)
equals sPWM(0)=l, if N is an odd number, while sPWU(Q) equals

sPWM(0) =0, if AT is an even number. This also can be verified in figure B.8.

Finally it should be noted, that the switching frequency fs of the resulting
pulse pattern sPWM and also of the individual 3-level VSI valves coincides

with the number N of individual 3-level VSI FFM switching functions

sFFM,. This fact is furthermore evident from figure B.8.
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b) Mathematical representation

A mathematical representation of sPWM in dependency on die switching fre¬

quency fs=N and die N particular NP-angles p, of the N 3-level VSI FFM

switching functions sFFMl can now easily be calculated.

For tiiat purpose, the individual 3-level VSI FFM switching functions sFFM,

are described by tiieir general fourier, which is given by eqn. (B.22) and for

clearness reasons once more presented below:

sffmi = y—rsin^-cosJtp, • cosfcow (B.30)

Inserting eqn. (B.30) in the above derived generation convention eqn.

(B.29), yields eqn. (B.31).

• cosJtaw (B.31)*rwM = (-DW0)2^sin^ £(_!).-cosfcp,
* V,= l

keK = 1,3,5,7,...; P,<tc/2;

Eqn. (B.31) describes die 3-level VSI PWM switching function sPWU with

a symmetry to a quarter of a period in dependency on the switching fre¬

quency fs =N and the N particular NP-angles P, of the N 3-level VSI FFM

pulse pattems sFFM,.

For sure, eqn. (B.31) can also be verified with eqn. (B.14), representing the

general fourier row for a 3-level VSI switching function with a symmetry to

a quarter of a period and a cosinusoidal fundamental component. Hereby,

according to figure B.8, the individual switching angles a, are given to

a,=TC/2-p,; i = 1,2,.. .,7V.

The switching function values 5(0) and 5(a,) (eqn. (B.5)) are determined

to

s(0)=sPWM(0)=l (N = odd) or s(Q)=sPWM(0)=0 (N = even)

s(a,)=sPWU(a,)=l.

B.3.2 Modified 3-level VSI PWM switching function for DC-side bal¬

ance control of type I

a) Graphical generation

Also 3-level VSI PWM switching functions sPWM suitable for the DC-side



-364-

balance control of type I can be generated by a number of N modified 3-

level VSI FFM switching functions sFFM, (figure B.9).

,+Y SPWM
~

SFFMl~SFFM2 + sFFM3 P,+Y

F
P1"T '., M

FFM1

T^l Jgy
^

&2+T *FFM2 P2+Y

_P3+Y P3+y

M sF^3 P3-T

n_j—

3lt/2 2jc

figure B.9: Graphical generation principle of a 3-level VSI PWM

switching function suitable for DC-side balance control of

type I by means of TV 0iere:N=3) modified 3-level VSI

FFM pulse patterns

This can be performed in an equivalent way as described in appendix B.3.1

(eqn. (B.29)) according to

N

SPWM = (-D'"W(0)X(-1)' SFFMt (B-32)

i = 1

and is shown in figure B.9 for a modified 3-level VSI PWM pulse pattem

sPWM with iV=3. Hereby, the NP-angles p, are the same as those for the 3-

level VSI FFM switching functions sFFU, in figure B 8 (appendix B.3.1).

It can be seen m figure B.9 that the common DC-side balance control angle

y for the particular sFFM, alternately changes its sign. Hence, also their DC-
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components alternately have a positive or a negative value. This ensmes that

all positive and aU corresponding negative pulses of the resulting pulse pat¬

tern spwM contribute with different lengths.

b) Mathematical representation

A mathematical representation of sPWM in dependency on the switching fre¬

quency fs=N, the N particular NP-angles P, of the N 3-level VSI FFM

switching functions sFFU, and die DC-side balance control angle y can now

easily be calculated.

For that purpose, the individual 3-level VSI FFM switching functions sFFU,

with their alternating signed DC-side balance control angle y are described

by their general fourier (eqn. (B.25)). With

cos[-Jt(-l)'-y] = cosfcy and sin[-it(-l)'y] = -(-l)'sinJty

this results to eqn. (B.33).

*FFMt = ^T1* (B-33)

+y—I sinJt-cosJty + t-O'cosfc-sinJtylcosjtp, cosJtott

ke K = 1,2,3,4,...; P,<tc/2; y<it/2-p,;

Inserting eqn. (B.33) in the generation convention (eqn. (B.32)) yields eqn.

(B.34).

SPWM := (-lywi*
TC

(B.34)

+(-D'««>)Y_i
N

V [(-l)'sin£-cosfcy+cosfc-sinJtY cos&P, • coskiot

with

ke K = 1,2,3,4, ...; P,<tc/2,i = 1,2,. ..,N;

Y<mi«Q_piJ, i = 1,2,...,7V and 1
2

w
, = 1,2, ...AM

Eqn. (B.34) describes the 3-level VSI PWM switching function sPWM suita¬

ble for the DC-side balance control of type I in dependency on the switching

frequency fs=N, the N particular NP-angles P, of the N 3-level VSI FFM

pulse patterns sFFMl and the DC-side balance control angle y.
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The restrictions for the DC-side balance control angle y in eqn. (B.34) en¬

sure, that the resulting 3-level VSI PWM pulse pattern sPWM contributes

with the same number of positive and negative pulses, which is desirable

with respect to the switching frequency for each 3-level VSI valve.

In case that these restrictions for y are not fulfilled, the sum of the particular

sffmi might in addition result in values sPWM=2 or sPWM=-2, which from a

logical and technical point of view does not make any sense.

For sure, eqn. (B.34) can also be achieved with eqn. (B.6), representing the

general fourier row for a 3-level VSI switching function with no symmetry
at aU. Hereby, according to figure B.9, the individual switching angles a,
are given to

a=Tc/2-P,+(-l)'.y; aN+,=K/2+VN_,+l-(-l)»+>.y;

a2„+,=3tc/2-P,-(- 1 )+>-y; a3JV+ =3tc/2+P„.i+,+(- 1 )«-y;

i = \,2,...,N.

The switching function values 5(0) and 5(a,) (eqn. (B.5)) are determined

to

s(0) =sPWM(0)=1(N= odd) or 5(0) =sPWM(0) =0 (N = even)

s(a,)=sPWM(a,)=l; s(aN + ,)=sPWM(aN+,)=-l;

s(a2N + t)~SPWM^a2N + i)="l' 5(a3/V + i)=5/>^A/(a3A'-K)=l-

B.3.3 Modified 3-level VSI PWM switching function for DC-side bal¬

ance control of type II

a) Graphical generation

Also a 3-level VSI PWM switching function sPWM suitable for the DC-side

balance control of type II can be generated by a number of N modified 3-

level VSI FFM switching functions sFFMl.

Here again, this can be performed in an equivalent way as described in the

previous chapters and is shown in figure B.10 for a modified 3-level VSI

PWM pulse pattern sPWM with 7V=3. Hereby, the NP-angles P, are the same

as those for the 3-level VSI FFM switching functions sFFMl in figure B.8.

It can be seen in figure B.10 that the common DC-side balance control angle

y for the particular sFFM, alternately changes its sign. This ensures that the

corresponding NP-angles in the two half-periods of the resulting pulse pat¬
tem 5 contribute with different lengths.
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SPWM ~ sFFMl~'FFM2*sFFM3

5-P3+T 5+P3-Y

0 Jt/2 Jt 3rt/2 2it

tut [rad]

figure B IO- Graphical generation principle of a 3-level VSI PWM

switchmg function suitable for DC-side balance-control of

type II by means of TV (here:TV=3) modified 3-level VSI

FFM pulse patterns

b) Mathematical representation

A mathematical representation of sPWM m dependency on die switching fre¬

quency fs=N, the TV particular NP-angles p, of the TV 3-level VSI FFM

switching functions sFFM, and the DC-side balance control angle y can now

easily be calculated.

For that purpose, the mdividual 3-level VSI FFM switchmg functions sFFM,
with their alternating sign for the DC-side balance control angle y are de¬

scribed by their general fourier (eqn. (B.28)). With

cos[-&(-l)'y] = cosfcy and sin[-Jt(-l)'y] = -(-l)'sinJty

this results to eqn. (B.35):
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sffmi = 7.~sinfc-cosfcycosfcp, • cosk<ot+

+y,—r cosfc-(-l)'sinA:ysinfcp1 sinfcoof

(B.35)

*%k

keK = 1,2,3,4,...; P,<tc/2; y<p,;

Inserting eqn. (B.35) in the generation convention (eqn. (B.29)) yields eqn.

(B.36).

1B361

Spwm = (-l^^H^-TsinJt^cosJty ^(-l)'cosJtp, cosJfcuiH-

1- a:
n

V. = i J

+y—cosfc-sin^y y sinfcp,
i = l

sinfccor

JteTsT = 1,2,3,4,...; p,<ic/2,i = 1,2,...,TV;

y<mm(PI), i = 1,2,...,TV and

minlp,. ,
-PJ

Y< |H'2+1 \i= 1,2,...,TV-1

Eqn. (B.36) describes die 3-level VSI PWM switching function sPWM suita¬

ble for the DC-side balance confrol of type II in dependency on the switch¬

ing frequency fs=N, the TV particular NP-angles p, of the TV 3-level VSI

FFM pulse patterns sFFM, and the DC-side balance control angle y.

On one hand, the restrictions for the DC-side balance control angle y in eqn.

(B.36) ensure that none of the NP-angles of the resulting 3-level VSI PWM

pulse pattern sPWM will shrink to 0, which could coincide with the forbid¬

den transition from sPWM=l to sPWU=-l or vice versa. On the other hand, it

is guaranteed tiiat exclusively positive/negative pulses are apparent in the

positive/negative half wave of the fundamental component of sPWM, which

is desirable with respect to the modulation index m.

In case that these restrictions for y are not fulfilled, die sum of the particular

sFFM, might in addition result in values sPWM=2 or sPWM=-2, which from a

logical and technical point of view does not make any sense.

For sure, eqn. (B.36) can also be achieved witii eqn. (B.6), representing the

general fourier row for a 3-level VSI switching function with no symmetry
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at all. Hereby, according to figure B.10, the individual switching angles a,

are given to

a =Tc/2-p,-(-1 )'-y; aw+I=Tc/2+p/v.I+1-(-1)"«-y;

a2N+=3K/2-V,+(-l)2»«.y; a3„+=3Tc/2+p„.I+,+(-l)«.y.

i = \,2,...,N.

The switching function values 5(0) and 5(a,) (eqn. (B.5)) are determined

to

s(0)=sPWM(0)=l (TV = odd) or 5(0) =sPWM(0)=O (TV = even)

s(<*,)=SpWM(a,)=l; s(aN+,)=sPWM(aN+,)=-l;

s(alN-n)=SPWM(alN + t)=~l'< S(<X3N + i)=SPWM(a3N+ i) = l-
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Appendix C

Coordinate transforms

C.l The alpha/beta transform

The alpha/beta (a/P) transform originates from the theory of electrical AC-

machines but is also very helpful for general 3-phase systems ([53]). Com¬

pared to the 3-phase representation, this transformation into a rotating

phasor simplifies the mathematical analysis and further provides an easier

access for the understanding of die system behaviour.

C.l.l Transformation from 3-phase to alpha/beta representation

Any three phase system *
h (voltages, currents), either symmetrical or

asymmetrical, can be transformed into a rotating phasor *, according to

eqn. (C.l) and figure C.l:

* = *a + ; •

*p = | • (xa eJ° + xb eJ2*" + xc e~J2^) (C.l)

figured: transformation of a 3-phase system * . into a rotating

phasor *

In case of a pure sinusoidal, symmetrical 3-phase system x
h
with an angu¬

lar frequency (0, the rotating phasor * will describe a circle around its ori¬

gin with the angular velocity (0. Further, the factor 2/3 in eqn. (C.l) ensures

that the rotating phasor * has the same amphmde as the individual symmet¬
rical 3-phase quantities xa, xb, xc. For an invariant transformation with re-
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spect to the powers, the factor 2/3 has to be replaced by«/2/3.

Due to die transformation rule eqn. (C.l), the zero sequence system xzero of

xph wiU be eliminated in *. This does not imply a severe drawback, since

usuaUy xzero wtil ineffectively drop over die secondary transformer star-

point SP and the DC-side midpoint TVT^ of the 3-level VSI and wtil tiiere-

fore not be of major interest. However, for a unique transformation from the

a/p plane back to die 3-phase quantities, xzero must be known and is de¬

fined by eqn. (C.2):

xzero = l/3(xa + Xb + Xc) jC£]
With

g±;2jt/3 = cos(2tc/3) ±7 • sin(2TC/3) = -1/2 ±j Jl/2, (C.3)

eqn. (C.l) and eqn. (C.2) can be summarized written in matrix notation to

eqn. (C.4).

*cc 2/3 -1/3 -1/3 *a

*P
=

0 1/73 -1/73 Xb (C.4]

*zero_ 1/3 1/3 1/3 ?'.

C.1.2 Transformation from alpha/beta to 3-phase representation

The transformation from the rotating phasor * back to the 3-phase quanti¬
ties xa, xb, xc is given by the foUowing equations:

xa = Re(x-eJ°) + xiero (C.5)

xb = Re(x-e-J2*") + xzero

xc = Re(x-eJ2*") + xzera

The components Re(x • eJ°), Re(x • e~J2K/3) and Re(i ei2%n) can be in¬

terpreted as die projections of the rotating phasor * onto the (symmetrical)
axes eJ°, e~J2x/3 and ej2K/3 respectively, which yields the zero sequence

free parts of the 3-phase quantities xa, xb and xc. This is also graphicaUy
shown in figure C.2.

With eqn. (C.3) and * = xa + j *p, eqn. (C.5) can also be represented in

matrix convention according to eqn. (C.6).
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ej2nn R

-;2n/3

figure C.2: transformation of the rotating phasor * into the zero

sequence free 3-phase quantities

xa 1 0 1 *<x

xb
= -1/2 75/2 1 *P (C.6)

*«. -1/2 -73/2 1 Xzero

C.2 The d/q transform

Each rotating phasor * can be transformed into a coordinate system, whose

orthogonal axes d and q rotate with the same or another angular velocity
than the fundamental component of the rotating phasor itself. In case that

both angular velocities coincide, the fundamental component of the rotating

phasor * wUl stand still in the new rotating coordinate system and its pro¬

jections onto the d and q axis wtil constimte DC-components.

The major advantage of the d/q transform becomes evident when designing
a control scheme. In comparison to time varying quantities as input varia¬

bles to a confroUer, their representations by means of phasor DC-compo¬
nents yields a much better control performance.

C.2.1 Transformation from alpha/beta to d/q representation

The mathematical relationship for the fransformation of a rotating phasor *

into a phasor * in a coordinate system rotating with an angular velocity fcco,
is given by eqn. (C.7). Hereby, co, denotes the fundamental angular fre-

x = xd + j Xq = X-
-jkto^t (C.7
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quency of the AC-system and k may represent any positive or negative
number. Eqn. (C.7) can graphicaUy be verified in figure C.3.

figure C.3: fransformation of a rotating phasor * into a phasor * in a

coordinate system rotating witii an angular velocity k(01

In case that k equals Jfc=l, the AC-side quantities with fundamental angular

frequency 0), wtil constimte DC-quantities in the d/q plane. In general, for

any value of k, aU rotating phasors (and corresponding 3-phase quantities)
with angular frequencies k(01 will be transformed to DC-quantities in the dV

q plane.

With e~jka>lt = cosJt©,f-y'- sinJtco,f and * = xa +j x^, eqn. (C.7) can

also be written in matrix notation according to eqn. (C.8).

xd
=

cos£u),r sin&u),?

-sinfctOjf cos£co,f

xa

*P.

(C.8)

Finally it should be noted that in this thesis two different angular veloc¬

ities Jtco, will be used for the rotating coordinate system, namely

ka>l=(ol (k=l) and koal =-2u), (k=-2). While £©, =u), is suitable for in¬

vestigations concerning the confrol of the AC-side currents i
h
and die total

DC-side voltage uDsum, fcco, =-2u), constitutes the right choice for smdies

with respect to the DC-side balance (uDdiff) and its confrol.

In order to distinguish between the phasors and their d/q-components
in these two different coordinate systems, the following notation will be

used:

* = *' xd = xd, xq
=

xq if fca>, = co, (&=1) (C.9;

x = *" xd = xd", xq = xq" if Jtco, =-2to, (k=-2) (CIO]

With that eqn. (C.8) results to eqn. (C.l 1) and eqn. (C.12).
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dx.

,
dxd

cos&to,fsinfcto,*

-sin£co,fcos&to,*
=

dxp

dt

dxa

(C.16).eqn.ingivenfinallyisconventiontrix

ma¬innotationThe<°1'.eJphasorunityrotatingtheandxphasortheboth

ofderivativespartialtheaccountintotaketoforgottenbenotmustitHerein

(C.15)
jkm.t

+^(0,jc)-e-±\=

J'~dJ+ #co,x).+

(§dtdt

dx.
.dxdxa

(C.15).eqn.toresultsdxidtphasorrotatingaofderivativethethatNote,

(C.14]

xl

Xd

cosfcto,?sinfcco,f

-sin£co,fcosfctDjf
=

Xa

(C.14).eqn.yieldswhichconvention,matrixinexpressedbecan(C.13)

eqn.xq,j+xd=xandsinkm^t/'+cos£to,f=
<°1'e}withhere,Also

(c.13:x_.e^'=j-Xfi+xtt=x

(C.13):eqn.followingthewithcalculated

becanxphasorrotatingthetobackxphasorthefromtransformationThe

representationalpha/betatod/qfromTransformationC.2.2

(C.12;

3.

xa

cos2to,fsin2co,f

-sin2tOjfcos2cOjf
=

xd"

(Cll)

Xp

xa

tto,costto,sin-

sintOjfcosto,f
=

~x~d

-374-
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Appendix D

The dynamic phasor equations of the system

This chapter presents the transformation of the 3-level VSI system equa¬

tions from the 3-phase-plane into the rotating d/q-plane. The hereby
achieved dynamic phasor equations wtil then comprehensively be written in

state-space notation, which finally wtil be foUowed by die linearization of

the system.

D.l 3-phase to d/q transformation

In order to study the dynamic system behaviour and to derive suitable con¬

trol schemes, it is advisable to represent the system equations by means of

phasors in the d/q plane.

The physical model, serving as a basis for the derivation of the 3-phase

equations is given in figure D.l and shows up sUght modifications compared
to those introduced in chapter 2 (figure 2.3). The remote generator voltages

uGPh• which usually are not known at the site of die 3-level VSI, and also

die varying and hardly measurable AC-system impedance (rL and lL) are

not taken into account in figure D.l.

transformer

! ULa, Lb, Lc ULa, Lb, Lc

a ! "^T ^=7 r

4©J

figure D.l: model of the 3-level VSI connected to an AC-system for

smdies concerning dynamic system behaviour

It can be assumed tiiat changes in these two quantities wiU be reflected to

the AC-system voltages uLph at the primary terminals of the converter trans¬

former, which in its turn are easy accessible for measurement. Hence, the
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AC-system voltages uL h can be seen as dynamic disturbance variables,

representing fransients in the AC-system. With that, the model presented in

figure D.l wiU serve as a good basis for the investigations to come.

D.l.l AC-side equations

Witii Kirchhoff laws, the AC-side equations of the model in figure D.l are

given by eqn. (D.l):

uLa

uLb

uLc

+

USP

USP

USP

= r

ia

h

h

+

dia/dt

dib/dt

dic/dt

+

ua

"*

uc

(D.l)

Representing the 3-level VSI output voltages uabc by the switching func¬

tions and the DC-side voltages according to eqn. (2.10) of chapter 2.4.1 re¬

sults to eqn. (D.2):

uLa USP ia dia/dt
1

+
2

Sa
1

uDsum +
2

*a

uLb
+

USP
= r ib + 1 dib/dt Sb

1
uDd,ff (D-2)

uLc "SP h dic/dt Sc ?l

It should be noted at this point, that uaJb/. for sure also can be described

in dependency on the absolute value of the switching functions \sph\ in¬

stead of its squared values s2h, as discussed in detail in chapter 2.4.1.

Multiplying botii sides of eqn. (D.2) with the 3-phase to a/p transformation

matrix (eqn. (C.4) in appendix C.l.l) yields the a/p description of the sys¬

tem:

"La

"LP

^Lzero_

+

0

0

uSP

= r

ia

!P

0_

+1

dijdt

dip/dt
0

A
sa

SP

fzero

1

uDsum+2

~s2a
*2P

s2

f zero_

uDdtff (D-3)

Herein, the third equation is exclusively with respect to the zero sequence

systems, which ineffectively drop over the secondary transformer starpoint
SP and die DC-side neutral point NP and will therefore be neglected from

now on.

Further it should be emphasized, that s2a and s2p are denoted the a

and P component of the squared switching functions s2h. They have to
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be distinguished from the squared a and p components of the (un-

squared) switching functions sph, which would be written to s£ and s$.

With the help of the a/p to d/q transformation matrices (eqn. (C.14) and

eqn. (C.16) in appendix C.2.2), die systems equations can finaUy be trans¬

formed from the still-standing a/p plane into die rotating d/q plane, the re¬

sult of which is given in eqn. (DA).

uLd
= r

id
+ 1 did/dt-k(i>liq

diq/dt + k<axid
*\ sd 1

uDsum+2 -Ddtff
VV

Here again, s2d and s2q are representing the d and the q component of

the squared switching functions s2h and must not be taken for the

squared d and q components of the (unsquared) switching functions

sph, which would be written to sj and s2.

More, it should be noted tiiat in eqn. (D.4) the angular velocity fcfi), of the

rotating d/q plane is assumed to be variable. This is due to the fact that the

further smdies wtil distinguish between two different values for JtCu,.

For investigations concerning the control of the AC-side currents (id, i )

and the total DC-side voltage (uDsum), a d/q -plane which rotates with the

AC-system fundamental frequency (k=l) should be chosen. This is also

weU known yet from the 2-level VSI.

However, focusing on a self-balancing analysis of the two DC-side voltages
and appropriate DC-side balancing control schemes, the d/q plane prefera¬

bly rotates with -2©, (k=-2), which wiU be discussed more in detail in ap¬

pendix E.2.1.

Hence it is advisable at this point to represent the AC-side phasor equation
in a most general form with respect to the chosen d/q-plane.

D.1.2 DC-side equations

In this thesis, die sum uDsum and die difference uDdiff of the two DC-side

voltages uDl and uD2 are not assumed to be constant but to depend on the

AC-side quantities, which, according to eqn. (2.36) and eqn. (2.37) in

chapter 2.4.3, can be written to eqn. (D.5) and eqn. (D.6).

In order to express the right sides of eqn. (D.5) and eqn. (D.6) by means of

phasor quantities, the active power balance on the AC- and the DC-side of

die 3-level VSI wiU be of great help. This active power balance in phasor
notation is given by eqn. (D.7).
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=
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'
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D.2 State-space representation and linearization

D.2.1 State-space representation

The system equations on the AC- and the DC-side, as given by eqn. (D.4)

and eqn. (D.ll), eqn. (D.12), can be summarized in the state-space repre¬

sentation, which generally is described by eqn. (D.13).

^ = Ax + Bu (D.13)
dt

Herein, * denotes the state variable vector, A the system matrix, B the in¬

put matrix and u die input variable vector. For more detailed informations

concerning state-space theory, the reader is referred to die weU known titer-

ature (e.g. [75]).

Applying eqn. (D.13) to eqn. (D.4), eqn. (D.ll) and eqn. (D.12) yields the

state space representation of the investigated system (3-level VSI connected

in shunt to the AC-system) according to eqn. (D.14).

d

dt

id

iq

UDsum

.UDdtff_

=

r
U„

Sd s2d
-I Afl>' -21-21

k(i>1
I 21 21

p P 0 0
2c 2c

!-' P o 0
2 c 2 c

id

iq

UDsum

.UDdiff_

+

| 00

0 j 0

2
0 0-

c

0 0 0

uLd

ULq (D.14]

Obviously, die state variable vector * consists of the AC-side current phasor

components id and iq and bodi die sum and the difference uDsum and uDdiff
of die two DC-side voltages. Simultaneously, these quantities constimte the

system variables to be controUed.

The input vector u is represented by die AC-system voltage phasor compo¬
nents uLd and uLq as weU as by the DC-side load current iD, which all three

can here be seen as the disturbance variables of the system.

The control of the state variables wiU be achieved via the switching
function phasor components sd and sq, which therefore wiU be denoted

the control variables of the system. It should be noted that sd and sq
(together with uDsum) uniquely determine both the amplitude and the
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phase-displacement (the angle 4>u) of the 3-level VSI output voltage fun¬

damental and with that any 3-level VSI operation mode.

The phasor components s2d and s2q, which are known to correspond to

the squared switching functions, do not constitute independent control

variables, since they exclusively are determined by the switching func¬

tions itself. Hence, any changes in s2d or s2q will be achieved by appro¬

priate changes in sd and s .

D.2.2 Linearization

The solution of eqn. (D.14) with conventional analytical methods (e.g. [75])
is not possible, since die matrix elements of A are not constant due to the

time variant switching function phasor components sd, s
, s2d and s2q.

By linearizing die system in a specific operation point, this will be subject to

change and smdies concerning the dynamic system behaviour wiU then be

possible, e.g. in the Laplace domain.

For that purpose, the individual time varying system quantities in eqn.

(D.14) wiU be replaced by its steady-state operation point values, indicated

by the index '0', and a deviation around this steady-state value, marked by
the ' A' operator. This is summarized in eqn. (D.15).

id = 'do + Aid'> iq = Iq0 + Aiq; (D.15]

uDsum ~ UDsumO+ AuDsum'< uDdiff ~ ^DdiffO + AuDdiff<

sd = ^dO + Asd' sq = 5g0 + As?;

s2d = S2d0 + As2d; S2q = S2?0 + AsY,

ULd = ULdO + AuLd> uLq = ULqO + AuLq< iD = ID0 + AiD<

The steady-state operation points of the individual phasor quantities in eqn.

(D.15) are written in uppercase letters, since they constimte DC-compo¬
nents. It should be recaUed in mind that these DC-components, depending
on die parameter k of the d/q fransform, will correspond to an osciUation in

the 3-phase plane with an angular frequency k(Ol. Hence, only if in the 3-

phase plane these quantities show up an osciUation with this angular fre¬

quency fccu,, their operation point value will be unequal to 0, otherwise it

will equal to 0.

With the given operation points (eqn. (D.15)), the system's steady state

equations can be described according to eqn. (D.16).
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"7 *-&
"to- "7 "li
3^do 3^go _

2 c 2 c

3^o35\0
2 c 2 c

S2</o r
-.

0

0

0

0

=

2/

S2qO
ho

^DsumO

_UDdiffO_

+

j 00

olo

2
00-

c

0 0 0

(D.i6;
21

0

0

Finally, inserting the operation points (eqn. (D.15)) in the state-space equa¬

tions (eqn. (D.14)) and applying eqn. (D.16) yields die linearized system

equations in its most general form (eqn. (D.l7)). Hereby aU product terms

of two 'A' quantities are neglected.

J. k(o -^5-^5
I mi 21 21

d

dt

Aid

Aiq

AuDsum

AuDdiff_

=

1
/ 21 21

3Sao 3_Sgo 0 Q
2 c 2 c

3S\o 3S\o
Q Q

2 c 2 c

•

Aid

t^Dsum

^Ddiff

+ (D.17]

1
qq

U
DsumO

q
^DdiffO

I 21 21
0

AuLd

AHq

+

0!0 0
UDsumO

q
/ 2/

oo? l1-^ l1^ 0
c 2 c 2 c

^DdiffO AiD

Asd

toq

21

0

0 0 0 0 0 -—

2 c

3lqo
2 c

As2d

^As\
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Appendix E

Transfer functions of the system

This chapter presents the derivation of the phasor transfer functions in the

Laplace domain, necessary for both investigations concerning

• appropriate control schemes and

• the assessment of the 3-level VSI DC-side self-balancing abilities.

Hereby, two different d/q frames, rotating with an angular velocity co, and

with an angular velocity -2co,, have been used. In order to distinguish be¬

tween the d/q-phasor components in these two different coordinate sys¬

tems, the following notation will be used (see also appendix C.2.1):

x = x' xd = xj, xq = Xq 1? fcco, = CO, (k=\)

x = x" xd = xd", xq = xq" if to, = -2co, (k=-2)

E.1 Transfer functions for the control of fundamental

components

E.l.l Linearized state-space equations in a d/q frame rotating with an

angular velocity C0j

Usually, in VSI transmission appUcations, the fundamental components of

the AC-side currents constimte the main variables to be controlled. In order

that these quantities appear as DC-components in the d/q-plane, the phasor
coordinate system has to rotate with the fundamental angular velocity co,
(&=1, appendix C.2.1).

Then, die steady-state operation points S2d0' and S2q0' of the squared
switching functions s2h usuaUy wtil equal to 0. This is due to the fact that

s2h for symmetrical operation conditions will not show up a component
with fundamental frequency /, (chapter 4.3.1, (eqn. (4.2)). Except of a DC-

component (zero sequence system), a negative sequence 2nd harmonic con¬

stitutes the fundamental component of s2h. Hence, only if the phasor coor¬

dinate system would rotate with an angular velocity -2co, (Jt=-2), the oper¬

ation points S2d0" and S2qo" would result to DC-components unequal to 0.

Assuming symmetrical operation conditions on both the AC- and the DC-

side ( UDdiff0 = 0) and switching functions with at least a symmetry to half
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of a period, die individual system quantities can be described by eqn. (E.1)

(see also eqn. (D.15)).

iJ = A/o' + AiV; iq= v+A,V; (E.1)

uDsum = UDsumO+ AuDsum'-> uDd,ff
= 0 + AuDdtff ;

sd = SdO+Asd'< *,' = V+AV-

s2d' = 0 + As2d; s2q = 0 + As2q';

ULd = ULdO+AuU>ULq = UufO + AuLq'> {D = !DO + AiD>

With that, the linearized system equations in its most general form (eqn.

(D.17)) can be written to eqn. (E.2).

d_
dt

*/
-i - -¥°

*4

&>*Dsum

.^Ddtff_

=
-co, -; -%o

2 c 2 c

•

^Dd'ff.

+

_

0 0 0 0

7OO
UD"m0

0 0
/ 2/

0
&»Ld

+

0 j 0 0 --

00? 3/-0 3

c 2 c 2

0 0 0 0

Ds

2

c

0

""°
0

i o

3/«
2 c

0

0

'

3/jo
"

2 c

*

As2,'.

(E.2)

Herein it is evident that in this d/q plane (rotating with CO,), the state varia¬

ble AuDd,ff is linearly independent on the other state variables Aid ,
Ai

'

and AuDsum. With that the equation for AuDdlff is absolutely decoupled
from the other three equations, which also indicates, that the choice of this

d/q-plane (rotating with co,) wiU not be very weU suited for investigations

concerning the DC-side voltage balance. For that purpose, another d/q-plane
rotating with -2co,, constitutes the right choice (appendix E.2).

According to the statements above, eqn. (E.2) can tiierefore be simplified,
which finaUy results to eqn. (E.3).
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A>V

*; =

&"D,um

°dO

21

2/

3V 3y -

2 c 2 c

AiV

Attn,,

0 0
Dsum0

1 21

0
y
0 0

t/Dl"m0

00? ^
c 2 c

d
.

3ldo
. , ,

,
3^oo . , ,

Jf^odtff
=

-2— *s>d+--f-*siq

2/

3V
2 c

A»u'

A«i,'

As;

AsJ

(E.3)

E.1.2 Transformation into the Laplace domain

The tinearized system equations eqn. (E.3) can now be transformed into the

Laplace domain in order to calculate the desirable transfer functions. Since

all quantities are given in [p.u.] representation, the same has to be true for

the Laplace operators, as defined in appendix A. 1.4.

In a first step, this transformation yields eqn. (E.4).

A.V(s)

Ai,'(s)

,(•)Am,

Dsui

r

~'l CO,

-CO,
r

35,0'
2 c

3V
2 c

$d0
~21

21

0

Ai;(«)

A"V(S>

Aun

(E.4)

i00-
'DsumO

°7°

S^Dd,ff(s)

00-
<

2 c

2/

0

3Aro
2 c

£//,

21

3V
2 c

.(»)

AKf.;(s)

A"L,'(s)

Ai'd(s)

As;(s)

AjV(*) + I^-AjV(*)
2 c

'

Rewriting eqn. (E.4) in a more suitable form finaUy results to eqn. (E.5).

Eqn. (E.5) describes the relationship between the 3-level VSI variables to be

confroUed, (Aid(s), Aiq'(s) and AuDsum(s) (AuDdiff(s))), and botii the

control (Asd'(s), Asq'(s)) and disturbance variables (AuLd(s), AuLq(s),
AiD(s)).



-385-

H) -»• ¥

- H)¥
3^jo' 3V

~2 c ~2 c

AiV(s)

A/,'(«)

A«B.««(*)

A«DA#(S)

1.

1.
i/ .

U
DsumO. i/„v

jAk^ (s) 2Z- ^

1
. ,, -,

UDsumO
. ,, .

jAk^(s) 2/ As,(s)

?AiD(«) + ^A»„'(!) +^A»f'(f)

(E.5)

For some investigations it might be more convement to express the confrol

variables Asd'(s) and Asq'(s) by related quantities, namely die modulation

index m of the switching functions and their phase-displacement <pM with

respect to the AC-system voltage phasor uL'.

For that purpose, the switching functions s
h are approximated by tiieir fun¬

damental component, which in phasor notation can be written to eqn. (E.6).

s = sd + j s
'
= m- costyu + j m- sintj>u ~m + j m§u (E.6)

With m = M0+Am and <|>u = q>H0+A(j>1(, eqn. (E.6) results to eqn. (E.7).

(S^'+As^+j (S^+AsJ) - (M0+Am)+j (M0+Am) (*a0+A<|)u) (E.7)

Evaluating the right side of eqn. (E.7), hereby neglecting the very smaU

term Am - A§u, and finaUy comparing the real and die imaginary parts on

both sides results in the desired relationships presented in eqn. (E.8).

Sd0' = M0; Sq0' = M0 •*„<,; (E.8)

AsJ = Am; Asq = Am <t>„0 + A<t>„ • M0

With that, eqn. (E.5) can now be rewritten into the form of eqn. (E.9).

(E-9)

H)
Mn

21
-CO,

f r\ A/0<S
°' HJ —I

3M0 3M04>„0
"2 c "2 c

"

Ai;(i)

A«;(f)

A"Djom(s)

AkW'(*) UDsumO
I 21

Am(s)

o*.,, (iM0
2A*,(«)jA«^(»)- "7/ ""Am(s)~

2l

2..
.

,,3(/<fo'+<D,oV)A ^3/0'M0

-Ai0(s)+ —;—2—Am(s)+ «
A(|)a(s)

2c 2c

*W«> = 57^ • ^"W+S *V<»>
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E.1.3 Calculation of the transfer functions

- H)¥
3^<<o' 3$qo'

; x=

AiV(s)

aiq'd)

^Dsumis)

; «=

2 c 2 c

The upper matrix equation in eqn. (E.5) and eqn. (E.9) are written in the

form A x = u where e.g. A, x, u in eqn. (E.5) coincide witii

1
A '/-.\

UDsumO
. (/ .

yA«w (s)
—

As, (s)

2AiB(«) + ^A.;(f) + ^A5f'(i)

This type of matrix equation can be solved for the vector x according to

x = A'1 u, which was performed for eqn. (E.5) and eqn. (E.9) with the

symbohc calculation tools of the simulation program MATLAB.

This results in the fransfer fiinctions for Aid'(s), Ai'(s) and AuDsum(s) in

dependancy on both the disturbance variables (AuLJ(s), AuLq'(s), AiD(s))
and die control variables (Asd'(s), Asq'(s)) or Afyu(s), Am(s)). The equa¬

tions are presented in table 1 - table 3 (eqn. (E.10) - eqn. (E.15)).

These fransfer functions in its most general form do not look very inviting
for further discussions. However, they can be simpUfied by assuming the

ohmic part r to equal to r=0, which in a first approximation is quite good
fulfilled in a high power system.

These simplified fransfer functions are presented in table 4 - table 6 (eqn.

(E.16)-eqn.(E.21)).

The transfer functions in dependancy on die control variables A$u(s) and

Am(s) wtil be the basis for the discussions concerning the control of a 3-

level VSI SVC in chapter 9.
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E.2 Transfer functions for the control of the DC-side

balance

E.2.1 Linearized state-space equations in a d/q frame rotating with an

angular velocity -2c0j

As could be seen in die previous chapter, transforming the system equations
in a d/q frame rotating with an angular frequency CO, (/c=l, appendix C.2.1)
is not very well suited for investigations concerning the 3-level VSI DC-side

balance and its confrol.

It was also mentioned that for that purpose a d/q frame rotating with an an¬

gular velocity -2co, (k=-2, appendix C.2.1) constitutes the right choice. It

should be recaUed in mind that a DC-component in this coordinate system

corresponds to a negative sequence 2nd harmonic in the 3-phase plane.

Regarding die squared switching functions s2h, it was shown in

chapter 4.3.1, eqn. (4.2) that their fundamental component coincides with a

negative sequence 2nd harmomc. Hence, only if the phasor coordinate sys¬

tem wiU rotate with an angular velocity -2co, (k=-2), the steady-state oper¬

ation points S2d0" and S2q0" of s2h wtil result to DC-components unequal
toO.

On the other side, die steady-state operation points SdQ" and Sq0" of die

switching function phasor components sd" and s
"

will now equal to 0,

since for a pulse pattem symmetry to at least half of a period, no negative

sequence 2nd harmonic wiU be present in the switching functions.

Further, it can be presumed without restriction of the general validity that

the two DC-side voltages um and uD2 are balanced, e.g. UDdiff0=Q, since

the dynamics of uDdiff wiU stiU be taken into account by its deviations

AuDdtff from UDdtffo-

With that, also the operation points of the AC-side current phasor compo¬

nents Id0" and Iq0" wiU now equal to 0. This is due to the fact that in case of

a balanced DC-side (UDdiff0=0), no negative sequence 2nd harmonics will

be present in the AC-side currents iph, as clearly shown in the harmomc

analysis in chapter 4.3.3.

Hence, the individual system quantities can be described by eqn. (E.22) (see
also eqn. (D.15)).

With that the linearized system equations in its most general form (eqn.
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l7 = 0 + Ai/; iq" = 0 + Aiq"; (E.22)

uDsum = UDsumO+ AuDsum> uDd,ff = Q + AuDd,ff ">

sd" = 0 + Asd"; sq = 0 + As,";

s2/ = S2d0" + As2d"; s2q" = S2q0" + As2q";

ULd" = 0 + AULd"; uLq" = 0 + Aml?"; iD = /O0 + AiD;

(D.l7)) can be written to eqn. (E.23).

A*/

d

dt

A//

AwPj„m

^Ddtff

-2co, 0
5V'

2/

r
0-^2."

2/

2co,
-- 0 -—®-

i
i it

0 0 0

3SV 35V
2 c 2 c

0

0 0

A>V

Ai,"

&»Dsum

^Dd,ff_

(E.23)

Inn Dsum0

1 2/

°7°
2

00 -

c

00 0

0

^DsumO

00

00
2/

0 00

0 00

A"W"

A«i,"

Aip

A*/

As,"

As2;1

As2;1

Herein it is evident that in a d/q plane rotating with -2co,, the state variable

AuDsum does not show any dependancy on the other state variables Aid",
Ai" and AuDdiff. AuDsum exclusively is a function of AiD. With that the

equation for AuDsum is absolutely decoupled from the other three equations.

It should further be mentioned that as a consequence also the DC-side

source/sink current AiD wiU no longer have an influence on Aid, Ai and

AuDdiff- EspeciaUy the independence on AuDdl^ indicates that Ai^, will not

have any impact on an arising unbalance and wtil not at aU be capable to

serve as a control variable for a DC-side balance confroUer. Hence, eqn.

(E.23) can be simpUfied to eqn. (E.24).

Herein, the differential equation for AuDsum is in fact included, however

only in order to complete the picture, but not for further investigations.
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Ai"

An
Ddtff

2co,

35V
2 c

-2C0, -

r

"l

352,0"
2 c

sv
2/

2/

0

A<y

Ai,"
Au

•IMfffl

1
q

"DsumO
7 2/

/

00

0

"DsumO

•

A"l/

Ak^"

As,"
21

0

{ji^osum =

*
• A«o) (optional)

(E.24)

E.2.2 Transformation into the Laplace domain

The linearized system equations eqn. (E.24) can now be fransformed into

the Laplace domain in order to calculate the desirable phasor transfer func¬

tions. In a first step, this fransformation yields eqn. (E.25).

AiV'(s)

Ai,"(s)

AkD((i//(s)

-2co,
SV
2/

r

~'l
*V
2/

352,o"
2 c

0

r

7

2co,

3sy
2 c

I 0 0
Dsum0

Ai/(s)

Ai,"(s)
Au

Miff1(S)

°7°
000

2/

0

0

0

"DsumO

21

0

akl;'(s)

Aul,"(j)
*

Ai'p(s)

A5/(S)

As,"(s)_

(sAuPj„m(s) = -c Aip(s)J (optional)

(E.25)

Rewriting eqn. (E.25) in a form which is suitable for the calculation of the

phasor transfer functions results in eqn. (E.26).
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K) -> ¥

-,», K) ¥
3^V 352,0"

g
2 c 2 c

Ai/(s)

Ai,"(s)
Am

Pdiff(S)

J
a " / \ DsumO » 11 / \

jAu^ (s)
—As,, (s)

t/n

yA«L,"(,)-^p-uAy,"(5)
0

(E.26)

(ak^s) =

j-c AiD(s)) (optional)

E.23 Calculation of the transfer functions

As it proved right yet for eqn. (E.5) and eqn. (E.9) in appendix E.1.2, also

the upper matrix equation in eqn. (E.26) is written in the form A x = u.

Hence, it can be solved for the vector x according to x = A-1 u, which

was performed with the symboUc calculation tools of the simulation pro¬

gram MATLAB.

This results in the fransfer functions for Aid"(s), Aiq"(s) and AuDdiff(s) in

dependancy on both the disturbance variables (Auu"(s), AuLq"(s)) and die

control variables (Asd"(s) and Asq"(s)). The equations are presented in

table 7 - table 9.
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£.3 Transfer functions for DC-side self-balancing

analysis

E.3.1 State-space equations in a d/q frame rotating with an angular

velocity -2coj

In order to smdy the DC-side self-balancing attributes of the 3-level VSI,

the dynamic phasor equations transformed in a d/q frame rotating with an

angular velocity -2co, (k=-2, appendix C.2.1) again are of great help.

However, in comparison to the investigations concerning the DC-side bal¬

ance control, the assumptions made with respect to the particular steady-
state operation points, control and dismrbance variables wtil change for self-

balancing smdies.

This is explained by the fact that the expression 'self-balancing' describes

the abitity of die 3-level VSI to counteract to a given DC-side unbalance

UDd,ff0*0 without any additional control measure (modifications in the

control variables sph) and without any influence of other potential unbal¬

ance sources (uLph). Hence all dynamic deviations Asd", Asq", As2d",

As2q", AuLd , AuLq" and AiD wtil be set to 0. With that it is ensured, tiiat

exclusively the influence of the 3-level VSI topology itself is taken into ac¬

count.

When investigating the 3-level VSI self-balancing behaviour, the most im¬

portant presumption is evidentiy an existing unbalance UDdlffQ * 0, against
which the 3-level VSI might counteract. This unbalance UDdlff0 in its turn

will generate even numbered AC-side current harmonics as clearly shown in

the harmonic analysis in chapter 7.3. Therefore, their steady-state operation

points Id0" and I Q" wiU also be unequal to 0 in a d/q frame rotating with an

angular velocity -2co,.

The switching functions are supposed to constimte symmetrical 3-phase

systems with at least a symmetry to half of a period. Then, in a d/q frame ro¬

tating with an angular velocity -2co,, their steady-state operation points

Sd0" and S 0" wUl equal to 0, as discussed yet in appendix E.2.1.

Since it is presumed that aU potential unbalance sources will have no influ¬

ence, the operation points c7Ld0" and UL 0" of the AC-system voltage

phasor components as well wtil equal to 0 in the chosen d/q frame.

Finally, the total DC-side voltage uDsum and die DC-side source/sink cur¬

rent iD may take on any values for their operation points UDsum0 and ID0.
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The explanations made so far can be summarized in eqn. (E.33) (see also

eqn. (D.15)).

: «
— j »

4. a; "
.

ld
~

ld0
+ ald >

i" — J "

+ Ai "
•

lq
~

1q0 +alq
> (E.33)

uDsum ~ UDsumO+ ®
> UDdtff ~ UDdtff0 + AuDdtff'

sd" = 0 + 0; sq' = 0 + 0;

s2d" = s2do" + 0; *Y = 5V+°;

uLd" = 0 + 0; uLq" = 0 + 0; «'d = /do + °;

Inserting eqn. (E.33) in the general state-space equations (eqn. (D.14), ap¬

pendix D.2.1) yields eqn. (E.34), which constimtes a good basis for further

investigations concerning the 3-level VSI self-balancing behaviour.

d

dt

id"

V

uPsum

uPdlff_

=

-; -201,0-%:
2co, -: o-^f
0 0 0 0

35V 35V
2 c 2 c

•

>d"

'«"

UDsum

?Ddtff_

+

loo

0 -0

oo2
c

poo

0

0

Ipo

(E.34)

It is evident in eqn. (E.34) that the differential equation for uDsum is com¬

pletely decoupled from die other equations and will therefore have no influ¬

ence on the 3-level VSI self-balancing behaviour, which completely wtil be

described by die equations for id", i" and uDdlff. Hence, the equation for

uDsum wm" De neglected from now on, which finally results to eqn. (E.35).

-J -2©,

2co, -\

*V
r -] 2/

2/

d

dt

id"

'q" =
• (E.35)

Y-Pdtff_ 3«V 352,„"
.2 c 2 c

0

^Ddtff_

E.3.2 Transformation into the Laplace domain

In order to calculate the transfer functions in a convenient way, the state-

space equations will now be transformed into the Laplace domain.

Hereby, it has to be recaUed in mind tiiat the state variables id", i
"

and

uDdtff snow UP initial values (their operation points Id0", Iq0", UDdlff0) at
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t =0, which has to be taken into account when fransforming the derivative of

a time domain quantity into the Laplace domain.

Hence, in die Laplace domain, eqn. (E.35) results to eqn. (E.36).

-2co,

V(») V

',"(»)
-

v =

»Dd,ff(s\ Updtffo

2co,

S2do"
'

2/

S1
q0

35V 35V
2 c 2 c

2/

0

i,"(s)

?Dd,ff(s)

(E.36)

FinaUy, rewriting eqn. (E.36) yields eqn. (E.37), which can now be solved

for the fransfer functions for id"(s), iq"(s) and uDd,f,(s).
1

** H) ¥
35V 352,p"

g
2 c 2 c

V'(«)

.«M,ff(*)

= V

UpdiffO

(E.37)

E.3.3 Calculation of the transfer functions

Since eqn. (E.37) is written in the form Ax = u, it can be solved for the

vector x (x=[id"(s), iq"(s), uDdlff(s)]) according to x = A-1 • u. Here

again this was performed with the symboUc calculation tools of the simula¬

tion program MATLAB.

In addition each of the three achieved equations for the quantities id"(s),

iq"(s) and uDd,ff(s) was exclusively expressed in dependancy on its corre¬

sponding initial value Id0", Iq0", UDdlffQ, which constitutes a more conven¬

ient representation for the discussions in chapter 7.4.

The resulting equations are given in table 10.
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List of symbols

Instantaneous/amplitude values

x instantaneous value of the quantity x(t) in physical units

X Amptitude value of a pure sinusoidal AC-quantity x(t) or

average value of a time varying DC-quantity x(t) in physi¬
cal units

x instantaneous value of the quantity x(t) in [p.u.]

X Amptitude value of a pure sinusoidal AC-quantity x(t) or

average value of a time varying DC-quantity x(t) in [p.u.]

Electrical AC-side quantities ([p.u.] notation)

uc h AC-system generator voltages, ph = a,b,c

uSP zero sequence voltage at the generator voltage starpoint or

the secondary transformer starpoint

uL h AC-system voltages at the primary side of the inverter

transformer, ph = a,b,c

uZph AC-side load voltages, ph = a,b,c

u
h

3-level VSI output voltages, ph = a,b,c

uphsum 3-level VSI output voltages generated by the sum of the

two DC-side voltages um and uD2 and die switching
functions s

h, ph - a,b,c

Uphdiff 3-level VSI output voltages generated by die difference of

the two DC-side voltages um and uD2 and the squared

switching functions s2ph, ph = a,b,c

ph
AC-side currents, ph = a,b,c

phsum
AC-side currents generated by uphsum ,ph = a,b,c

phdiff
AC-side currents generated by uphdiff, ph = a,b,c

iphpeak peak-values of the AC-side currents iph

Svs, nominal apparent power of the 3-level VSI

Sph - vsi apparent power of one 3-level VSI leg
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2- or 3-level VSI DC-side quantities ([p.u.] notation)

uD 2-level VSI DC-side voltage

ud\ > UD2 upper (uDl) and lower (uD2) 3-level VSI DC-side voltage

uDsum sum of the two 3-level VSI DC-side voltages uD, and uD2

uDdtff difference of die two 3-level VSI DC-side voltages uDi

Aur

M
DI/D2

lDl' lD2

lDd,ff

'0_.„

'0_i
phi

'o_.„

'0_.
phi

l0DC_tpkl

'ODC.fph2
I

0DC_t
phi +2

'ODC

and uD2

peak-value of die harmonic voltage stress of the 2-level

VSI DC-side voltage uD

peak-value of die harmomc voltage stress of the 3-level

VSI DC-side voltages um and uD2

upper («£>,) and lower (iD2) 3-level VSI DC-side current

difference of iDl and iD2 (= iD1 - iD2)

3-level VSI NP-current

NP-current generated by the AC-side current fundamental

'al
of phase a

NP-current generated by aU 3 AC-side current fundamen¬

tals iphl
NP-current generated by the AC-side current neg. seq. 2nd

harmonic ia2 of phase a

NP-current generated by aU 3 AC-side current neg. seq.

2nd harmomcs iph2
NP-current DC-component caused by i0 t

NP-current DC-component caused by i0 i
— phi •

NP-current DC-component caused by i0 ,
and i0

— phi — phi

DC-component of the NP-current i0, including

I0DC_, and die contributions of all higher ordered

even and odd numbered AC-side current harmonics

DC-side load current from an energy source or sink

phi
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Electrical components ([p.u.] notation)

z impedance

r resistance of the inverter transformer (incl. the 3-level VSI

losses)

rL resistance of the AC-system lines

rwt total resistance r+rL of the 3-level VSI- and the AC-sys¬
tem lines

/ stray inductance of the inverter transformer

lL inductance of die AC-system lines

ltot total inductance l+lL of die 3-level VSI- and the AC-sys¬
tem lines

c individual 2- or 3-level VSI DC-side capacitance

ctot total installed 3-level VSI DC-side capacitance

functions and related quantities

general 2- or 3-level VSI switching function

3-phase 2- or 3-level VSI switching functions,

ph = a,b,c

absolute value of the 3-phase 3-level VSI switching func¬

tions, ph = a,b,c

squared 3-phase 3-level VSI switching functions,

ph = a,b,c

2-level VSI FFM switching functions used for the genera¬

tion of a 3-level VSI FFM switching function

3-level VSI FFM switching function

i-th 3-level VSI FFM switching function used for the gen¬

eration of a 3-level VSI PWM switching function

3-level VSI PWM switching function

carrier signals used for die generation of the 2-level VSI

FFM switching functions s,FFM/„FFM

Switching

5

Sph

w

SIFFM/UFFM

SFFM

sFFMi

SPWM

C,, C„
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cs,, cs„ control signals used for die generation of the 2-level VSI

FFM switching functions s,FFM/UFFU

csph pure sinusoidal 3-phase control signals used for the gener¬

ation of carrier based PWM switching functions

csQ zero sequence component superimposed to cspk

csPh + o 3-phase control signals with superposition of the zero

sequence component cs0 for the generation of carrier

based PWM switching functions

cl
h,

c2
h 3-phase carrier signals for the generation of carrier based

3-level VSI PWM switching functions, ph = a,b,c

c
h 3-phase carrier signals for die generation of carrier based

2-level VSI PWM switching functions, ph = a,b,c

m modulation index of the switching functions sph (identical
in all 3 phases)

m
f, modulation indices of each individual 3-phase switching

function sph, ph = a,b,c

N number of switching angles in eitiier a quarter, a half or in

one period of a pulse pattem

Angles, frequencies and angular frequencies

Dph angles between the individual 3-phase quantities a, b and

c

<()u angle between the 3-level VSI output voltages uph and the

AC-system voltages uLph

a, i -th switching angle of die switching functions s or s
h

P NP-angle of a 3-level VSI FFM switching function

P, i-th NP-angle of a general 3-level VSI switching function

Y DC-side balance control angle

tt>5 ,
§s phase-displacement of the k-th switching function har-
>**

momc sk or sphk

f frequency

0) angular frequency, co = 2% f
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/, fundamental frequency

to, fundamental angular frequency

f2 frequency of the 2nd harmonic

to2 angular frequency of the 2nd harmonic

fres resonance frequency of the VSI

(Ores resonance angular frequency of the VSI

fcut 3dB cut-off frequency of a low-pass filter

cacttt 3dB cut-off angular frequency of a low-pass filter

fs, fs switching frequency of the general switching function s

(/ ) or the 3-phase switching functions s
h (f )

j * ph

fc carrier frequency for carrier based PWM

Time and time constants

t time in [rad]

T,, ir 2- or 3-level VSI DC-side capacitor time constants in
c 'tot

[msec]

icAC,xc AC
AC-side capacitor time constants in [msec]

zbal balancing time constant of the two 3-level VSI DC-side

voltages uDi and uD2 in [sec]

Rotating phasor quantities

ui rotating phasor of the AC-system voltages uLph

uLa> ul& a~an<^ P" component of the rotating phasor ui

uLzero zero sequence component of the AC-system voltages uL .

i rotating phasor of the AC-side currents i
h

ia, ia a- and P-component of the rotating phasor i

s rotating phasor of the switching functions s
h

sa, 5p ce-and P-component of the rotating phasor s

s zero sequence component of the switching functions s
n

s2 rotating phasor of the squared switching functions s2ph
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52o > j2p oc-and p-component of the rotating phasor s2

s2zer0 zero sequence component of the squared switching func¬

tions sjh

Phasor quantities

uL phasor of the AC-system voltages uLph, d/q frame rotating
with an angular velocity k(Ox

uLd' uLq d and q component of the phasor uL, d/q frame rotating
with an angular velocity Jfcco,

«£ phasor of the AC-system voltages uLph, d/q frame rotating
with an angular velocity co,

ulJ > uLq d and q component of the phasor uL', d/q frame rotating
with an angular velocity to,

u£' phasor of the AC-system voltages uLph, d/q frame rotating
with an angular velocity -2co,

uLd" > uLq" d and q component of the phasor wL", d/q frame rotating
with an angular velocity -2CO,

u phasor of the 3-level VSI output voltages u
h, d/q frame

rotating with an angular velocity Jtco,

«' phasor of the 3-level VSI output voltages uph, d/q frame

rotating with an angular velocity co,

i phasor of the AC-side currents i
h, d/q frame rotating

with an angular velocity fcco,

id, iq d and q component of the phasor i, d/q frame rotating
with an angular velocity Jfcco,

i phasor of the AC-side currents iph, d/q frame rotating
with an angular velocity co,

id , iq d and q component of the phasor i, d/q frame rotating
with an angular velocity co,

i" phasor of the AC-side currents iph, d/q frame rotating
with an angular velocity -2co,

id", iq" d and q component of the phasor i", d/q frame rotating
with an angular velocity -2co,
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s phasor of the switching functions sph, d/q frame rotating

with an angular velocity fcco,

sd, s d and q component of the phasor s, d/q frame rotating

with an angular velocity £co,

s' phasor of the switching functions sph, d/q frame rotating

with an angular velocity co,

sd', sq d and q component of die phasor s', d/q frame rotating

with an angular velocity co,

s" phasor of the switching functions sph, d/q frame rotating

with an angular velocity -2co,

sd", s
" d and q component of the phasor s", d/q frame rotating

with an angular velocity -2co,

s2 phasor of the squared switching functions s2ph, d/q frame

rotating with an angular velocity fcco,

s2d, s2q d and q component of the phasor s2, d/q frame rotating

with an angular velocity fcco,

s2' phasor of the squared switching functions s2ph, d/q frame

rotating with an angular velocity (0,

s2d »
5V d and q component of the phasor s^', d/q frame rotating

with an angular velocity co,

s2" phasor of the squared switching functions s2ph, d/q frame

rotating with an angular velocity -2co,

s2d", s2q" d and q component of the phasor s2", d/q frame rotating

with an angular velocity -2co,

Linearized phasor quantities

ULd0, ULq0 steady-state operation points of uu and uLq

Auu, AuLq deviations of uLd and uL from the steady-state operation

points t7Ld0 and ULq0

ULd0', ULq0' steady-state operation points of uu' and uLq

AuLd , AuLq deviations of uLd and uLq from the steady-state opera¬

tion points Uido and ULq0'

ULd0", ULqQ" steady-state operation points of uLd" and uLq"
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^ui".^" deviations of uu" and kl/ from the steady-state opera¬

tion points U^q" and U^'

IdO' '*<> steady-state operation points of id and i

A'd, *f deviations of id and i from die steady-state operation

points Id0 and Iq0

'do'> V steady-state operation points of id and iq

A'/, A'V deviations of id and iq from the steady-state operation

points Id0' and Iq0'

ho", V steady-state operation points of id" and iq"

Ai/-, Ai/ deviations of id" and i
"

from the steady-state operation

points Id0" and Iq0"

^dO' S9o steady-state operation points of sd and sq

Asd, As, deviations of sd and sq from the steady-state operation

points Sd0 and Sg0

Sdd > SqO steady-state operation points of sd' and sq

As/-A,,' deviations of sd and s' from the steady-state operation

points Sd0' and Sq0'
O II

^dO . V steady-state operation points of sd" and s
"

As/ .A./ deviations of sd" and s
" from the steady-state operation

points Sd0" and 5g0"

^dO .S2g0 steady-state operation points of s2d and s2q

As2d ,A52g deviations of s2d and s2q from the steady-state operation

points 52j0 and 52?0

^2d0' . 52?0' steady-state operation points of s2d' and s2q

A52d''.As2,' deviations of s2J and s2q from me steady-state operation

points S2dd and 52g0'

S2dd\sy steady-state operation points of s2d" and s2/

As2,'", Ay2/ deviations of j2/ and s2q" from the steady-state opera¬

tion points S2d0" and S2q0"

^«o steady-state operation point for the angle <|>a

A*,, deviations of die angle <!>„ from the steady-state operation

point 4>a0
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M0

Am

"DsumO

AuDsum

^DdiffO

AuDdiff

'DO

Air

steady-state operation point for the modulation index m of

die switching functions s
h

deviations of the modulation index m from the steady-

state operation point M0

steady-state operation point of uDsum

deviations of uDsum from the steady-state operation point

^DsumO

steady-state operation point of uDdi^

deviations of uDdiff from the steady-state operation point
U
DdiffO

steady-state operation point of the 3-level VSI DC-side

load current iD

deviations of the 3-level VSI DC-side load current iD
from the steady-state operation point ID0

Indices

fc, i,p

i,j,n

pos

neg

zero

max

ref

refpos

refneg

fil

aux

harmonic orders

running indices

positive sequence component

negative sequence component

zero sequence component

maximum value

reference value

reference value for a fundamental positive sequence quan¬

tity

reference value for a fundamental negative sequence

quantity

filtered quantity

auxiliary variable
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Miscellaneous quantities

SCR Short Circuit Ratio

corr{ correction factor for die worst case harmonic distortion of

the AC-side currents witii respect to a specific AC-system

strength

corr,. correction factor for the worst case harmonic distortion of
"l

the AC-system voltages with respect to a specific AC-sys¬

tem strength

Ahev correction factor; contribution of higher ordered even

numbered harmonics of s
h to a DC-component in the

NP-current i0

IqOcnt critical (capacitive) operation point for the DC-side bal¬

ance control scheme of type U

THD, total harmomc distortion of the AC-side currents iph

THDU total harmonic distortion of the AC-system voltages uLph

Abbreviations

FFM Fundamental Frequency Modulation

PWM Pulse Width Modulation

VSI Voltage S_ourceJnverter

SVC Static Var Compensator

NP Neutral Eoint

SP Secondary transformer starPoint

SCR Short Circuit Ratio

IGBT Insulated Gate Bipolar Transistor

GTO Gate Jurn-Off Thyristor

THD Total Harmomc Distortion
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